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PREFACE

The context for the first edition of this book in 1982 was that Mitchell’s chemiosmotic
theory of energy transduction had been widely accepted, as acknowledged by the award of
the Nobel Prize in 1978, yet the underpinning principles of this theory were widely mis-
understood and its full scope was not appreciated. The second edition in 1992 was written
against the background that on the one hand many general textbooks still gave too superfi-
cial a treatment to chemiosmotic mechanisms, whilst on the other hand the high resolution
structure of a bacterial photosynthetic reaction centre that operates according to Mitchell’s
ideas had recently been reported and recognized with the Nobel Prize in 1988.

Nobel Prizes seem to serve as triggers because this third edition follows the 1997 Nobel
prize to Paul Boyer and John Walker for their work on the ATP synthase enzyme. In fact, it
is not only the acquisition of structural information for this enzyme that has made the last
ten years in Bioenergetics so exciting but also the remarkable developments concerning
high resolution structures for many components of respiratory chains, ion translocators
and, in 2001, the two photosystems of plant photosynthesis. It is indeed striking that a
majority of the presently known membrane protein crystal structures are for ‘bioenergetic’
proteins.

These developments in themselves warranted preparation of a new version of
Bioenergetics but an unexpected turn of events has provided an equal stimulus for produc-
ing Bioenergetics 3. This is the realization that, particularly in the mammalian cell, mito-
chondria are involved with an increasing number of cell processes beyond just the
provision of ATP. A spectacular example is the role of mitochondria in programmed cell
death, apoptosis. Such developments have meant that it is increasingly important to be able
to study the bioenergetics of mitochondria in the cell rather than only in vitro. This has
brought a new constituency of scientists to the field of bioenergetics for whom the details
of the chemiosmotic mechanism are as relatively unknown as they were to many
researchers in bioenergetics around 1970. Thus a number of high profile papers in the com-
plex field of cellular bioenergetics draw erroneous conclusions stemming from this lack of
understanding.

A primary purpose of this book, therefore, continues to be the description of the prin-
ciples of chemiosmotic aspects of membrane bioenergetics. We explain, for example,
why the mitochondrial membrane potential cannot vary arbitrarily between values of, say,
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200 and 400 mV depending on the state of the cell and why its magnitude must be related
to the size of the pH gradient across the membrane. We hope that we have avoided the pit-
falls of explaining things too superficially, something that general textbooks, at least one of
which still explains uncoupling incorrectly, find hard to avoid given their space limitations.
The extension of the bioenergetics of mitochondria into the context of the eukaryotic cell
has necessitated the addition of an extra chapter in which both the measurements of bio-
energetic parameters for mitochondria in sifu and the functioning of mitochondria have
been included.

The other chapters are completely updated counterparts of those in Bioenergetics 2. As
noted above, there has been a great increase in molecular information about proteins
involved in energy transduction, both at the structural and functional levels. The advent of
large quantities of structural information presents new challenges to the authors of a book
such as this. One could elect to include very large numbers of multi-colour 3D structures
of every relevant protein for which such information is available, but frequently these struc-
tures are so complex that the reader, having closed the book, would be able to retain scarcely
any manageable information about how structure relates to function. Thus we have sought
to produce sketches, in a uniform style, of protein systems for which structures are known;
sketches that are designed to be memorable and convey the key functional/mechanistic
information. We have, of course, included a selection of 3D structures, but we have chosen
only those, or truncated versions of them, that provide direct insights into the function. By
this route we hope that readers will grasp the bioenergetic essentials; if they wish to see the
full structures, including in some cases subunits that appear to have no bioenergetic func-
tion, then these are easily accessible via an appendix.

The advent of genome sequencing has meant that the electron transport systems of many
prokaryotes, for instance the disease-causing Helicobacter pylori, have been revealed indi-
rectly. Thus the distribution of many different types of oxidases in terminal respiration has
become apparent, as has the presence of enzymes that use other electron acceptors, for
example the trimethylamine-N-oxide reductase which generates the trimethylamine smell
of bad fish. Now that these enzymes are seen to be widespread, and to underpin the physi-
ology of many bacteria, their molecular features have attracted more interest than hitherto;
we believe that our expanded chapter on electron transport systems will allow the reader to
make at least an initial acquaintance with these systems that are unfamiliar to those who
study only mitochondria or chloroplasts.

The world wide web poses both problems and opportunities for authors. The opportuni-
ties include the facility to issue corrections and supply supplementary material. The prob-
lem is to update a web site sufficiently regularly to make it useful. The web site associated
with this book (for details see note to reader) will contain corrections, of which we hope
there will not be too many, and periodic, rather than regular, updates on major develop-
ments. Readers who would like to notify us of errors are encouraged to do so via the web
site. We are also including on the site some material from the second edition that has
been omitted from the third edition because of space constraints. For example, we have
omitted a section from Chapter 1 that dealt with the historical background, but a modified
version of this is included on the web site for those who wish to learn how the subject
developed. One of us (SJF) knows from many hours of small group teaching in Oxford how
surprisingly difficult many undergraduate students find some aspects of bioenergetics, for
example the mode of action of uncouplers. It is intended that if new generations of students
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find parts of the present text indigestible then the web site will provide further clarifying
exposition.

Writing a book such as this is becoming more difficult and not just because of the infor-
mation explosion. Within the universities writing books is not as well regarded in the sci-
ences as it once was because it can be seen as distracting from research work. Thus there
are pressures not to allow preparation of a book to attenuate research effort. Such pressures
have meant that we have had to use our spare time (slight as it is!) to write this book and
thus we particularly thank our families for their patience and support. But we have
inevitably been distracted from time to time during normal working hours and we thank
members of our laboratories for their understanding. We are particularly grateful to
Dr Vilmos Fiilop of the University of Warwick who kindly prepared several of the pictures
of 3D structures for us. Choosing the best angle of view and the colour scheme is almost
a new art form and takes longer than most readers will realize.

We have been brave and for most part backed our own judgement of what to include and
how to explain it. Doubtless there are places where we have made an erroneous interpreta-
tion or omitted something that many others would have expected to have seen included.
We alone are responsible for any such disappointments and can only apologize to those
affected. As in previous editions, we have not provided extensive references throughout the
text. Whilst their inclusion would have permitted the reader immediate access to our source
for a point, they would have broken up the text. Consequently, we have mainly restricted
ourselves to listing recent reviews at section heads, but from time to time have also listed a
specific paper where that seemed warranted. The new Chapter 9 provides more specific ref-
erences to the papers than the others; this is a consequence of the pace of change in this
subject area.

David G. Nicholls
Stuart J. Ferguson
Novato and Oxford
November 2001



NOTE TO THE READER

Two points of nomenclature deserve special attention. First, we have used the symbol Ap
for protonmotive force in units of millivolts. In the first edition, as is frequently done else-
where, we used Afiy+, but strictly speaking the latter has units of kI mol~! and so we have
adopted Ap in this edition. Second, we have defined throughout the side of a membrane to
which protons are pumped as the P (positive) side and the side from which they are pumped
as the N (negative) side. This allows a uniform nomenclature and overcomes the confusion
that can arise when describing the matrix side of the inner mitochondrial membrane
as being on the inside in mitochondria but on the outside in inverted submitochondrial par-
ticles. We realize that P is also used by electron microscopists to define the protoplasmic
side of a membrane, e.g. the interior surface of a bacterial cytoplasmic membrane and that
this is the N-side in our convention, but we believe the advantages and increasing use of the
P and N nomenclature outweigh any slight chance of the two conventions being confused.
A dedicated website for this book containing appendices and updates can be accessed at
http://www.academicpress.com/bioenergetics/.
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Mitchell sets sail for the Chemiosmotic New World, despite dire warnings that he will be consumed



CHEMIOSMOTIC
ENERGY
TRANSDUCTION

1.1 INTRODUCTION

All biochemical reactions involve energy changes; thus the term ‘bioenergetics’ could
validly be applied to the whole of life sciences. Bioenergetics as a discipline rose to promi-
nence in the 1950s as a highly directed search for the solution to the mechanism by which
energy made available by the oxidation of substrates, or the absorption of light, could be
coupled to ‘uphill’ reactions such as the synthesis of ATP from ADP and P;, or the accumu-
lation of ions across a membrane. Within this narrow definition of bioenergetics the central
concept — the chemiosmotic theory, which forms the core of this book — has been firmly
established for more than a decade. The second edition of this book, published in 1992, was
written in a period when bioenergetics was considered to be a relatively quiescent field, suf-
fering from the very success of research in the period 1965-1980. How dramatically this has
changed in the past 10 years is evidenced by the enormous advances that have been made
both in the elucidation of the molecular mechanisms of the protein complexes, many of
which are now understood at atomic levels of resolution, and at the other extreme by the
explosion of the field of ‘mitochondrial physiology’ — the investigation of the role of mito-
chondria in the healthy and diseased cell. Indeed the mitochondrion, which was once con-
sidered so reliable that it was futile to investigate mitochondrial dysfunction, is now revealed
to be an organelle operating close to its design limits and extremely prone to damage, with
potentially disastrous consequences for the organelle itself and its host cell. More and more
disorders, particularly the chronic neurodegenerative diseases, stroke and heart reperfusion
injury, are being associated to a greater or lesser extent with mitochondrial dysfunction.

1.2 THE CHEMIOSMOTIC THEORY: FUNDAMENTALS

Although some ATP synthesis is catalysed by soluble enzyme systems, by far the largest
proportion is associated with membrane-bound enzyme complexes that are restricted to a
particular class of membrane. These ‘energy-transducing’ membranes include the plasma
membrane of simple prokaryotic cells such as bacteria or blue—green algae, the inner
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(c) Photosynthetic bacterial
plasma membrane

(a) Mitochondrial
inner membrane

ATP

(b) Bacterial

inner membrane (d) Chloroplast

thylakoid membrane

ATP

Figure 1.1 Energy-transducing membranes contain pairs of proton pumps
with the same orientation.

In each case the primary pump utilizing either electrons (e¢~) or photons (hv)
pumps protons from the N (negative) compartment to the P (positive) compart-
ment. Note that the ATP synthase in each case is shown acting in the direction of
ATP hydrolysis, when it would also pump protons from the N- to the P-phase.

membrane of mitochondria and the thylakoid membrane of chloroplasts (Fig. 1.1). These
membranes have a related evolutionary origin, since chloroplasts and mitochondria are
commonly thought to have evolved from a symbiotic relationship between a primitive,
non-respiring eukaryotic cell and an invading prokaryote. Thus the mechanism of ATP
synthesis and ion transport associated with these diverse membranes is sufficiently related,
despite the differing natures of their primary energy sources, to form the core of classical
bioenergetics.

Energy-transducing membranes possess a number of distinguishing features. Each
membrane has two distinct types of proton pump. The nature of the primary proton pump
depends on the energy source used by the membrane. In the case of mitochondria or respir-
ing bacteria, an electron transfer chain catalyses the ‘downhill’ transfer of electrons from sub-
strates to final acceptors such as O, and uses this energy to generate a gradient of protons
(details of this will be covered in Chapter 5). Photosynthetic bacteria exploit the energy
available from the absorption of quanta of visible light to generate a gradient of protons,
while chloroplast thylakoids not only accomplish this but also drive electrons ‘uphill’ from
water to acceptors such as NADP* (Chapter 6). The topologies of the membranes differ
and, to facilitate comparison, it is a useful convention to define the side of the membrane
to which protons are pumped as the P or positive side, and the side from which they have
originated as the N or negative side (Fig. 1.1).

In contrast to the variety of primary proton pumps, all energy-transducing membranes
contain a highly conserved secondary proton pump termed the ATP synthase or the H-
translocating ATPase (Chapter 7). If this pump was operating in isolation in a membrane,
it would hydrolyse ATP to ADP and P; and pump protons in the same direction as the
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Figure 1.2 A hypothetical ‘thylakoid’ to demonstrate chemiosmotic coupling.
An ATP synthase complex is incorporated into a phospholipid membrane such
that the ATP binding site is on the outside. (a) ATP is added, the nucleotide starts
to be hydrolysed to ADP + P; and protons are pumped into the vesicle lumen. As
ATP is converted to ADP + P; the energy available from the hydrolysis steadily
decreases, while the energy required to pump further protons against the gradi-
ent which has already been established steadily increases. (b) Eventually an
equilibrium is attained. (c) If this equilibrium is now disturbed, for example, by
removing ATP, the ATP synthase will reverse and attempt to re-establish the equi-
librium by synthesizing ATP. Net synthesis, however, would be very small as the
gradient of protons would rapidly collapse and a new equilibrium would be
established. For continuous ATP synthesis, a primary proton pump, driven in this
example by photons (Av), is required to pump protons across the same membrane
and replenish the gradient of protons. A proton circuit has now been established.
This is what occurs across energy-conserving membranes: ATP is continuously
removed for cytoplasmic ATP-consuming reactions, while the gradient of protons,
Ap, is continuously replenished by the respiratory or photosynthetic electron-
transfer chains.

primary pump (Fig. 1.1). However, the essence of the chemiosmotic theory is that the pri-
mary proton pump generates a sufficient gradient of protons to force the secondary pump
to reverse and synthesize ATP from ADP and P; (Fig. 1.2). It should be noted that metabo-
lism (i.e. electron flow or phosphorylation) within both the primary and secondary pumps
is tightly coupled to proton translocation: the one cannot occur without the other.

What do we mean by a gradient of protons? The quantitative thermodynamic measure is
the proton electrochemical gradient Afiy+. An ion electrochemical gradient, expressed in
kJmol !, is a thermodynamic measure of the extent to which an ion gradient is removed
from equilibrium (and hence capable of doing work) and will be derived in Chapter 3.
For the present it is sufficient to note that Ajiy+ has two components: one due to the con-
centration difference of protons across the membrane ApH and one due to the difference in
electrical potential between the two aqueous phases separated by the membrane, the mem-
brane potential, Ayr. A bioenergetic convention is to convert Afiy+ into units of electrical
potential, i.e. millivolts, and to refer to this as the protonmotive force, or pmf, expressed
by the symbol Ap.

In only a few cases, such as the chloroplast, does Ap exist mainly as a pH difference
across the energy-conserving membrane. In this example, the pH gradient, ApH, across the
thylakoid membrane can exceed 3 units. Although the thylakoid space is therefore highly
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acidic, there are no enzymes in this compartment that might be compromised by the low pH.
The more common situation is where Ay is the dominant component and the pH gradient is
small: perhaps only 0.5 pH units. This occurs, for example, in the mitochondrion, allowing
enzymes in both the mitochondrial matrix and cell cytoplasm to operate close to neutral pH.

Figure 1.2 constructs a hypothetical ATP-synthesizing organelle from first principles.
A central feature is the proton circuit linking the primary pump with the ATP synthase. The
most important single concept to grasp is that the proton circuit (Fig. 1.3) is closely anal-
ogous to an electrical circuit, and the analogy holds even when discussing detailed and
complex energy flows (see Chapter 4). Thus:

(a) Both circuits have generators of potential difference (the battery and the respiratory
chain, respectively).

(b) Both potentials (voltage difference and Ap) can be expressed in millivolts.

(c) Both potentials can be used to perform useful work (running the light bulb and ATP
synthesis, respectively).

(d) The current flowing in both circuits (amps or proton flux, Jiy+) is defined by Ohm’s law
(i.e. current = voltage/resistance).

(e) The rate of chemical conversion in the battery (or respiratory chain) is tightly linked
to the current of electrons (or protons) flowing in the rest of the circuit, which in turn
depends on the resistance of the circuit.

(f) Both circuits can be shorted (by, respectively, a piece of wire or a protonophore — an
agent which makes membranes permeable to protons, see Chapter 2).

(g) The potentials fall as the currents drawn increase.

V (volts) Ap (mV)
I (amps) Jy AN e
*4—||7 < =
B [ ] O,
Short
circuits
R (ohms) e ™S
------------ AN === 2 e | [

Figure 1.3 Proton circuits and electrical circuits are analogous.

A simple electrical circuit comprising battery and light bulb is analogous to a
basic proton circuit. Voltage (Ap equivalent to V), current (Jy+ equivalent to 1)
and conductance C;H" (equivalent to electrical conductance — reciprocal ohms)
terms can be derived. Short-circuits have similar effects and more complex
circuits with parallel batteries can be devised to mimic the multiple proton pumps
in the mitochondrion (see Chapter 4).
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To avoid short-circuits, it is evident that the membrane must be closed and possess a high
resistance to protons. Protonophores, also called uncouplers, are synthetic compounds which
break the energetic coupling between the primary pump and the ATP synthase. Uncouplers
were described long before the chemiosmotic theory was propounded, and one of the most
successful predictions of the theory was that they act by increasing the proton conductance
of the membrane and inducing just such a short-circuit (Fig. 1.3).

Mitochondrial and bacterial membranes have not only to maintain a proton circuit across
their membranes, but must also provide mechanisms for the uptake and excretion of ions
and metabolites. It is energetically unfavourable for a negatively charged metabolite to
enter the negative interior of a mitochondrion or bacterium (see Chapter 3), and transport
systems have evolved in which metabolites are transported together with protons, or by
an equivalent exchange with OH™. Alternatively, components of Ap can be exploited in
other ways so as to drive transport in the desired direction (see Chapter 8).

1.3 THE BASIC MORPHOLOGY OF ENERGY-TRANSDUCING
MEMBRANES

1.3.1 Mitochondria and submitochondrial particles

Review Frey and Mannella 2000

The classical mitochondrial cross-section (Fig. 1.4) is obtained from thin sections viewed
under the electron microscope. Their shape is not fixed but can change continuously in the
cell, and the appearance of the cristae can be quite different in mitochondria isolated from

Inner Inter-

Quter
Porins membrane membrane
membrane
space

(P-phase)

Cristae

Contact Matrix Inverted sub-
site (N-phase) mitochondrial
particle
(SMP)

o ATP synthase

Figure 1.4 Schematic representation of a typical mitochondrion and sub-
mitochondrial particle.

P and N refer to the positive and negative compartments. Note that the shape of
the cristae is highly variable and that communication between cristae and inter-
membrane space may be restricted.



8 BIOENERGETICS 3

different tissues or even with the same mitochondria suspended in different media. Thus
heart mitochondria, for which periods of high respiratory activity are required, tend to have
a greater surface area of cristae than liver mitochondria. This view, in which there is a
relatively free connection between the cristal space and that between the inner and outer
membranes (the intermembrane space) is now being challenged as a result of high-resolution
electron microscopy of serial sections and reconstruction of the three-dimensional (3D)
structure by computer tomography. The cristae are revealed as tortuous structures with only
small tubular contacts with the intermembrane space. It is unclear whether this restriction
is sufficient to limit the interchanges of metabolites between the cristal and intermembrane
spaces. In some cells, mitochondria appear to be fused into a continuous reticulum, whereas
in others, such as neurons, they are discrete filaments which are independently mobile along
the axons and dendrites. In many cells, mitochondria appear to be in close contact with
elements of endoplasmic reticulum (ER), and this may aid the rapid exchange of Ca®*
between the ER and mitochondria (Chapter 9).

The outer mitochondrial membrane possesses proteins, termed porins, which act as
non-specific pores for solutes of molecular weight less than 10kDa, and is therefore freely
permeable to ions and most metabolites. The mitochondrial porin is also termed the “voltage-
dependent anion channel’ or VDAC, although it should be emphasized that there is no poten-
tial gradient across the highly permeable outer membrane and the voltage dependency is only
seen in synthetic reconstitution experiments.

The inner membrane is energy transducing. In mitochondrial preparations that have been
negatively stained with phosphotungstate, it is possible to see knobs on the matrix face
(N-side; Fig. 1.4) of the inner membrane. These are the catalytic components of the ATP
synthase where adenine nucleotides and phosphate bind. The enzymes of the citric acid
cycle are in the matrix, except for succinate dehydrogenase, which is bound to the N-face
of the inner membrane. It must be borne in mind that the concentration of protein in the
matrix can approach 500 mgml~! (sic) and there may be a considerable structural organi-
zation within this enormously concentrated solution that more closely resembles a glue than
an ideal dilute medium. The matrix pools of NAD* and NADP™ are separate from those in
the cytosol, while matrix ADP and ATP communicate with the cytoplasm through the adenine
nucleotide exchanger (Chapter 8). Additionally, specific carrier proteins exist for the trans-
port of many metabolites.

Mitochondria are usually prepared by gentle homogenization of the tissue in isotonic
sucrose (for osmotic support and to minimize aggregation) followed by differential centri-
fugation to separate mitochondria from nuclei, cell debris and microsomes (fragmented ER).
Although this method is effective with fragile tissues such as liver, tougher tissues such as
heart must either first be incubated with a protease, such as nagarse, or be exposed briefly
to a blender to break the muscle fibres. Yeast mitochondria are isolated following digestion
of the cell wall with snail-gut enzyme.

Ultrasonic disintegration of mitochondria produces inverted submitochondrial particles
(SMPs) (Fig. 1.4). Because these have the substrate binding sites for both the respiratory
chain and the ATP synthase on the outside, they have been much exploited for investiga-
tions into the mechanism of energy transduction.

Finally, increasingly sophisticated techniques are being developed to investigate mitochon-
drial function in situ within the cell, using mainly fluorescence techniques. These approaches
will be discussed in Chapter 9.
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1.3.2 Respiratory bacteria and derived preparations

Energy transduction in bacteria is associated with the cytoplasmic membrane (Fig. 1.5).
In Gram-negative bacteria (which are typically of similar size to mitochondria) this mem-
brane is separated from a peptidoglycan layer and an outer membrane by the periplasm, which
is approximately 100 A wide. In Gram-positive bacteria the periplasm is absent and the
cell wall is closely juxtaposed to the cytoplasmic membrane. Figure 1.5 is an oversimplifica-
tion because in some organisms with a very high rate of respiration there are substantial
infoldings of the cytoplasmic membrane. The archaea are an evolutionary distinct group of
bacteria, but which nevertheless catalyse energy transduction processes on their cytoplasmic
membranes via a chemiosmotic mechanism.
It is difficult to study energy transduction with intact bacteria because:

(a) Many reagents do not penetrate the outer membrane of Gram-negative organisms;

(b) ADP, ATP, NAD* and NADH do not cross the cytoplasmic membrane;

(c) cells are frequently difficult to starve of endogenous substrates and thus there can be
ambiguity as to the substrate which is donating electrons to a respiratory chain;

(d) finally, the study of transport can be complicated by subsequent metabolism of the
substrate.

(a) Intact Gram-negative bacterium

Cytoplasmic (inner)
membrane ) Outer
\ Peptldgglycan membrane

. . _Periplasm
P (N-phase) N (P-phase)
L] .

L ] L3

- [ ]
L ) [

French

Lysozyme and ’,f .
osmotic shock / \ press
—
L ] o ®
L]
P N N e P
L ] ™ . /4
€
(b) Right-side-out vesicle (c) Inside-out vesicle

® ATP synthase

Figure 1.5 Gram-negative bacteria and vesicle preparations.

P and N refer to positive and negative compartments. The periplasm is part of the
P-phase, which also includes the bulk external medium, since the outer membrane
is freely permeable to ions. Note that Gram-positive bacteria differ by lacking an
outer membrane and a periplasm. Nevertheless, similar vesicle preparations can
be made from these organisms as is also the case for the archaea.
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Cell-free vesicular systems can overcome these problems. For most transport studies
right-side-out vesicles are required. These can often be obtained by weakening the cell wall,
e.g. with lysozyme, and then exposing the resulting spheroplasts or protoplasts to osmotic
shock. Vesicles with this orientation can only oxidize substrates that have an external bind-
ing site or can permeate the cytoplasmic membrane. They cannot hydrolyse or synthesize
ATP, in contrast to inside-out vesicles, which can frequently be prepared by extruding cells
at very high pressure through an orifice in a French press. These vesicles can oxidize
NADH and phosphorylate added ADP. The method of vesicle preparation varies between
genera; occasionally, osmotic shock may give inside-out vesicles or a mixture of the two
orientations. This last feature need not be a major problem because, for example, in a study
of ATP synthesis, the reaction would be confined to the inside-out population (see above).
Nevertheless, failure to characterize the orientation of vesicles has caused confusion in
the past.

Vesicle preparations have some disadvantages, such as the loss of periplasmic electron-
transport or solute-binding proteins; the latter play key roles in many aspects of bacterial
energy transduction (Chapters 5 and 8). Also the membrane of a vesicle may be somewhat
leaky with the result that the stoichiometry of an energy transduction reaction may be
adversely affected.

1.3.3 Chloroplasts and their thylakoids

Chloroplasts are plastids, organelles peculiar to plants (Fig. 1.6); there may be from one
to a hundred or more chloroplasts per cell. Chloroplasts are considerably larger than the
average mitochondrion, being 4-10 um in diameter and 1-2 um thick and bounded by an
envelope of two closely juxtaposed membranes, the matrix within the inner membrane
being the stroma (Fig. 1.6). Within stroma are flattened vesicles called thylakoids, the
membranes of which have regions that are folded so that the contiguous membrane has a
stacked appearance, referred to as the grana (Fig. 1.6). Energy conservation occurs across
the thylakoid membranes and light causes the translocation of protons into the internal
thylakoid spaces (usually called the lumen). The chloroplast ATP synthase is part of the
thylakoid membrane and is orientated with its ‘knobs’ on the stromal face of the membrane.
Thus the lumen space inside the thylakoid is the P-compartment and the stroma the
N-compartment. The ATP and NADPH generated by photosynthetic phosphorylation is
used by the CO,-fixing dark reactions of the Calvin cycle located in the stroma.

Although at first sight the structure of chloroplasts appears to be very different from that
of mitochondria, the only topological distinction is that the thylakoids, in contrast to the
mitochondria cristae, can be thought of as having become separated from the inner mem-
brane, with the result that the thylakoid lumen is a separate compartment, unlike the “cristal
space’, which is continuous with the intermembrane space of mitochondria. Note, however,
that even in mitochondria there are suggestions that communication between cristal and
intermembrane spaces may be restricted (Section 1.3.1).

Chloroplasts are prepared by gentle homogenization in isotonic sucrose or sorbitol of leaves
(e.g. from peas, spinach or lettuce), but avoiding material rich in polyphenols or acid. After
removal of cell debris, the chloroplasts are sedimented by low-speed centrifugation. A
rapid and careful preparation will contain a high proportion of intact chloroplasts capable
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Thylakoid lumen

Outer membrane  (P-phase) | ner membrane Thylakoid membrane
. N

pN

“ oy \ J Stroma (N-phase)

e ATP synthase

Grana

Figure 1.6 Chloroplasts and their thylakoids.

Note it is probable that there is a single continuous lumen (the internal thylakoid
space). The thylakoid membrane is heterogeneous with, for example, the ATP
synthase being excluded from the grana (appressed regions) where the membrane
is closely stacked (see Chapter 6). Light-driven proton pumping occurs from the
N- to the P-phase (note, however, that in steady-state light the membrane potential
across a thylakoid membrane is negligible and that the pH gradient dominates —
see Chapter 6).

of high rates of CO, fixation. Slightly harsher conditions yield ‘broken chloroplasts’, which
have lost the envelope membranes and hence the stroma contents. These broken chloro-
plasts (thylakoid membrane preparations) do not fix CO, but are capable of high rates of
reduction of artifical electron acceptors and of photophosphorylation. They are often the
choice material for bioenergetic investigations because the chloroplast envelope prevents
access of substances such as ADP or NADP™.

1.3.4 Photosynthetic bacteria and chromatophores

Three groups of prokaryotes catalyse photosynthetic electron transfer: the green bacteria,
the purple bacteria, and the cyanobacteria {(or blue—green algae). The purple bacteria are
divided into two groups: the Rhodospirillaceae (or non-sulfur), and the Chromatiaceae
(or sulfur). Cyanobacteria carry out non-cyclic electron transfer (Chapter 6), use H,O as
electron donor, and are in this respect similar to chloroplasts. Of the remaining groups,
the purple bacteria, and especially the Rhodospirillaceae, have been the more intensively
investigated, and several factors make them suitable for bioenergetic studies. Thus mechan-
ical disruption of the cells (e.g. in a French press) enables the characteristic invaginations
of the cytoplasmic membrane to bud off and form isolated closed vesicles called chro-
matophores (Fig. 1.7). Chromatophores retain the capacity for photosynthetic energy
transduction and possess the same orientation as the inside-out vesicles discussed in
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Figure 1.7 Photosynthetic bacteria and chromatophores.

The cytoplasmic membrane of photosynthetically grown organisms such as
Rhodobacter sphaeroides is highly invaginated. When the cells are forced
through a narrow orifice at high pressure (the French press), the membranes
pinch off as shown to give chromatophores.

Section 1.3.2. Light-driven ATP synthesis can be studied, and they have been important for
chemiosmotic studies, especially since they are so small (diameters of the order of 500 A)
that light scattering is negligible and suspensions are optically clear.

A further advantage of the purple bacteria is that the reaction centres (the primary photo-
chemical complexes) can be readily isolated (Chapter 6). Finally, these organisms will grow
in the dark, for example, by aerobic respiration, permitting the study of mutants defective in
the photosynthetic apparatus.

In addition to these bacteria, members of the archaea called halobacteria carry out a
unique light-dependent energy transduction in which a single protein, bacteriorhodopsin,
acts as a light-driven proton pump (Chapter 6).

1.3.5 Reconstituted systems

An essential feature of the chemiosmotic theory is that the primary and secondary proton
pumps should be functionally and structurally separable. In order to observe proton translo-
cation, the purification of proton-translocating complexes must be followed by their reincor-
poration into synthetic, closed membranes that have low permeabilities to ions. Historically,
such ‘reconstitutions’ allowed aspects of the chemiosmotic theory to be tested, such as
whether each complex was capable of pumping protons as an autonomous unit. Currently,
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Figure 1.8 Pathways of energy transduction.
The protonmotive force interconnects multiple forms of energy.

reconstitution is an important technique to investigate mechanism, cofactors, etc. for respi-
ratory chain complexes and metabolite transporters.

Membrane proteins are generally purified following solubilization of the membrane with
a detergent (usually non-ionic) that disrupts protein—lipid but not protein—protein interac-
tions. Once purified, there are two principal ways in which they can be reconstituted into a
membrane structure. The first is to mix with phospholipids the purified protein dispersed in
a suitable detergent, preferably one with a high critical micellar concentration (the concen-
tration at which micelles form from monomers in solution), and then to allow the concentra-
tion of detergent to fall slowly either by dialysis or gel filtration. Under optimal conditions
this can lead to the formation of unilamellar phospholipid vesicles.

The protein can in principle be oriented in either of two ways. If the protein uses a sub-
strate, e.g. ATP, to which the phospholipid bilayer is impermeable, then mixed orientation
is not a problem because only those molecules with their catalytic site facing outward will
be accessible to the substrate. On the other hand, if the protein is a photosynthetic system,
then asymmetry can obviously not be imposed in this way. Fortunately, proteins frequently
orient asymmetrically, since the differences in radius of curvature for the two sides of the
vesicle may be an important factor. A more demanding type of reconstitution is when
the presence of two different proteins (e.g. a primary and secondary pump) is required in
the same membrane. The problem here is to ensure not only that at least a majority of ves-
icles contain both proteins, but also that the relative orientations of the two proteins allow
coupling between them via the proton circuit. An example is given in Chapter 4 (Fig. 4.16).

A second procedure for reconstitution is to incorporate the purified protein into a planar
bilayer, which can be formed over a tiny orifice that separates two reaction chambers. The
insertion of protein is frequently achieved by fusing phospholipid vesicles containing the
protein of interest with the planar bilayer. Alternatively, in some cases it has been possible
to form the bilayer directly by application of a protein—phospholipid mixture in a suitable
volatile solvent to the aperture. The amount of enzyme incorporated into such bilayers is
usually so small that biochemical or chemical assays of activity are not possible. However,
the crucial advantage of this type of system is that macroscopic electrodes can be inserted
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into the two chambers and thus direct electric measurements (either current or voltage) of
any ion or electron movements driven by the reconstituted protein can be made.

1.4 OVERVIEW

Figure 1.8 summarizes the very wide range of different processes capable of generating or
being driven by the protonmotive force. Chapters 2-4 will deal with the ways in which
these processes are linked, Chapters 58 will cover the molecular mechanisms and Chapter 9
will discuss some of these findings in the context of the intact cell.






The malate—asparate shuttle enables reducing equivalents from cytosolic NADH to be transported into the mitochondrial matrix (Fig. 8.4)



ION TRANSPORT
ACROSS ENERGY-
CONSERVING
MEMBRANES

2.1 INTRODUCTION

The chemiosmotic theory requires that the transport of ions be considered an integral part of
bioenergetics. It was this more than any other single factor that helped to remove the artificial
distinction, present in the early days of bioenergetics, between events occurring in energy-
conserving membranes, which were considered the valid preserve of the bioenergeticist, and
closely related transport events occurring in the eukaryotic plasma membrane, endoplasmic
reticulum (ER), secretory vesicles, etc., which were assigned to a different field of research.

In this chapter we shall describe the basic permeability properties of membranes and the
abilities of ionophores to induce additional pathways of ion permeation, bearing in mind
that what is discussed is equally applicable to energy-conserving and non-energy-conserving
membranes — after all, the only significant distinction between the two is the presence of
the proton pumps in the former.

For an ion to be transported across a membrane both a driving force and
a pathway are required. Driving forces can be metabolic energy (such as ATP
hydrolysis), concentration gradients, electrical potentials, or combinations of
these. These forces will be discussed in Chapter 3; this chapter will deal with
the natural and induced pathways in energy-conserving membranes.

2.2 THE CLASSIFICATION OF ION TRANSPORT

To reduce the complexity of membrane transport events, it is useful to classify
any transport process in terms of the following four criteria:

1. Does transport occur across the bilayer or is it protein-mediated (Fig. 2.1a)?
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2. Is transport passive or directly coupled to metabolism (Fig. 2.1b)?

3. Does the transport process involve a single ion or metabolite, or are fluxes
of two or more species directly coupled (Fig. 2.1¢)?

4. Does the transport process involve net charge transfer across the membrane
(Fig. 2.1d)?

2.2.1 Bilayer-mediated versus protein-catalysed transport

A consequence of the fluid-mosaic model of membrane structure is that transport can
occur either through lipid bilayer regions of the membrane or be catalysed by integral,
membrane-spanning proteins. The distinction between protein-catalysed transport and
transport across the bilayer regions of the membrane is fundamental and will be empha-
sized in this chapter.

While the fluid-mosaic model is usually represented with protein ‘icebergs’ floating in
a sea of lipid, the high proportion of protein in energy-conserving membranes (in the case
of the mitochondrial inner membrane 50% of the membrane is integral protein, 25% peri-
pheral protein and 25% lipid) results in a relatively close packing of the proteins. Unlike
plasma membrane proteins, no attachment to cytoskeletal elements occurs.

Consistent with the proposal that mitochondria and chloroplasts evolved from respiring
or photosynthetic bacteria, energy-conserving membranes tend to have distinctive lipid
compositions: 10% of the mitochondrial inner membrane lipid is cardiolipin, while only
16% of the chloroplast thylakoid membrane lipid is phospholipid, the remainder being
galactolipids (40%), sulfolipids (4%) and photosynthetic pigments (40%). Despite this hetero-
geneity of lipid composition, the native and ionophore-induced permeability properties of
the bilayer regions of the different membranes are sufficiently similar to justify extrapolations
between energy-transducing membranes and artificial bilayer preparations. However, protein-
catalysed transport can be unique, not only to a given organelle but also to an individual
tissue, depending on the genes expressed in that cell. For example, the inner membranes of
rat liver mitochondria possess protein-catalysed transport properties which are absent in
mitochondria from rat heart (see Chapter 8).

2.2.2 Transport directly coupled to metabolism versus passive transport

A tight coupling of transport to metabolism occurs in the ion pumps, which are central to
chemiosmotic energy transduction and the mechanism of the ATP-hydrolysing Na* and
Ca** pumps in non-mitochondrial membranes. Ions can be accumulated without direct meta-
bolic coupling if there is a membrane potential or if transport is coupled to the ‘downhill’
movement of a second ion. For example, while Ca®" is accumulated into the sarcoplasmic
reticulum by an ion pump (the Ca?*-ATPase), the same ion is accumulated across the mito-
chondrial inner membrane by a uniport mechanism (Fig. 2.1) driven by the membrane
potential (see Chapter 8). Only the former is strictly ‘active’, since mitochondrial Ca’*
accumulation occurs down the electrochemical gradient for the ion. In some texts the terms
primary and secondary active transport are used to distinguish these examples. However,
confusingly, the term “active transport’ is often used for any process in which a concentration
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Figure 2.1 The classification of ion and metabolite transport.

(a) Transport may be bilayer mediated (via either natural permeation across the
membrane or an ionophore-induced pathway) or protein catalysed. (b) Transport
by any of the three pathways in (a) can be passive (not directly coupled to metab-
olism) or, in the case of protein-catalysed transport alone, directly coupled to
metabolism, e.g. ATP hydrolysis. (¢) Transport, by any of the pathways in
(b), may occur as a single species, as two or more ions whose transport is tightly
coupled together in by symport (or co-transport), or by antiport (or exchange
diffusion). (d) Any of the mechanisms in (c) may be electroneutral or electrical
(electrogenic, electrophoretic).
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gradient of a solute or ion is established across a membrane. Naturally only protein-catalysed
transport can be directly coupled to metabolism (Fig. 2.1b).

2.2.3 Uniport, symport and antiport

The molecular mechanism of a transport process can involve a single ion or the tightly
coupled transport of two or more species (Fig. 2.1c). A transport process involving a single
ion is termed a uniport. Examples of uniports include the uptake pathway for Ca®* across
the inner mitochondrial membrane (Section 8.2.2) and the proton permeability induced in
bilayers by the addition of proton translocators such as dinitrophenol. A transport process
involving the obligatory coupling of two or more ions in parallel is termed symport or
co-transport. In this book we shall use the shorthand A : B to denote symport of the species
A and B. Examples of proton symport are found at the bacterial membrane where the
mechanism is used to drive the uptake of metabolites into the cell (Section 8.7).

The equivalent tightly coupled process where the transport of one ion is linked to the trans-
port of another species in the opposite direction is termed antiport or exchange-diffusion,
represented here in the form A/B for the antiport of A against B (Fig. 2.1c). Examples
include the Na*/H™ antiport activity, which is present in the inner mitochondrial membrane
(Section 8.2.1), and the K*/H™ antiport catalysed by the ionophore nigericin in bilayers
(Section 2.3.4). Note, however, that if one of the ions involved in a nominal symport or
antiport mechanism is a proton or hydroxyl ion, it is usually impossible to distinguish
between the symport of a species with a H* and the antiport of the species with a OH™. For
example, the mitochondrial phosphate carrier (Section 8.5) may be variously represented
as a P,”/OH" antiport or a H" : P;” symport.

Closely related transport pathways exist across non-energy-conserving membranes. At the
plasma membrane the Na™ ion can be involved in uniport (through a voltage-activated chan-
nel), symport (e.g. Na*: glucose co-transport) and antiport (e.g. the 3Na*/Ca?* exchanger),
while more complex stoichiometries may occur; for example, some neuronal membranes
possess a carrier that catalyses the co-transport of Na* and glutamate coupled to the antiport
of a third ion, K*.

2.2.4 Electroneutral versus electrical transport

Electroneutral transport involves no net charge transfer across the membrane. Transport may
be electroneutral either because an uncharged species is transported by a uniport, or as the
result of the symport of a cation and an anion or the antiport of two ions of equal charge
(Fig. 2.1d), an example of the last being the K*/H™ antiport catalysed by nigericin.
Electrical transport is frequently termed either electrogenic (‘creating a potential’, proton
pumping driven by ATP hydrolysis would be an example) or electrophoretic (‘moving in
response to a pre-existing potential’, Ca?* uniport into mitochondria would be an example).
As these terms can refer to the same pathway observed under different conditions, the overall
term ‘electrical’ will be used here.

It is important to distinguish between movement of charge at the molecular level, as
discussed here, and the overall electroneutrality of the total ion movements across a given
membrane. The latter follows from the impossibility of separating more than minute quantities
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of positive and negative charge across a membrane without building up a large membrane
potential. Thus the separation of 1 nmol of charge across the inner membranes of 1 mg of
mitochondria results in the build-up of more than 200 mV of potential. Or, put another way,
a single turnover of all the electron transport components in an individual mitochondrion
or bacterium will translocate sufficient charge to establish a membrane potential approach-
ing 200 mV. The establishment of such potentials by the movement of so little charge is a
consequence of the low electrical capacitance of biological membranes (typically estimated
as 1 uFcm™2). However, this property does not preclude the occurrence of steady-state
charge movements at the molecular level as long as these compensate each other. In add-
ition, it is necessary to appreciate that the effect on an energy-transducing membrane of a
tightly coupled electroneutral antiporter, such as the ionophore nigericin, which catalyses
an electroneutral K*/H™ antiport, is not the same as that caused by the addition of two
electrical uniporters for the same ions (e.g. valinomycin plus a protonophore).

The four criteria discussed above allow a comprehensive description of a transport process;
for example, proton pumping by the ATP synthase is an example of a protein-catalysed,
metabolism-coupled electrical uniport.

2.3 BILAYER-MEDIATED TRANSPORT

2.3.1 The natural permeability properties of bilayers

Review  Zeuthen 2001

The hydrophobic core possessed by lipid bilayers creates an effective barrier to the passage
of charged species. With a few important exceptions (Section 2.2), cations and anions do
not permeate bilayers. This impermeability extends to the proton, and this property is vital
for energy transduction to avoid short-circuiting the proton circuit. Not only does the
bilayer have a high electrical resistance, but it can also withstand very high electrical fields.
An energy-conserving membrane with a membrane potential of 200mV across it has an
electrical field in excess of 300000 V em ™! across its hydrophobic core.

A variety of uncharged species can cross bilayers. O, and CO, are all highly permeable,
as are the uncharged forms of a number of low molecular weight acids and bases, such as
ammonia and acetic (ethanoic) acid. These last permeabilities provide a useful tool for the
investigation of pH gradients across membranes (Section 3.5). The mystery of how the
most polar of compounds, water, crosses membranes has been resolved by the discovery
of aquaporins, a large family of water-permeating channels present in membranes and
catalysing the direct transport of water.

2.3.2 lonophore-induced permeability properties of bilayer regions

The high activation energy required to insert an ion into a hydrophobic region accounts for
the extremely low ion permeability of bilayer regions. It follows that, if the charge can be
delocalized and shielded from the bilayer, the ion permeability might be expected to increase.
This is accomplished by a variety of antibiotics synthesized by some micro-organisms,
as well as by some synthetic compounds. These are known collectively as ionophores.
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These are typically compounds with a molecular weight of 500-2000 possessing a hydropho-
bic exterior, making them lipid soluble, together with a hydrophilic interior to bind the ion.
Tonophores are not natural constituents of energy-conserving membranes, but as investigative
tools they are invaluable.

Ionophores can function as mobile carriers or as channel formers (Fig. 2.2). Mobile
carriers diffuse within the membrane, and can typically catalyse the transport of about
1000ionss™! across the membrane. They can show an extremely high discrimination
between different ions, can work across thick synthetic membranes and are affected by
the fluidity of the membrane. In contrast, channel-forming ionophores discriminate poorly
between ions but can be very active, transporting up to 107 ions per channel per second.
Ionophores can also be categorized according to the ion transport that they catalyse.

2.3.3 Carriers of charge but not protons

Valinomycin (Fig. 2.2) is a mobile carrier ionophore that catalyses the electrical uniport
of Cs*, Rb™, K* or NH; . The ability to transport Na* is at least 10* less than for K*.
Valinomycin is a natural antibiotic from Streptomyces and is a depsipeptide, i.e. it consists
of alternating hydroxy and amino acids. The ions lose their water of hydration when they
bind to the ionophore. Na* cannot be transported because the unhydrated Na* jon is too
small to interact effectively with the inward-facing carbonyls of valinomycin, with the
result that the complexation energy does not balance that required for the loss of the water
of hydration. Because valinomycin is uncharged and contains no ionizable groups, it
acquires the charge of the complexed ion. Both the uncomplexed and complexed forms of
valinomycin are able to diffuse across the membrane. Therefore, a catalytic amount of
ionophore can induce the bulk transport of cations. It is effective in concentrations as low
as 107°m in mitochondria, chloroplasts, synthetic bilayers and to a more limited extent
in bacteria (the outer membrane can exclude it from Gram-negative organisms). Other
ionophores catalysing K* uniport include the enniatins and the nactins (nonactin, mon-
actin, dinactin, etc., so-called from the number of ethyl groups in the structure). However,
these ionophores do not have such a spectacular selectivity for K* over Na' as valino-
mycin. Energy-conserving membranes generally lack a native electrical K* permeability,
and valinomycin can be exploited to induce such a permeability, in order to estimate or
clamp membrane potentials, or to investigate anion transport.

Gramicidin is an ionophore that forms transient conducting dimers in the bilayer (Fig. 2.2).
Its properties are typical of channel-forming ionophores, with a poor selectivity between
protons, monovalent cations and NH, the ions permeating in their hydrated forms. The
capacity to conduct ions is limited only by diffusion, with the result that one channel can

conduct up to 107 ionss .

2.3.4 Carriers of protons but not charge

Nigericin is a linear molecule with heterocyclic oxygen-containing rings together with a
hydroxyl group. In the membrane the molecule cyclizes to form a structure similar to that
of valinomycin, with the oxygen atoms forming a hydrophobic interior. Unlike valinomycin,
nigericin loses a proton when it binds a cation, forming a neutral complex, which can then
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Figure 2.2 Ionophores.

Schematic function of four ionophores. (a) Valinomycin is a mobile carrier
ionophore able to cross the lipid bilayer transporting a K* ion. Note that the
ion’s hydration sphere is lost and replaced by the ionophore. (b) Gramicidin is
a channel-forming ionophore, with less selectivity than valinomycin but much
higher activity. (c) Nigericin is a hydrophobic weak carboxylic acid permeable
across lipid bilayer regions as either the protonated acid or the neutral salt.
Nigericin has a selectivity K* > Rb* > Na*. (d) FCCP is the most commonly
employed example of a protonophore, although many such compounds exist.
The blue bonds represents the extent of the 7r-orbital system. If a Ap exists across
the membrane, the protonophore will cycle catalytically in an attempt to collapse
the potential (e). FCCP~ will be driven to the P-face of the membrane by
the membrane potential, while FCCPH will be driven towards the alkaline or
N-phase due to ApH. When sufficient FCCP is present (for most membranes
1079-107°wm), the cycling can reduce both Ay and ApH to near zero.
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diffuse across the membrane as a mobile carrier. Nigericin is also mobile in its protonated
non-complexed form, with the result that the ionophore can catalyse the overall electro-
neutral exchange of K* for H* (Fig. 2.2). Other ionophores that catalyse a similar electro-
neutral exchange include X-537A, monensin and dianemycin. The latter two show a slight
preference for Na* over K*, while X-537A will complex virtually every cation, including
organic amines. Nigericin has been employed to study anion transport (Section 2.5) and to
modify the pH gradient across energy-conserving membranes. It is often stated that nigericin
abolishes ApH across a membrane; in fact the ionophore equalizes the K* and H* concen-
tration gradients, the final ion gradients depending on the experimental conditions.

A23187 and ionomycin are dicarboxylic ionophores with a high specificity for divalent
cations. A23187 catalyses the electroneutral exchange of Ca®* or Mg?* for two H* without
disturbing monovalent ion gradients. lonomycin has a higher selectivity for Ca** and has
the additional advantage that it is non-fluorescent, allowing its use in experiments using
fluorescent indicators.

2.3.5 Carriers of protons and charge

Protonophores, also known as proton translocators or uncouplers, have dissociable protons
and permeate bilayers either as protonated acids, with pK, values not too far below 7, or as
the conjugate base, e.g. FCCP (Fig. 2.2). This is possible because these ionophores possess
extensive r-orbital systems, which so delocalize the charge of the anionic form that lipid
solubility is retained. By cycling across the membrane they can catalyse the net electrical
uniport of protons and increase the proton conductance of the membrane. In so doing the
proton circuit is short-circuited, allowing the process of Ap generation to be uncoupled from
ATP synthesis. Uncouplers were described long before the formulation of the chemiosmotic
theory. In fact the demonstration that the majority of these compounds act by increasing the
proton conductance of synthetic bilayers was important evidence in favour of the theory.

An indirect proton translocation can be induced in membranes by the combination of a
uniport for an ion together with an electroneutral antiport of the same ion in exchange for
a proton. For example, the combination of valinomycin and nigericin induces a net uniport
for H*, while K™ cycles around the membrane. The Ca?*/2H" ionophores discussed above
can also uncouple mitochondria in the presence of Ca?*, since a dissipative cycling is set up
between the native Ca®* uniport (Section 8.2.3) and the ionophore.

2.3.6 The use of ionophores in intact cells

While ionophores were introduced largely for investigations of isolated mitochondria, they
have also been applied to intact cells in attempts to modify in sifu mitochondrial function.
However, since they display no membrane selectivity, one must be aware of the consequen-
ces of introducing these ion permeabilities into other membranes. Thus valinomycin will
hyperpolarize cells in low K* media by clamping the plasma membrane potential close to
the K*-diffusion potential (Section 3.8). Unfortunately, the ionophore will also collapse
the mitochondrial Ay, since the K* concentrations in the cytoplasm and matrix are both
about 100 mum. Nigericin can be added at low concentrations with no deleterious effect except
to slightly hyperpolarize the mitochondria. In contrast, protonophores have multiple effects,
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most seriously depleting the cytoplasm of ATP by allowing the ATP synthase to reverse and
hydrolyse glycolytically generated ATP. It is important also to appreciate that ionophores
such as valinomycin may fail to act on intact bacteria owing to their absorption to cell walls.

2.3.7 Lipophilic cations and anions

Further reading  Karadjov ef al. 1986, Wingrove and Gunter 1986, Lombardi ef al. 1998

The ability of sr-orbital systems to shield charge and enhance lipid solubility has been
exploited in the synthesis of a number of cations and anions that are capable of being trans-
ported across bilayer membranes even though they carry charge. Examples include the
tetraphenyl phosphonium cation (TPP*) and the tetraphenylborate anion TPB™. These ions
are not strictly ionophores, since they do not act catalytically, but are instead accumulated
in response to Ay (Section 4.2.2). Lipophilic cations and anions were of value historically
in demonstrations of their energy-dependent accumulation in mitochondria and inverted sub-
mitochondrial particles, respectively. These experiments eliminated the possibility of specific
cation pumps driven by chemical intermediates. Subsequently the cations have been employed
for the estimation of A¢s (Section 4.2.2). Fluorescent lipophilic cations are employed to moni-
tor changes in A both in isolated mitochondria (Chapter 4) and mitochondria in sifu within
intact cells (Chapter 9). TPP" may also inhibit mitochondrial Ca?* efflux (Chapter 8).

2.4 PROTEIN-CATALYSED TRANSPORT

The characteristics of protein-catalysed transport across energy-conserving membranes
are usually sufficiently distinct from those of bilayer-dependent transport, whether in the
absence or presence of ionophores, to make the correct assignment straightforward. The
transport proteins of the mitochondrial inner membrane and bacterial cytoplasmic membrane
will be discussed in detail in Chapter 8; here we shall merely summarize the distinctions
between protein-catalysed and bilayer-mediated transport.

Transport proteins share the features of other enzymes; they can display stereospecificity,
can frequently be inhibited specifically and are genetically determined. This last feature
means that it is not possible to make the same kinds of generalizations as for bilayer trans-
port. For example, if FCCP induces proton permeability in mitochondria, it can generally
be assumed that the effect will be similar in thylakoids, bacteria and synthetic bilayers.
In contrast, a transport protein may not only be specific to a given organelle but may be
restricted to the organelle from one tissue. Thus the citrate carrier is present in liver mito-
chondria (Section 8.3.2), where it is involved in the export of intermediates for fatty acid
synthesis, but is absent from heart mitochondria. The strongest evidence for the involve-
ment of a protein in a transport process is often the existence of specific inhibitors. For
example, whereas pyruvate was for many years considered to permeate into mitochondria
through the bilayer, which is feasible as it is a monocarboxylic weak acid, it was later found
that cyanohydroxycinnamate (Section 8.3.2) was a specific transport inhibitor. This pro-
vided the first firm evidence for a transport protein for this substrate.

Transport proteins have been studied by many approaches, and this has led to a plethora
of names, including carriers, permeases, porters and translocases, all of which are synonyms
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for transport protein. The term ‘carrier’ is particularly inappropriate because there is no
evidence that any protein functions by the carrier type of mechanism exemplified by valino-
mycin. Instead, most mitochondrial transporters function as dimers and undergo subtle con-
formational changes to expose their binding sites alternately to N- and P-phases (Chapter 8).

2.5 SWELLING AND THE CO-ORDINATE MOVEMENT
OF IONS ACROSS MEMBRANES

The driving forces for the movement of ions across membranes will be derived quantita-
tively in the next chapter. Here we shall discuss qualitatively how the movement of ions on
different carriers within the same membrane may be coupled to each other.

The overriding principle of bulk ion movement across a closed membrane is that there
must at no time be no more than a slight charge imbalance across the membrane. We have
seen that the electrical capacity of a mitochondrion or bacterium is tiny, and thus that the
uncompensated movement of less than 1 nmol of a charged ion per mg protein is sufficient
to build up a Ag of >200mV. Thus, during the operation of a proton circuit, the charge
imbalance would never exceed this amount, even though the proton current might exceed
1000 nmol H* min ' (mg protein) ™!,

In order to illustrate the coordinate movement of ions, we shall first discuss a simple but
powerful technique, which was much used to establish the pathways and mechanisms of
ion transport across the mitochondrial inner membrane: osmotic swelling. Mitochondria
will swell and ultimately burst unless they are suspended in a medium that is isotonic with
the matrix and impermeant across the inner membrane. Swelling does not mean that the
inner membrane stretches like a balloon, but rather that the inner membrane unfolds as the
matrix volume increases, ultimately rupturing the outer membrane. Mitochondria will also
swell in an isotonic solution in which the principal solute is permeable across the inner
membrane. To observe osmotic swelling of mitochondria in ionic media, both the cation
and anion of the major osmotic component of the medium must be permeable and the
requirement for overall charge balance across the membrane must be respected.

Suspensions of mitochondria are turbid and scatter light, owing to the difference in
refractive index between matrix contents and the medium, and any process which decreases
this difference will decrease the scattered light. Thus, paradoxically, an increase in matrix
volume owing to the influx of a permeable solute results in a decrease in the light scattered
as the matrix refractive index approaches that of the medium. This provides a very simple
semiquantitative method for the study of solute fluxes across the mitochondrial inner mem-
brane by monitoring the decrease in light scattered in the 90° geometry of a fluorimeter, or
the increase in transmitted light in a normal spectrophotometer, during the swelling process.
Swelling can proceed sufficiently to rupture the outer membrane and release adenylate
kinase and cytochrome ¢, which are located in the intermembrane space.

The simplest case to consider is that of mitochondria where both the respiratory chain
and the ATP synthase are inhibited. In the example shown in Fig. 2.3, the permeability of
rat liver mitochondria for C1™ and SCN™ is investigated. Mitochondria suspended in isotonic
(120 mm) concentrations of either KCl or KSCN undergo little decrease in light scattering.
However, this does not necessarily demonstrate that the inner membrane is impermeable
to these anions, as cation and anion must both be transported and the K* ion is poorly
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Figure 2.3 Ion permeability requirements for osmotic swelling or contrac-
tion of non-respiring and respiring mitochondria.

Mitochondria are suspended in iso-osmotic KCl, KSCN or K-acetate. Electrical
(valinomycin, Val) or electroneutral (nigericin, Nig) potassium permeability is
induced by ionophore addition and swelling monitored by decreased light scatter-
ing (schematic traces: downwards equals decreased light scattering and hence
swelling). Protonophore (FCCP) is added where indicated. (a) Valinomycin does
not initiate swelling in KCI since C1™ is impermeant; (b) however, mitochondria
swell in KSCN since SCN™ is highly permeant. (¢) Mitochondria do not swell in
KSCN plus nigericin since charges do not balance, addition of FCCP to allow pro-
ton re-entry initiates swelling. (d) Conversely, FCCP is needed for proton efflux in
K-acetate after valinomycin addition, but not (e) after nigericin; note that acetic acid
is the permanent species. (f) On initiation of respiration, mitochondria swell rapidly
in K-acetate in the presence of valinomycin, while (g) mitochondria pre-swollen in
KNOQO; contract on addition of nigericin plus substrate since nitrate (NO3 ) is a per-
meant ion. O.D. = optical density.
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permeable. To overcome this, an electrical uniport for K* can be induced by addition of
valinomycin (Section 2.3.3). Rapid swelling is now observed in KSCN, but slow swelling
in KCL It can therefore be concluded that the inner membrane is permeable to SCN™.
However, the failure of KCl and valinomycin to support swelling does not yet prove that
Cl™ is impermeable, because the requirement for charge balance has yet to be investigated.

Swelling in potassium acetate in the presence of valinomycin or nigericin illustrates the
need for charge balance. Nigericin supports swelling in potassium acetate, but valinomycin
is ineffective while allowing rapid swelling to occur in KSCN. The reason for the differ-
ence is the need for charge balance. K™ entry catalysed by valinomycin is electrical, while
acetate permeates the bilayer as the neutral protonated acid. Therefore, in the presence of
valinomycin and potassium acetate, a membrane potential (positive inside) rapidly builds up
preventing further K* entry. The permeation of acetic acid also ceases, as dissociation of the
co-transported proton within the matrix builds up a pH gradient (acid in the matrix), which
opposes further acetic acid entry. These problems are not encountered with potassium acetate
in the presence of nigericin, since cation and anion entry are both now electroneutral. Also,
the proton entering with acetic acid is re-exported by the ionophore in exchange for K*.

It should now be clear that mitochondria swell in KSCN plus valinomycin, but not in
KSCN plus nigericin, because permeation of the protonated species HSCN is negligible. It is
therefore possible to use swelling not only to determine if a species is permeable but also to
determine the mode of entry. Returning to the case of KCl, since swelling occurs in the pres-
ence of neither nigericin nor valinomycin, C1~ cannot cross the membrane either as the anion
or as HCL The requirement for swelling that both ions enter by the same mode, be that elec-
trical or electroneutral, can be overcome if an electrical proton uniport is induced by the add-
ition of a protonophore (Fig. 2.3). Thus with FCCP present swelling occurs in the presence of
KSCN plus nigericin or potassium acetate plus valinomycin. The ion fluxes that lead to accu-
mulation of either KSCN or potassium acetate in the matrix are shown in Fig. 2.3.

Matrix volume changes occurring in respiring mitochondria have to take account of the
contribution of the protons pumped across the membrane by the respiratory chain.
Respiration-dependent swelling occurs in the presence of an electrically permeant cation
(which is accumulated due to the membrane potential) and an electroneutrally permeant
weak acid (accumulated due to ApH; Section 3.5), as shown in Fig. 2.3. Conversely, a rapid
contraction of pre-swollen mitochondria occurs on initiation of respiration when the matrix
contains an electroneutrally permeant cation (expelled by ApH) and an electrically perme-
ant anion (expelled by Ay) (Fig. 2.3e).

Swelling induced under conditions of Ca?* overload (the mitochondrial permeability
transition, Section 8.2.5) is due to an alteration in the conformation of the inner membrane
adenine nucleotide transporter, which produces a non-selective pore permeable to cations
and anions up to 1.4kDa.

Consideration of charge balance is also necessary in reconstitution experiments. For
example, if a pH indicator is trapped inside a phospholipid vesicle with an acidic lumen and
the external pH is subsequently raised into the alkaline range, the indicator trapped inside
will continue to indicate an acid pH even if the protonophore FCCP is added. Significant
proton efflux is not possible because efflux of a tiny quantity of protons generates a mem-
brane potential, positive outside. However, if external K* is available and valinomycin is
added, protons can efflux via FCCP because the requirement for charge balance is satisfied
by the influx of K. The internal indicator then signals an alkaline pH.
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QUANTITATIVE
BIOENERGETICS:
THE MEASUREMENT
OF DRIVING FORCES

3.1 INTRODUCTION

Thermodynamics provides the quantitative core of bioenergetics, and this chapter is
intended to provide an introduction to that part of thermodynamics of specific bioenergetic
relevance. We have attempted to de-mythologize some of the more important relationships
by deriving them from what we hope are commonsense origins. The reader is strongly
advised to follow through the derivations, if only to exorcise the idea, which amazingly
still exists in many general biochemistry textbooks, that ATP is a ‘high-energy’ compound.
Thermodynamic ignorance is also responsible for some extraordinary errors found in
the current literature, particularly in the field of mitochondrial control of cell survival
(see Chapter 9).

3.1.1 Systems

In thermodynamics three types of system are studied. Isolated (or adiabatic) systems are
completely autonomous, exchanging neither material nor energy with their surroundings
(e.g. aclosed, insulating vessel). Closed systems are materially self-contained, but exchange
energy across their boundaries (e.g. a hot water bottle). Open systems exchange both
energy and material with their environment (e.g. all living organisms). The complexity of
the thermodynamic treatment of these systems increases as their isolation decreases. Open
systems strictly require a non-equilibrium thermodynamic treatment; classical equilibrium
thermodynamics cannot be applied precisely to open systems because the flow of matter
across their boundaries precludes the establishment of a true equilibrium.

The most significant contribution of equilibrium thermodynamics to bioenergetics comes
from considering individual reactions or groups of reactions as closed systems, asking ques-
tions about the nature of the equilibrium state for that reaction, and establishing how far
removed the actual reaction is from that eauilibrium state. Despite this limitation. equilibrium
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thermodynamics is immensely powerful in bioenergetics since it can be applied to the
following problems:

(a) Calculating the conditions required for equilibrium in an energy transduction, such as
the utilization of the protonmotive force to produce ATP, and by extension determining
how far such a reaction is displaced from equilibrium under the actual experimental con-
ditions. It is this displacement from equilibrium that defines the capacity of the reaction
to perform useful work.

(b) Eliminating thermodynamically ‘impossible’ reactions. While no thermodynamic
treatment can prove the existence of a given mechanism, equilibrium thermodynamics
can readily disprove any proposed mechanism that disobeys its laws. For example, if
reliable values are available for the protonmotive force and the free energy for ATP
synthesis (concepts that will be developed quantitatively below), it is possible to state
unambiguously the lowest value of the H*/ATP stoichiometry (the number of H™ that
must enter through the ATP synthase to make an ATP), which would allow ATP
synthesis to occur.

3.1.2 Entropy and Gibbs energy change

The universe is by definition an isolated system, and in an isolated system the driving force
for a reaction is an increase in entropy, which may be broadly equated to the degree of
disorder of the system. In a closed system a process will occur spontaneously if the entropy
of the system plus its surroundings increases. Although it is not possible to measure
directly the entropy changes in the rest of the universe caused by the energy flow across the
boundary of the system, this parameter can be calculated under conditions of constant
temperature and pressure from the flow of enthalpy (heat) across the boundaries of the
system (Fig. 3.1). The thermodynamic function that takes account of this enthalpy flow
is the Gibbs energy change, AG, which is the quantitative measure of the net driving force
(at constant temperature and pressure):

AG = AH — TAS [3.1]

where AH is the enthalpy change of the system and AS is the entropy change, again of the
system. This is the Gibbs—Helmholtz equation. Thus AG can be determined using only those
parameters which refer to the system itself, while entropy changes in the surroundings need
not be determined. A process that results in a decrease in Gibbs energy (AG < 0) is one
which causes a net increase in the entropy of the system plus surroundings and is therefore
able to occur spontaneously if a mechanism is available.

The Gibbs energy change (also termed the free energy change) occurs in bioenergetics
in four different guises; indeed, the subject might well be defined as the study of the mech-
anisms by which the different manifestations of Gibbs energy are interconverted.

(1) Gibbs energy changes themselves are used in the description of substrate reactions
feeding into the respiratory chain and of the ATP that is ultimately synthesized.

(2) The oxido-reduction reactions occurring in the electron transfer pathways in respir-
ation and photosynthesis are usually quantified not in terms of Gibbs energy changes
but in terms of closely derived redox potential changes.
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Figure 3.1 Gibbs energy and entropy changes in isolated and closed systems.
Isolated, closed and open systems exchange, respectively, neither enthalpy nor
material, enthalpy alone (AH), and enthalpy plus material (Am) with their
surroundings.

(3) The available energy in a gradient of ions is quantified by a further variant of the Gibbs
energy change, namely the ion electrochemical gradient.

(4) In photosynthetic systems the Gibbs energy available from the absorption of quanta of
light can be compared directly with the other Gibbs energy functions within the reac-
tion centre or the cell.

It should be emphasized that these different conventions merely reflect the diverse
historical background of the topics that are brought together in chemiosmotic energy
transduction.

3.2 GIBBS ENERGY AND DISPLACEMENT FROM
EQUILIBRIUM

Since the first edition of Bioenergetics we have taken a rather unorthodox
approach to Gibbs energy changes. Whereas the classical physical chemistry
approach emphasizes standard free energies (a hypothetical condition where
all components are present at unit activity), we prefer to discuss reactions
purely in terms of displacement from equilibrium. This leads to considerably
simpler, more intuitive and more symmetrical equations without sacrificing
precision.

Consider a simple reaction A — B, occurring in a closed system. By observ-
ing and measuring the concentration of reactant A ([A]s) and product B ([Blops),
we can calculate the observed mass action ratio I (capital gamma), equal to
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[Blobs/[Alops- If the mixture of reactant and product happens to be at equilib-
rium, the mass action ratio of these equilibrium concentrations [B]equir/[Alequit
is termed the equilibrium constant K. The absolute value of the Gibbs energy
(G) increases the further I is displaced from K i.e. the further the reaction is
from equilibrium. When G is plotted as a function of the logarithm of I'/K
(Fig. 3.2), a parabola is obtained. The curve shows the following features:

(a) The Gibbs energy content G is at a minimum when the reaction is at equi-
librium. Thus any change in I" away from the equilibrium ratio requires an
increase in the Gibbs energy content of the system and so cannot occur
spontaneously.

(b) The slope of the curve is zero at equilibrium. This means that a conversion
of A to B that occurs at equilibrium without changing the mass action
ratio I' (e.g. by replacing the reacted A and removing excess B as it is
formed) would cause no change in the Gibbs energy content. Another
way of saying this is that the slope AG (in units of kImol™!) is zero at
equilibrium.

(c) When the reaction A — B has not yet proceeded as far as equilibrium, a
conversion of A to B without changing the mass action ratio I results in a
decrease in G, i.e. the slope AG is negative. This implies that such an inter-
conversion can occur spontaneously, provided that a mechanism exists.

(d) The slope of the curve decreases as equilibrium is approached. Thus
AG decreases the closer the reaction is to equilibrium. Note that AG does
not equal the Gibbs energy that would be available if the reaction were
allowed to run down to equilibrium, but rather gives the Gibbs energy that
would be liberated per mole if the reaction proceeded with no change in
substrate and product concentrations. This closely reflects the conditions
prevailing in vivo where substrates are continuously supplied and products
removed.

(e) For the reaction to proceed beyond the equilibrium point would require
an input of Gibbs energy, this therefore cannot occur spontaneously.

The discussion may be generalized and placed on a quantitative footing by
considering the reaction where a moles of A and b moles of B react to give ¢
moles of C and d moles of D, i.e.

aA + bB=cC +dD [3.2]

The equilibrium constant K for the reaction is defined as follows:

CI;, (DL
K = alPy ) era-ams) 33]

[AL,[BL,

where the equilibrium concentration of each component is inserted into the
equation to obtain an equilibrium mass action ratio.
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Figure 3.2 Gibbs energy content of a reaction as a function of its displace-
ment from equilibrium.

Consider a closed system containing components A and B at concentrations [A]
and [B], which can be interconverted by a reaction [A] <> [B]. The reaction is at
equilibrium when the mass action ratio [B]/[A] = K, the equilibrium constant.
The curve shows qualitatively how the Gibbs energy content (G) of the system
varies when the total [A] + [B] is held constant but the mass action ratio is var-
ied away from equilibrium. The slope of the tangential arrows represent schemat-
ically the Gibbs energy change, AG, for an interconversion of A to B, which
occurs at different displacements from equilibrium, without changing the mass
action ratio (e.g. by continuously supplying substrate and removing product).
For details of (a)—(e), see text.

This complicated-looking equation will not be around for long, however,
since we can now define the observed mass action ratio I when the reaction is
held away from equilibrium by:

c d
= % Molar(¢ 4747 [3.4]
[A]obs [B]obs

Note the symmetry between equations 3.3 and 3.4.

We shall now state, without deriving it, the key equation which relates the
Gibbs energy change, AG, for the generalized reaction given in equation 3.2 to
its equilibrium constant and observed mass-action ratio given in equations 3.3
and 3.4, respectively:

AG = —2.3RTlogo KIT [3.5)
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where the factor 2.3 comes from the conversion from natural logarithms, R is
the gas constant, and 7 is the absolute temperature.
This key equation tells us the following:

AG has a value which is a function of the displacement from equilibrium.
The numerical value of the factor 2.3RT means that at 25°C a reaction
which is maintained one order of magnitude away from equilibrium pos-
sesses a AG of 5.7 kJmol L.

AG is negative if I' < K and positive if ' > K.

Note again that AG is a differential, i.e. it measures the change in Gibbs
energy that would occur if 1 mol of substrate were converted to product without
changing the mass action ratio I" (e.g. by continuously replenishing substrate
and removing product). It does not answer the question ‘how much energy is
available from running down this reaction to equilibrium?’.

AG for the ATP hydrolysis reaction

The consequences of equation 3.5 may be illustrated by reference to the hydrolysis of
ATP to ADP and P;. At pH 7.0, and in the presence of an approximately physiological
1072m Mg?*, this reaction has an apparent equilibrium constant K’ of about 10°m. By
apparent equilibrium constant, we mean that obtained by putting the total chemical concen-
trations of reactants and products into the equation and ignoring the concentration of water,
the pH and the effect of ionization state! That such a surprising oversimplification is possible
will be explained later. The equation for the equilibrium of the ATP hydrolysis reaction is:

7

[SADPY[SP] ~_

5
SATP] 10°m [3.6]

where each concentration represents the total sum of the concentrations of the different
ionized species of each component, including that complexed to Mg (see below).

As equilibrium is attained when the apparent mass action ratio I'’, obtained using exactly
the same simplifications as for K’, is 10°Mm, the equilibrium concentration of ATP in the
presence of 1072m P; and 10 3m ADP (which are approximate figures for the cytoplasm)
would be only 10™!%um, or about 1 part per ten million of the total adenine nucleotide pool!

The variations of AG with the displacement of the ATP hydrolysis mass action ratio from
equilibrium are shown in Table 3.1. Mitochondria are able to maintain a mass action ratio
in the incubation medium which is as low as 107 3m, ten orders of magnitude away from
equilibrium. Under these conditions the incubation might contain 1072m P;, 10~ 2m ATP
and only 10~° ADP. To synthesize ATP under these conditions requires an input of Gibbs
energy of 57kJ per mole of ATP produced. The reason for a lower AG for the ATP/ADP
pool in the matrix will be discussed in Chapter 8.

Note that AG for ATP synthesis (sometimes referred to as the ‘phosphorylation potential’,
AG,) is obtained from the corresponding value for ATP hydrolysis by simply changing
the sign.
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Table 3.1 The Gibbs energy change for the hydrolysis of ATP to ADP + P, as a function of the dis-
placement from equilibrium

For K’ = 10°m, pH 7, 10mm Mg?*, 10mm P,

I (m) KT AG (kJmol™1) [ATP]/[ADP] Relevant condition
10° 1 0 0.0000001 Equilibrium
10° 10? —11 0.00001

1 10° -28 0.01 ‘Standard conditions’
107! 108 —34 0.1
1073 108 —46 10 Matrix
1073 1010 -57 1000 Cytoplasm

(Note: [ATP]/[ADP][P;] = 1 under ‘standard conditions’.)

The uses and pitfalls of standard Gibbs energy, AG°

A special case of the general equation for AG (equation 3.5) occurs under the
totally hypothetical condition when the concentration of all reactants and prod-
ucts are in their ‘standard states’, i.e. 1 M for solutes, a pure liquid or a pure gas
at 1 atmosphere. These conditions define the standard Gibbs energy change AG°.

Considering again our generalized reaction in equation 3.2, under these
‘standard’ conditions, I" has a value of 1 M¢T97975) and equation 3.5 reduces to:

AG® = —23RTlog;o K [3.7]

(note that the term log;, K is dimensionless because the units of K are cancelled
by those of T).

Equation 3.7 is frequently misunderstood. It is important to appreciate that
AG® is simply related to the logarithm of the equilibrium constant and as such
gives in itself no information whatsoever concerning the Gibbs energy of the
reaction in the cell. It is therefore absolutely incorrect to use AG® values to
predict whether a reaction can occur spontaneously or to estimate the Gibbs
energy available from a reaction.

Equation 3.7 can, however, be used to derive the more commonly used form
of the Gibbs energy equation in which the equilibrium constant is substituted
by AG°. If we take equation 3.5 and divide both K and I" by the standard state
concentrations to make them dimensionless, and then rearrange the equation,
we get:

AG = _23RT10g10 K+ 2.3RT10g10 r [38]
Combining with equation 3.7 and eliminating K gives:
AG = AG®° + 23RT10g10 r

or as usually written:

C d
AG = AG® + 23RTlog,, (%} [3.9]
obs obs
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Equation 3.9 is the most common form of the Gibbs energy equation and the
one found in most textbooks. Just as equation 3.5 has terms for I and K, so
equation 3.9 has terms for I and AG®. Note that equation 3.9 reverts to equa-
tion 3.7 at equilibrium when AG = 0 and, of course, I' = K. Both equation 3.5
and 3.9 can be used correctly to calculate AG; however, equation 3.5 is more
intuitive, since it emphasizes the fact that AG is a function of the extent to which
a reaction is removed from equilibrium. Additionally, it is not immediately evi-
dent from equation 3.9 that AG° and 2.3RTlog,I" are dimensionally homoge-
neous terms or why apparent equilibrium constants and apparent mass action
ratios (see below) can be used that make simplifying assumptions about the
states of ionization of reactants and products, the pH, etc.

Absolute and apparent equilibrium constants and
mass action ratios

To avoid confusion or ambiguity in the derivation of equilibrium constants, and hence
Gibbs energy changes, a number of conventions have been adopted. Those most relevant to
bicenergetics are the following:

(@

(b)

(©

True thermodynamic equilibrium constants (K) are defined in terms of the chemical
activities rather than the concentrations of the reactants and products. Generally in
biochemical systems it is not possible to determine the activities of all the components,
and so equilibrium constants are calculated from concentrations. This introduces
no error as long as the observed mass action ratio and the equilibrium constants are
calculated under comparable conditions (remember AG is calculated from the ratio of
I' and K).

When water appears as either a reactant or product in dilute solutions, it is considered
to be in its standard state (which is the pure liquid at 1 atmosphere) under both equi-
librium and observed conditions. This means that the water term can be omitted from
both the equilibrium and observed mass action ratio equations (once again AG is cal-
culated from the ratio of I' and K, see equation 3.6).

If one or more of the reactants or products are ionizable, or can chelate a cation, there
is an ambiguity as to whether the equilibrium constant should be calculated from the
total sum of the concentrations of the different forms of a compound, or just from the
concentration of that form, which is believed to participate in the reaction. The hydroly-
sis of ATP to ADP and P; is a particularly complicated case: not only are all the react-
ants and products partially ionized at physiological pH, but also Mg?™, if present,
chelates ATP and ADP with different affinities. Thus, ATP can exist at pH 7 in the
following forms:

[SATP] = [ATP* ] + [ATP3"] + [ATPMg?"] + [ATP.Mg ] [3.10]

If it were known that the true reaction was:

ATPMg?~ + H,0 = ADPMg~ + HPO, + H* [3.11]
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then the true equilibrium constant would be:

k = IMeADPTIHPOL JH']
[Mg.ATP*"]

[3.12]

This equilibrium constant would be independent of pH or Mg?*, as changes in these fac-
tors are allowed for in the equation. However, the reacting species are not known unambigu-
ously and, even if they were, their concentrations would be difficult to assay, as enzymatic or
chemical assay determines the total concentration of each compound (e.g. ZATP).

In practice, therefore, an apparent equilibrium constant, K is employed, calculated from
the total concentrations of each reactant and product, ignoring any effects of ionization or
chelation and omitting any protons that are involved (see equation 3.6).

The most important limitation of the apparent equilibrium constant is that K is not a uni-
versal constant, but depends on all those factors that are omitted from the equation, such as
pH and cation concentration. K' is thus only valid for a given pH and cation concentration,
and must be qualified by information about these conditions. As the standard Gibbs energy
change is derived directly from the apparent equilibrium constant, this parameter must be
similarly qualified. Finally and most importantly, the apparent mass action ratio, I'', must
be calculated under exactly the same set of assumptions; if this is done, when the ratio
K'/T" is calculated for equation 3.5, all the assumptions cancel out and a true and
meaningful AG is obtained. In biochemistry the terms AG® and K’ are frequently used
to specify that a [H*] of 10 7w is being considered, but in principle these parameters
can be specified for any condition of pH, ionic strength, temperature, [Mg?*], etc., that is
convenient — as long as I'” is always calculated under exactly the same set of conditions.

3.2.4 The myth of the ‘high-energy phosphate bond’

It is still possible to come across statements to the effect that the phosphate
anhydride bonds of ATP are ‘high-energy’ bonds capable of storing energy and
driving reactions in otherwise unfavourable directions. However, it should be
clear from Table 3.1 that it is the extent to which the observed mass action ratio
is displaced from equilibrium that defines the capacity of the reactants to do
work, rather than any attribute of a single component. A hypothetical cell could
utilize any reaction to transduce energy from the mitochondrion. For example,
if the glucose 6-phosphatase reaction were maintained ten orders of magnitude
away from equilibrium, then glucose 6-phosphate hydrolysis would be just as
capable of doing work in the cell as is ATP. Conversely, the Pacific Ocean could
be filled with an equilibrium mixture of ATP, ADP and P;, but the ATP would
have no capacity to do work. It is important that the equilibrium constant for
the ATP hydrolysis reaction has about the value it does, since it means that,
even in the cytoplasm under conditions where AG for ATP synthesis is almost
60kImol ™!, there is still a sufficient concentration of ADP to bind to the ade-
nine nucleotide translocator responsible for translocating the nucleotide into
the matrix (Chapter 8).
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3.3 OXIDATION-REDUCTION (REDOX) POTENTIALS

Review Schafer and Buettner 2001

3.3.1 Redox couples

Both the mitochondrial and photosynthetic electron transfer chains operate as a

sequence of reactions in which electrons are transferred from one component to

another. While many of these components simply gain one or more electrons in

going from the oxidized to the reduced form, in others the gain of electrons

induces an increase in the pK of one or more ionizable groups on the molecule,

with the result that reduction is accompanied by the gain of one or more protons.
Cytochrome ¢ undergoes a le™ reduction:

Fe3+.cyt c+ le” = Fe2+,cyt c [3.13]
NAD undergoes a 2¢~ reduction and gains one H*:
NAD*' + 2e™ + H* = NADH [3.14]

while ubiquinone undergoes a 2e ™~ reduction followed by the addition of 2H™:
UQ + 2e” + 2H* = UQH, (3.15]

This last is sometimes incorrectly referred to as a hydrogen transfer.

Redox reactions are not restricted to the electron transport chain. For example, lactate
dehydrogenase also catalyses a redox reaction:

Pyruvate + NADH + H* = Lactate + NAD™ [3.16]

While all oxidation—reduction reactions can quite properly be described in thermodynamic
terms by their Gibbs energy changes, electrochemical parameters can be employed, since
the reactions involve the transfer of electrons. Although the thermodynamic principles are
the same as for the Gibbs energy change, the origins of oxido-reduction potentials in elec-
trochemistry sometimes obscures this relationship.

The additional facility afforded by an electrochemical treatment of a redox reaction is
the ability to dissect the overall electron transfer into two half-reactions, involving respect-
ively the donation and acceptance of electrons. Thus equation 3.16 can be considered as the
sum of two half-reactions:

NADH = NAD* + H* + 2¢~ [3.17]
and
Pyruvate + 2H" + 2e~ = Lactate [3.18]

Note that these two equations can be added together to regenerate equation 3.16. A
reduced—oxidized pair such as NADH/NAD™ is termed a redox couple.
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3.3.2 Determination of redox potentials

Each of the half-reactions described above (equations 3.17 and 3.18) is reversible, and so
can in theory be described by an equilibrium constant. However, it is not immediately
apparent how to treat the electrons, which have no independent existence in solution. A
similar problem is encountered in electrochemistry when investigating the equilibrium
between a metal (i.e. the reduced form) and a solution of its salt (i.e. the oxidized form). In
this case the tendency of the couple to donate electrons is quantified by forming an elec-
trical cell from two half-cells, each consisting of a metal electrode in equilibrium with a 1 M
solution of its salt. An electrical circuit is completed by a bridge which links the solutions
without allowing them to mix. The electrical potential difference between the electrodes
may then be determined experimentally.

To facilitate comparison, electrode potentials are expressed in relation to the standard
hydrogen electrode:

2H* + 2¢” = H, [3.19]

Hydrogen gas at 1 atmosphere is bubbled over the surface of a platinum electrode, which
has been coated with the finely divided metal to increase the surface area. When this electrode
is immersed in 1M H*, the absolute potential of the electrode is defined as zero (at 25°C). The
standard electrode potential of any metal/salt couple may now be determined by forming a
cell comprising the unknown couple together with the standard hydrogen electrode, or more
conveniently with secondary standard electrodes whose electrode potentials are known.

A similar approach has been adopted for biochemical redox couples. As with the hydro-
gen electrode, it is not feasible to construct an electrode out of the reduced component of
the couple, so a Pt electrode is employed. Since the oxidized and reduced components of
the couple (e.g. the oxidized and reduced states of a cytochrome) rarely equilibrate with the
Pt electrode sufficiently rapidly for a stable potential to be registered, a low concentration
of a second redox couple, capable of reacting with both the primary redox couple (e.g. the
cytochrome) and the Pt electrode, is added to act as a redox mediator. As will be shown
below, the primary redox couple and the redox mediator achieve equilibrium when they
exhibit the same redox potential. As long as the concentration relationships of the primary
couple are not disturbed, the electrode can therefore register the potential of the primary
couple. The use of one or more mediating couples is of particular importance when the
redox potentials of membrane-bound components are being investigated (Chapter 5).

Unlike the metal/salt and H,/H™ couples, both components of a biochemical couple can
generally exist in aqueous solution, and standard conditions are defined in which both the
oxidized and reduced components are present at unit activity, or 1 M in concentration terms,
and pH = 0. Note the parallel with the conditions for AG°. The experimentally observed
potential relative to the hydrogen electrode is termed the standard redox potential, £°.

3.3.3 Redox potential and [oxidized]/[reduced] ratio

Just as the standard Gibbs energy change AG° does not reflect the actual
conditions existing in the cell, the standard redox potential E° must be
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qualified to take account of the relative concentrations of the oxidized and
reduced species.
The actual redox potential E at pH = 0 for the redox couple:

Oxidized + ne”™ = Reduced

is given by the relationship:

[oxidized] ) [3.20]

E=E°+ 2.3£10g10(
nF [reduced]

where R is the gas constant and F the Faraday constant. Note that this equation
is closely analogous to the ‘conventional’ equation involving standard Gibbs
energy changes (equation 3.9).

3.3.4 Redox potential and pH

In many cases (e.g. equations 3.14 and 3.15) protons are involved in the redox reaction, in
which case the generalized half-reaction becomes

Oxidized + ne™ + mH* = Reduced

The standard redox potential at a pH other than zero is more negative than E°, the differ-
ence being 2.3R7/F(m/n) mV per pH unit. This corresponds to —60mV/pH when m = n
and —30mV/pH when m = 1 and » = 2 (Table 3.2). Note that the potentials are still
calculated relative to the standard hydrogen electrode at pH = 0.

The usual biochemical convention is to define redox potentials for pH 7. The standard
redox potential under these conditions is given the symbol £° and is also referred to as the
mid-point potential £y, ; because it is the potential where the concentrations of the oxidized
and reduced forms are equal (Fig. 3.3).

Note that, although the potential of the standard hydrogen electrode always remains zero,
E,,7 for the H*/ %HZ couple is 7 X (—60) = —420mV, i.e. much more reducing, since the
concentration of the oxidized component of the couple, H™ is present at such low concentration.

So far we have concentrated on standard or mid-point potentials. However, as for the
case of Gibbs energy changes, it is the actual concentrations in the cell which define the
redox potential. The actual redox potential at a pH of x (E}, ,p; = ) is related to the mid-point
potential at that pH by the relationship:

23RT [ox]]
E 4 _ . =E_ ._ + —I — 3.21
hpH =x mpH = x nF 0819 [[red] [ ]

3.3.5 The special case of glutathione

Review  Schafer and Buettner 2001
The glutathione couple (where GSSG and GSH represent the oxidized and reduced forms):
GSSG + 2H* + 2¢~ = 2GSH [3.22]
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Table 3.2 Some mid-point potentials and examples of actual redox potentials

Oxidized + ne™ + mH* = reduced

Ep7 AE,, Typical Ep 7 (mV)
n m (mV) perpH  ox/red ratio

Ferrqdoxin oxidized/reduced 1 0 —430 0

H*/7H, (at 1 atm) 1 1 —420 —60

0, (1 atm")/(superoxide) 1 0 —330 0 1073 =30
NAD*/NADH 2 1 —320 —30 10 —290
NADP*/NADPH 2 i —-320 -30 0.01 —380
Menaquinone/menaquinol 2 2 —74 —60

Glutathione oxidized/reduced 2 2 —172 —60 0.01 —240%

(when GSH + GSSG = 10mwm)

Fumarate/succinate 2 2 +30 -60

Ubiquinone/ubiquinol 2 2 +60 —60

Ascorbate oxidized/reduced 2 1 +60 —-30

Cyt ¢ oxidized/reduced 1 0 +220 0

Ferricyanide oxidized/reduced 1 0 +420 0

0, (1 atm")/2H,0 (55 M) 4 4 +820 —60

* Approximate values for mitochondrial matrix under typical conditions.
1 atm oxygen = 1.25 mm.
ISee equation 3.22.

—90 |-

—60

-30
Eh* Em
(mv) 0

+30

+60

+90 b E

| | H 1 [
0 20 40 60 80 100

% reduction

Figure 3.3 The variation of E;, with the extent of reduction of a redox couple.
n = 1, n = 2 refer to one- and two-electron oxido-reductions, respectively.
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is one of the most important reactions defining the redox status of the cytoplasm and mito-
chondrial matrix. Because there are unequal numbers of substrate and product molecules,
the absolute concentrations of these species, rather than merely their ratios, affect the redox
potential.

In the general case, because n = 2:

Enpiz = E° + 301og;,([GSSG]/[GSH)) mV [3.23]

Under standard conditions (1 M GSSG and 1 M GSH) E° = —240mV at 25°C and pH 7.0.
In the example shown in Fig. 3.4, the redox conditions required in order to maintain a redox
potential of —200mV are shown for a total glutathione pool concentration ([GSH] +
2[GSSG]) of 10mMm or 1 mm. In the former case, [GSSG] will be 1.2 mm, but this concen-
tration must be reduced to only 20 uM if total glutathione is Imm. This could impose kinetic
problems for glutathione reductase, the enzyme reducing GSSG to GSH, and helps to explain
why the pool size of glutathione is critical for preventing oxidative stress in the mitochondria.

3 3.6 Redox potential difference and the relation to AG

The Gibbs energy that is available from a redox reaction is a function of the
difference in the actual redox potentials AE, between the donor and acceptor
redox couples. (Note that the difference in redox potential between two
couples [redox potentials E,, and Eg,] is written in most books, as E, but we
believe that use of AE, clarifies that a difference between two couples, or a
redox span in an electron transport system, is being considered). In general
terms for the redox couples A and B:

AEh = Eh(A) - Eh(B) [324]

There is a simple and direct relationship between the redox potential difference
oftwo couples, AE,, and the Gibbs energy change AG accompanying the trans-
fer of electrons between the couples:

AG = —nFAE, [3.25]

where 7 is the number of electrons transferred, and F is the Faraday constant.
From this it is apparent that an oxido-reduction reaction is at equilibrium when
AFE, = 0. Table 3.3 relates redox potential differences and Gibbs energy
changes.

In the case of the mitochondrion, Ey, for the NADH/NAD™ couple is
about —280mV and E}, ; for the O,/H,0 couple is +780mV (note these values
differ slightly from the mid-point potentials shown in Table 3.2 because the
NADH/NAD™ ratio in the matrix is only about 0.1 and because oxygen com-
prises only 20% of air). The redox potential difference AE} ; of 1.16 V is the
measure of the thermodynamic disequilibrium between the couples. Applying
equation 3.25, the transfer of 2 mol of electrons from NADH to O,:

AG = —2X96.5 X 1.16 = —224kImol ! [3.26]
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Figure 3.4 The redox potential of the GSSG/GSH couple is dependent on
both the ratio of [GSH]/[GSSG] and the total concentration of glutathione.
The redox potential of the glutathione couple is plotted as a function of the per-
centage reduction to GSH (100 X [GSH]/([GSH] + 2[GSSG]). In order to main-
tain a redox potential of —200 mV, [GSSG] must be maintained at 1.2 mM if total
glutathione is 10 mm, but at no more than 20 uwm if total glutathione is 1 mm. This

could impose kinetic problems for glutathione reductase, the enzyme reducing
GSSG to GSH.

Table 3.3 Interconversion between redox potential differ-
ences and Gibbs energy change for one-electron and two-
electron transfers

AG (kJ mol™1)

AE, (mV) n=1 n=72

0 0 0
+100 —9.6 —193
+200 -19.3 —38.6
+500 —48.2 —96.5

+1000 -96.5 —193

+1200 —116 -231

One complication arises where the donor and acceptor redox couples are on the opposite
sides of a membrane across which an electrical potential exists (Fig. 3.5). Examples of this
occur in the respiratory chain (Chapter 5). If the electron enters via a centre at the N-side
of the membrane and is transferred to a centre at the P-side, then it is intuitive that the
process is energetically more downhill than if there was no Ay to provide an extra ‘push’
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Figure 3.5 AE, and AG for an electron transfer between redox couples
located on opposite sides of a membrane sustaining a membrane potential.
AE, = (E5 — Ep)

AG = —nF(AE, + A¢)

for the electron. The value of the membrane potential must be added to the redox potential
difference to calculate the effective Gibbs energy change.

AG = —nF(AE, + Ay) [3.27]

A final note about nomenclature: a powerful oxidizing agent is an oxidized component
of a redox couple with a relatively positive £, (e.g. O,), whereas a powerful reducing agent
is the reduced component of a redox couple with a relatively negative E,,, (e.g. NADH).

3
3.4 ION ELECTROCHEMICAL POTENTIAL DIFFERENCES

We have tried to emphasize in this chapter that the Gibbs energy change is a function of dis-
placement from equilibrium. The disequilibrium of an ion or metabolite across a mem-
brane can be subjected to the same quantitative treatment. As before, the derivation is not
only valid for energy-transducing membranes, but has equal applicability to all membrane
transport processes.

There are two forces acting on an ion gradient across a membrane, one due to the con-
centration gradient of the ion and one due to the electrical potential difference between
the aqueous phases separated by the membrane (the ‘membrane potential’ Ays). These can
initially be considered separately. It is important to remember that the term ‘membrane
potential’ is shorthand for ‘the difference in electrical potential between two aqueous com-
partments separated by a membrane’ and says nothing about the nature of the membrane
itself, or any charge on its surface.

Consider the Gibbs energy change for the transfer of 1 mol of solute across a membrane
from a concentration [X], to a concentration [X]g, where the volumes of the two compart-
ments are sufficiently large that the concentrations do not change significantly.

In the absence of a membrane potential, AG is given by:

XJg )
3.28
X, [3.28]

Note that this equation is closely analogous to that for scalar reactions (equation 3.5). In par-
ticular, AG in both cases is 5.7kJmol ! for each tenfold displacement from equilibrium.

AG (kKJmol™") = 2.3RT log,, {
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The second special case is for the transfer of an ion driven by a membrane potential in
the absence of a concentration gradient. In this case, the Gibbs energy change when 1 mol
of cation X™* is transported down an electrical potential of A¢ymV is given by:

AG(kImol™ ) = —mF Ay [3.29]

In the general case, the ion will be affected by both concentrative and electrical gradients,
and the net AG when one mol of X™* is transported down an electrical potential of AgymV
from a concentration of [X™*], to [X™*]g is given by the general electrochemical
equation:

AG (KImol™") = —mF Ag + 23RT log, Gi; ]]B j [3.30]
A

AG in this equation is often expressed as the ion electrochemical gradient
Afiym+ (KImol ™).

In the specific case of the proton electrochemical gradient, Agiy+, equation 3.30 can
be considerably simplified, since pH is a logarithmic function of [H™].

Ajigr = —F Ay + 2.3RT ApH [3.31]

where ApH is defined as the pH in the P-phase (e.g. cytoplasmic) minus the pH in the N-
phase (e.g. matrix). Note that this means that in a respiring mitochondrion ApH is usually
negative. Ay is defined as P-phase minus N-phase and is usually positive.

Mitchell defined the term protonmotive force (pmf or Ap), in units of
voltage where:

Ap(mV) = —(Afigs)/F [3.32]

This facilitates comparison with redox potential differences in the electron
transfer chain complexes, which generate the proton gradient, as well as empha-
sizing that we are dealing with a potential driving a proton circuit.

A Afig+ of 1kImol ! corresponds to a Ap of 10.4mV. Conversely a Ap of
200 mV corresponds to a Afiy+ of 19kJmol™!.

Using Ap and substituting values for R and T at 25°C, the final equation is:

Ap(mV) = A¢ — 59 ApH [3.33]

3.5 PHOTONS

In photosynthetic systems, the primary source of Gibbs energy is the quantum of electro-
magnetic energy, or photon, which is absorbed by the photosynthetic pigments. The energy
in a single photon is given by Av, where 4 is Planck’s constant (6.62 X 1073*Js) and v is the
frequency of the radiation (s~ !). One photon interacts with one molecule, and therefore
N photons, where N is Avogadro’s constant, will interact with 1 mol.
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The energy in 1 mol (or einstein) of photons is therefore:
AG = Nhv = Nhc/A =120000/AkJ einstein ™! [3.34]

where ¢ is the velocity of light, and A is the wavelength in nm. Thus even the absorption of
an einstein of red light (600 nm) makes available 200 kJ mol ~!,which compares favourably
with the Gibbs energy changes encountered in bioenergetics.

3.6 BIOENERGETIC INTERCONVERSIONS AND THERMODYNAMIC
CONSTRAINTS ON THEIR STOICHIOMETRIES

The critical stages of chemiosmotic energy transduction involve the interconversions of AG
between the different forms discussed in the previous sections. In the case of the mito-
chondrion these are: redox potential difference (AE}) to protonmotive force (Ap) to AG
for ATP synthesis. While bioenergetic systems operate under non-equilibrium conditions
in vivo, i.e. they are ‘open’, with isolated preparations it is frequently possible to allow a
given interconversion to achieve a true equilibrium by the simple expedient of inhibiting
subsequent steps. For example, isolated mitochondria can achieve an equilibrium between
the protonmotive force and ATP synthesis if reactions which hydrolyse ATP are absent.

In some cases a true equilibrium is not achievable in practice. For example, because of
the inherent proton permeability of the mitochondrial membrane (Section 4.6), there is
always some net leakage of protons across the membrane that results in the steady-state
value of Ap lying below its equilibrium value with AEy,. Consequently there is always some
flux of electrons from NADH to oxygen. Under these conditions it is valid to obtain a
number of values for different flux rates and to extrapolate back to the static head condition
of zero flux.

A test of whether an interconversion is at equilibrium is to establish whether a slight dis-
placement in conditions will cause the reaction to run in reverse. In respiring mitochondria
this test can be fulfilied by the ATP synthase and by two of the three respiratory chain pro-
ton pumps (complexes I and III, see Chapter 5). A process is, of course, at equilibrium
when the overall AG is zero.

3.6.1 Proton pumping by respiratory chain complexes

If two electrons falling through a redox span of AE, mV within the respiratory
chain pump » protons across the membrane against a protonmotive force of
Ap, then equilibrium would be attained when:

nAp = 2AE, [3.35]

Thus the higher the H*/O stoichiometry (n) of a respiratory chain complex
with a particular value of AE;, the lower the equilibrium Ap that can be
attained, just as a bicycle has less ability to climb a hill in high rather than
low gear.
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Note that equation 3.35 will only hold if the electrons enter and leave the redox span on
the same side of the membrane. If, as in the case of electron transfer from succinate dehydro-
genase (on the matrix face) to cytochrome ¢ {on the cytoplasmic face), the electrons effec-
tively cross the membrane, they will be aided by the membrane potential (Fig. 3.4) and the
relationship becomes:

nAp = 2(AE, + Ay) [3.36]

3.6.2 Proton pumping by the ATP synthase

The equilibrium relationship between the protonmotive force and the Gibbs energy change
(AG,, matrix) for the ATP synthase reaction in the mitochondrial matrix, is given by:

AGp, matrix — n'FAP [337]

where n' is the H*/ATP stoichiometry. Note that the higher the H/ATP stoichiometry (')
the higher the AG), .uix that can be attained at equilibrium with a given Ap. The same
equation applies to the bacterial cytoplasm and the chloroplast stroma.

Since one additional proton is expended in the overall transport of P; and ADP into, and
of ATP out of, the mitochondrial matrix (Section 8.5), the relationship for the eukaryotic
cytoplasmic ATP/ADP + P, pool becomes:

AGp, cytoplasm — (n" + DAp [3.38]

As n’ lies between 3 and 4 (Chapter 7), this means that a substantial proportion of the
Gibbs energy for the cytoplasmic ATP/ADP + P; pool comes from the transport step
rather than the ATP synthase itself. Naturally this occurs at a cost: the overall H¥/ATP
stoichiometry is increased to supply the additional proton.

3.6.3 Thermodynamic constraints on stoichiometries

Since the above equations contain a term for the stoichiometry, it is possible to determine
the thermodynamic parameters at equilibrium, substitute these values into the equations
and hence calculate the stoichiometry term, without actually measuring the movement of
protons across the membrane. This is known as the thermodynamic stoichiometry.
Naturally such calculations are only as accurate as the determination of the thermodynamic
parameters, but it does offer an alternative approach to the non-steady-state technique,
which will be discussed in Chapter 4.

3.6.4 The ‘efficiency’ of oxidative phosphorylation

A statement of the type ‘Oxidation of NADH by O, has a AG° of —220kJ mol ™! whilst ATP
synthesis has AG® of +31kJmol~!. Thus if three ATP molecules are synthesized for each
NADH oxidized, mitochondrial oxidative phosphorylation traps approximately 93 kJ mol ™!
of the energy available from NADH oxidation, an efficiency of 42%’ used to appear in many
textbooks of biochemistry but is now mercifully rare. This analysis has at least two short-
comings. First, it refers to standard conditions that are not found in cells. Second, there is no
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basis in physical chemistry for dividing an output AG (93 kI mol ! in this case) by the input
AG (220kImol 1) to calculate an efficiency. This will now be explained.

Under cellular conditions 2 mol of electrons flowing from the NADH/NAD™ couple to
oxygen liberate about 220kJ. In the ideal case when there is no proton leak across the
membrane, this would be conserved in the generation of a Ap of some 200 mV, while about
10mol of H* are pumped across the membrane. The energy initially conserved in the pro-
ton gradient is thus about 10 X 200 X F = 200kJ. If 3mol of ATP were synthesized per
pair of electrons passing down the respiratory chain and the ATP is subsequently exported
to the cytoplasm at a AG of about 60kJmol™!, then 180 kJ would be conserved, showing
that the oxidative phosphorylation machinery can closely approach equilibrium, and that
there are no large energy losses between electron transport and ATP synthesis. In this
sense the machine can be regarded as highly efficient. However, it is important to realize
that, as ATP turnover increases, e.g. in an exercising muscle, the AG of the cytoplasmic
ATP/ADP + P; pool will be significantly lower than 60kJmol~'. Under these conditions
the overall ‘efficiency’ falls as the inevitable price of running a reaction away from close-
to-equilibrium conditions.

Comparison of oxidative phosphorylation in mitochondria with that in E. coli (Chapter 5)
shows that, in the latter, NADH oxidation is coupled to the synthesis of fewer ATP molecules
than in mitochondria. The reason for this appears to be that fewer protons are pumped for each
pair of electrons flowing from NADH to oxygen. As all other energetic parameters (AG
and Ap) are similar, it could be said that oxidative phosphorylation is less ‘efficient’ in the
bacterium, owing to failure to conserve fully the energy from respiration in the form of the Ap.

In practice, all energy-transducing membranes have a significant proton leak and thus
the actual output is reduced so that equilibrium between ATP synthesis and respiration is
not reached. Irreversible thermodynamics, which is beyond the scope of this book, is able
to calculate that the true efficiency (i.e. power output divided by power input) is optimal
when the mitochondria are synthesizing ATP rapidly, since the proton leak is greatly
decreased (Section 4.7) and most proton flux is directed through the ATP synthase.

3.7 THE EQUILIBRIUM DISTRIBUTIONS OF IONS,
WEAK ACIDS AND WEAK BASES

The membrane potential and pH gradients across the inner mitochondrial membrane affect
the equilibrium distribution of permeant ions and species with dissociable protons. These
driving forces are of importance in controlling transport between the mitochondrion and its
cytoplasmic environment. In addition, the equilibrium distribution of synthetic cations and
dissociable species provides the basis for the experimental determination of Ay and ApH
across the inner membrane of both isolated and in situ mitochondria.

3.7.1 Charged species and Ay

As with all Gibbs energy changes, an ion distribution is at equilibrium across
a membrane when AG, and hence A, for the ion transport process is zero.
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At equilibrium the ion electrochemical equation (equation 3.30) becomes:

AG (kJmol ") = 0 = —mFAy + 2.3RT logy, G;(:%B} [3.39]
A

This rearranges to give the equilibrium Nernst equation, relating the equilib-
rium distribution of an ion to the membrane potential:

R (XM )
Ay =23 — log;, L[X“’*]A ) [3.40]

An ion can thus come to electrochemical equilibrium when its concentration is
unequal on the two sides of the membrane. The Nemst potential is the value of
A at which an ion gradient is at equilibrium as calculated from equation 3.40.
This is the diffusion potential condition (see Section 3.8).

A membrane potential is a delocalized parameter for any given membrane and acts on all
ions distributed across on a membrane. It therefore follows that a membrane potential gen-
erated by the translocation of one ion will affect the electrochemical equilibrium of all ions
distributed across the membrane. The membrane potential generated, for example, by pro-
ton translocation will therefore affect the distribution of a second ion. Ifthe second ion only
permeates by a simple electrical uniport, it will redistribute until electrochemical equilib-
rium is regained, and the resulting ion distribution will enable the membrane potential to be
estimated from equation 3.40. The membrane potential will not be appreciably perturbed
by the distribution of the second ion provided the latter is present at low concentration. This
is because there is steady-state proton translocation and any transient drop in membrane
potential following redistribution of the second ion is compensated by the proton pumping.

This is the principle for most determinations of Ay across energy-transducing membranes
(see Section 4.2.1). The equilibrium ion distribution varies with Ay as shown in Table 3.4.
Note that:

@ Anions are excluded from a negative compartment (e.g. the mitochondrial matrix).
e Cation accumulation is an exponential function of A¢.
@ Divalent cations are accumulated to much higher extents than monovalent cations.

3.7.2 Weak acids, weak bases and ApH

An electroneutrally permeant species will be unaffected by Ay and will come to equilib-
rium when its concentration gradient is unity (Table 3.4). Weak acids and bases (i.e. those
with a pK between 3 and 11) can often permeate in the uncharged form across bilayer
regions of the membrane (Chapter 2), while the ionized form remains impermeant, even
though it may be present in great excess over the neutral species. As a result the neutral
species (protonated acid or deprotonated base) equilibrates without regard to A¢r. However,
if there is a ApH, the Henderson—Hasselbalch equation requires that the concentration of
the ionized species must differ (Fig. 3.6). Weak acids accumulate in alkaline compartments
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Table 3.4 The equilibrium distribution of ions permeable by passive uniport across a membrane

[X]in/ [X]out

Charge on ion

A (mV) —1(e.g. SCN7) 0 1 (e.g. K*/valinomycin) 2 (e.g. Ca®h)

30 0.3 1 3 10

60 0.1 1 10 100

90 0.03 1 30 1000
120 0.01 1 100 10000
150 0.003 1 300 160000
180 0.001 1 1000 1000000

(such as the mitochondrial matrix), while weak bases accumulate in acidic compartments.
If the equilibrium gradient can be measured, for example, radioisotopically, then ApH can
be estimated. This principle is widely used to determine ApH across energy-transducing
membranes (Section 4.2.4).

3.8 MEMBRANE POTENTIALS, DIFFUSION POTENTIALS,
DONNAN POTENTIALS AND SURFACE POTENTIALS

There are two ways in which a true, bulk-phase membrane potential (i.e. transmembrane
electrical potential difference) may be generated. The first is by the operation of an electro-
genic ion pump such as operates in energy-transducing membranes. The second is by the
addition to one side of a membrane of a salt, the cation and anion of which have unequal
permeabilities. The more permeant species will tend to diffuse through the membrane
ahead of the counter-ion and thus create a diffusion potential. Diffusion potentials may be
created across energy-transducing membranes, for example, by the addition of external
KCl in the presence of valinomycin, which provides permeability for K*, thus generating
a Ay, positive inside. Under ideal conditions the magnitude of the diffusion potential can
be calculated from the Nernst equation (equation 3.40).

3.8 1 Eukaryotic plasma membrane potentials

In energy-transducing organelles, diffusion potentials tend to be transient, owing to the
rapid movement of counter-ions and are not in general physiologically significant. This is
in contrast to eukaryotic plasma membranes where the generally slow transport processes
enable potentials sometimes to be sustained for several hours. In this case the diffusion
potentials owing to the maintained concentration gradients across the plasma membrane
play the dominant role in determining the membrane potential. In the case where K*, Na*
and Cl™ gradients exist across the membrane, the membrane potential is a function of the
ion gradients weighted by their permeabilities, and is given by the Goldman equation:

+ Py[CI], )

(PNa[Na+]out + KIK') J [3.41]

RT
Al,[i = 2.3?10g10 k

out

B, [Na®] + B[K'L + Py[Cl7]
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Figure 3.6 The equilibrium distribution of electroneutrally permeant weak
acids and bases as a function of ApH.

(a) Weak acid distribution: the concentration of the protonated HA is the same
on both sides of the membrane, while the anion is concentrated in the alkaline
compartment. (b) Weak base distribution: the concentration of the deprotonated
B is the same on both sides of the membrane, while the protonated cation is
concentrated in the acidic compartment.
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Note that, if only a single ion is permeant, this equation reduces to the Nernst equation
(equation 3.40).

3.8.2 Donnan potentials

The limiting case of a diffusion potential occurs when the counter-ion is completely imper-
meant. This condition pertains in mitochondria owing to the ‘fixed’ negative charges of the
internal proteins and phospholipids. As a result, when the organelles are suspended in a
medium of low ionic strength, such as sucrose, and an ionophore such as valinomycin is
added, the more mobile cations attempt to leave the organelle until the induced potential
balances the cation concentration gradient. This is a stable Donnan potential.

3.8.3 Surface potentials

Surface potentials are quite distinct from the above. Owing to the presence of fixed
negative charges on the surfaces of energy-transducing membranes, the proton concentra-
tton in the immediate vicinity of the membrane is higher than in the bulk phase. However,
Ap is not affected, since the increased proton concentration is balanced by a decreased
electrical potential. The proton electrochemical potential difference across the membrane,
Ap, is thus unaffected by the presence of surface potentials, although membrane-bound
indicators of Ay, such as the carotenoids of photosynthetic membranes (Chapter 6) might
be influenced.
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The proton circuit of brown adipose tissue (BAT) mitochondria has a leak
which can be plugged by nucleotides such as GDP. This is part of the
thermogenic mechanism enabling fatty acids to be oxidized to acetate for
heat. The C1™ permeability is puzzling



THE CHEMIOSMOTIC
PROTON CIRCUIT

4.1 INTRODUCTION

The central concept of bioenergetics, the circuit of protons linking the primary generators of
protonmotive force with the ATP synthase, was introduced in Chapter 1. The purpose of the
present chapter is to discuss experimental approaches to monitoring the functioning of the
proton circuit under a wide range of conditions. The close analogy between the proton circuit
and the equivalent electrical circuit (Fig. 1.3) will be emphasized, not only as a simple model
but also because the same laws govern the flow of energy around both circuits.

In an electrical circuit the two fundamental parameters are potential difference (in volts)
and current (in amps). From measurements of these functions other factors may be derived,
such as the rate of energy transmission (in watts) or the resistance of components in the
circuit (in ohms). In Fig. 4.1 a simple electrical circuit is shown, together with the analogous
proton circuit across the mitochondrial inner membrane (the circuit operating across a photo-
synthetic or bacterial membrane would be closely similar). In practice the proton circuits
are a little more complicated, since multiple proton pumps feed into the proton circuit. This
is equivalent to having multiple batteries connected in parallel with respect to the proton
circuit and in series with respect to the pathways of electron transfer (see Fig. 4.2). These
pumps, which as will be described in more detail in Chapter 5, are known as complexes
I, III and IV. It should be noted that it is possible to introduce or remove electrons at the
interfaces of an individual proton pump, e.g. with the redox dye TMPD, allowing a complex
to be studied in isolation in the intact mitochondrion.

In an electrical open circuit (Fig. 4.1a), electrical potential (voltage) is maximal, but
no current flows as the redox potential difference generated by the chemical reduction—
oxidation (redox) reactions within the battery is precisely balanced by the back pressure of
the electrical potential. The tight coupling of the reactions within the battery to electron flow
prevents any net chemical reaction. In the case of an ideal mitochondrion with no proton
leak across the inner membrane, the proton circuit is open-circuited when there is no pathway
for the protons extruded by the respiratory chain to re-enter the matrix (e.g. when the ATP
synthase is inhibited or when there is no turnover of ATP). As with the electrical circuit, the
proton electrochemical potential, Ap, across the membrane is maximal under these condi-
tions. As the redox reactions are tightlv counled to proton extrusion there would be no
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Mitochondrion Electrical analogue
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(a) Open circuit. Zero current (no respiration), potential (Ap) maximal.

— e

K - I
o, w—

e
\J
P

|l ADP B

AATP g

(b) Circuits completed, current flows (respiration). Useful work done
(ATP synthesized). Potential (Ap) less than maximal.
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(c) Short-circuit introduced. Energy diss d, potential low, respiration maximal

Figure 4.1 The regulation of the mitochondrial proton circuit by analogy
to an electrical circuit.

(a) Open circuit, zero current (no respiration), potential (Ap) maximal. (b} Circuits
completed, current flows (respiration occurs), useful work is done (ATP is syn-
thesized). Potential (Ap) decreases slightly. (¢) Short-circuit introduced, energy
dissipated, potentials are low, current (respiration) is high.

respiration in this condition, and a thermodynamic equilibrium would exist between Ap
and at least one of the proton-translocating regions of the respiratory chain (Section 3.6.1).

In Fig. 4.1b the electrical and proton circuits are shown operating normally and perform-
ing useful work. Both potentials are slightly less than under open-circuit conditions, as it is
the slight disequilibrium between the redox potential difference available and the back-
potential in the circuit which provides the net driving force enabling the battery or respi-
ratory chain to operate. The ‘internal resistance’ of the battery may be calculated from the
drop in potential required to sustain a given current. Analogously, the ‘internal resistance’ of
the respiratory chain may be estimated, and is found to be very low (see Fig. 4.10).
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Figure 4.2 The mitochondrial respiratory chain consists of three proton
pumps (complexes I, I1I and IV), which act in parallel with respect to the
proton circuit and in series with respect to the electron flow.

Solid lines: pathway of proton flux; dotted line: pathway of electron transfer. For
redox couples, see Table 3.2.

An electrical circuit may be shorted by introducing a low resistance pathway in parallel
with the existing circuit, e.g. putting a copper wire across the battery terminals (Fig. 4.1c).
Current can now flow from the battery without having to do useful work. Current flow is
maximal, the voltage (Ap) is low and much heat can be evolved. This ‘uncoupling’ can be
accomplished in the proton circuit by the addition of protonophores (Section 2.3.5),
enabling respiration to occur without stoichiometric ATP synthesis, while a specialized
class of mitochondria, in brown adipose tissue, possess a unique proton conductance pathway
performing an analogous function (Sections 4.6 and 8.6).

4.2 THE MEASUREMENT OF PROTONMOTIVE FORCE

Techniques for the determination of Ap invariably involve the separate estimation of Ay
and ApH, based, for mitochondria, on the equilibrium distributions of permeant cations and
weak acids, respectively (Section 3.7). Monovalent cations are accumulated by tenfold for
every 60 mV of Ay (negative inside, e.g. in the case of mitochondria or bacterial cells),
while monovalent anions are accumulated to the same extent into positive compartments
(submitochondrial particles or chromatophores). Weak acids are accumulated by tenfold
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per pH unit into alkaline compartments (e.g. the mitochondrial matrix) and weak bases
by tenfold per pH unit into acidic compartments, Fig. 3.6. To avoid disturbing the gradients,
the concentration of all extrinsic probes must be kept as low as possible. Often the pH
component of mitochondrial Ap is minimized by the inclusion of high P; concentrations or
addition of nigericin; the approximation is then made that Ay accounts for the entire Ap or
at least changes in parallel with Ap.

Early methods involved the use of radioisotopes that required the organelles to be sep-
arated from the incubation media. Currently the most common techniques either monitor the
residual probe concentration in the medium at equilibrium, using ion-selective macroelec-
trodes or alternatively rely on the altered spectral properties of dyes when accumulated to
high concentration within the organelles. In addition chloroplast and photosynthetic bacterial
membranes contain carotenoid pigments, which act as intrinsic optical indicators of A¢.
These techniques will now be described in more detail.

4.2.1 lon-specific electrodes

Since bioenergetic organelles and bacterial cells are too small to be impaled by microelec-
trodes, the internal accumulation of probe cannot be determined directly. Instead ion gradi-
ents are calculated from the fall in external concentration of an indicator ion as it is
accumulated. This means that both the internal volume and the activity coefficient of the
ion within the organelle must be known. For mitochondria, the ions most commonly used
are triphenylmethyl phosphonium (TPMP*) and tetraphenyl phosphonium (TPP*), which
permeate bilayers for reasons given in Section 2.3.7.

Considerable care must be taken in the selection of appropriate indicators. To monitor
Ay the ion should be of the correct charge to be accumulated (a cation if the interior is
negative (mitochondria or bacterial cells) or an anion if the interior is positive with respect
to the medium (e.g. submitochondrial particles or chromatophores)). Secondly, the indicator
must readily achieve electrochemical equilibrium and not be capable of being transported
by more than one mechanism. Thirdly, the indicator should disturb the gradients as little as
possible and, fourthly, the indicator should neither be metabolized nor affect enzyme activ-
ities. For the measurement of ApH, the above conditions should also be satisfied, with the
exception that the indicator should be a weak acid to be accumulated within organelles with
an alkaline interior, and a weak base to be accumulated in an acidic compartment (Fig. 3.5).

To obtain a meaningful value for Ay the actual gradient of free probe across the inner
membrane must be determined. It is rarely possible to do this with great precision owing to
uncertainties in matrix volume and the activity coefficient of the probe in the concentrated
environment of the matrix. However, precision is helped by the logarithmic nature of the
Nernst equation, such that a 10% error in calculating the gradient would only affect Ay by
2.5mV, or less than 2% (equation 3.40). Lipophilic cations such as TPP*, discussed in the
next section are most accurate, as their accumulation in the matrix can be determined either
isotopically or by the fall in the external concentration of the probe with a selective electrode,
after allowing for binding or non-ideal behaviour in the matrix (Section 4.2.2). On the
other hand, the use of fluorescent probes, either with isolated organelles or with intact cells
is more empirical, since most techniques rely upon changed fluorescent properties of the
probes when concentrated within the matrix. These changes are highly dependent upon the
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amount of probe added; an approximate calibration can be performed by varying the external
K* concentration in the presence of valinomycin to clamp A at values close to the corres-
ponding K* Nernst potentials (equation 3.40).

Much more complexity is introduced when attempts are made to monitor Ay for mito-
chondria in situ within a functioning cell. This will be discussed in Chapter 9.

4.2.2 The determination of Ap by ion-specific electrodes and
radioisotopes

Further reading Mitchell and Moyle 1969a, Nicholls 1974, Kamo et al. 1979, Karadjov
et al. 1986, Dedukhova et al. 1993, Mootha et al. 1996

The first determination of Ap in mitochondria dates back to 1969, when Mitchell and
Moyle employed pH- and K*-selective electrodes in an initially anaerobic, low K*-
incubation. Valinomycin was present to allow K* to equilibrate, and Ay was calculated from
the K* uptake. A value of 228 mV was obtained for Ap for mitochondria respiring under
‘open-circuit’ conditions in the absence of ATP synthesis (state 4, see Section 4.5), and values
in this range, or slightly lower, are currently accepted. The technique was modified for
radioactive assay by substituting the B-emitter *Rb for K* and by using *H-labelled weak
acids (such as acetate) and bases (e.g. methylamine) to determine ApH. After silicone oil
centrifugation to separate the mitochondria from the medium the isotope accumulated
within the matrix was calculated. In these experiments an additional indicator, such as
[*Clsucrose, is also present. Sucrose cannot permeate the inner membrane (hence the abil-
ity of sucrose to act as osmotic support during mitochondrial preparation) and the sucrose
count found in the mitochondrial pellet indicates the volume of contaminating medium,
which is pelleted together with the mitochondria and allows the 3Rb counts to be corrected.
It is also necessary to estimate the matrix volume. This is difficult to do with precision,
although the difference between the sucrose-permeable and *H,O-permeable spaces gives
a reasonably accurate measure. A major error, however, lies in estimating the activity of the
cations within the mitochondrial matrix. The matrix is enormously concentrated: about
0.5 mg of protein is concentrated into 1 ul, i.e. 500g17!! In such a concentrated gel it is
inevitable that the ions behave non-ideally.

The use of valinomycin in the above experiments has a major disadvantage in that Ay is
artifactually clamped at a value corresponding to the Nemnst equilibrium for the pre-existing
K *-gradient across the membrane. This can be avoided by the use of phosphonium cations,
such as TPP™ in place of 8Rb and valinomycin (Fig. 4.3). The positive charge of TPP* or
the closely related TPMP* is sufficiently shielded by the hydrophobic groups to enable the
cation to permeate bilayer regions (Section 2.3.7). The activity coefficients of these indicators
deviate widely from unity when accumulated in mitochondria or bacteria, and accuracy
can be improved by calibrating the response, e.g. by quantifying uptake in the presence of
valinomycin and known K *-gradients.

TPP* accumulation can be measured isotopically after separating mitochondria from
medium as above. Alternatively a TPP*-selective electrode can be constructed, allowing a
continuous monitoring of the external concentration. The decrease as the mitochondria
accumulate the cation allows the internal concentration and hence Ay to be calculated via
the Nernst equilibrium equation (equation 3.40). The combination of a TPP* electrode to
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«— Incubation

Figure 4.3 Silicone-oil centrifugation of mitochondria for the determination
of Ay

Mitochondria are incubated under the desired conditions in media containing
[*H]TPP"and ['*C]sucrose, or [*C]sucrose and *H,0. An aliquot of either incu-
bation is added to an Eppendorf tube containing silicone oil and centrifuged for
about 1 min at 10 000g. The mitochondria form a pellet under the oil and can be
solubilized for liquid scintillation counting. An aliquot of the supernatant is also
counted. The [**C]sucrose in the incubation allows the sucrose-permable spaces,
V., in the pellets to be calculated. This gives the extramatrix contamination of the
pellet with incubation medium (i.e. extramitochondrial space plus intermem-
brane space). The difference between the *H,O-permeable space in the pellet
(V) and ¥ gives the sucrose-impermeable space, which is taken to represent the
matrix volume (as water but not sucrose can permeate the inner membrane). If
the apparent [*H]TPP*space in the pellet (V4pp) is calculated similarly, then Ay
can be calculated from the Nernst equation (3.40):

Veop — V.
A = 2.3E logy #[ e — V)
F M — ¥l

monitor Ay and an oxygen electrode (see Fig. 4.7) to monitor proton current, allowing the
calculation of proton conductance, will be discussed in Section 4.6. It should be borne in
mind, however, in experiments involving Ca?" that TPPT may inhibit the mitochondrial
Ca?" efflux pathway (Section 8.2.3).

Phosphonium cations can also be used to monitor changes in A of mitochondria i situ
within functioning cells. These techniques will be discussed in Chapter 9.

4.2.3 Intrinsic optical indicators of Ay

A Ay of some 200mV corresponds to an electrical field across the energy-transducing
membrane in excess of 300000 V. em ™. It is not surprising, therefore, that certain integral
membrane constituents respond to the electrical field by altering their spectral properties.
Such electrochromism is due to the effect of the imposed field on the energy levels of
the electrons in a molecule. The most widely studied of these intrinsic probes of Ay are
the carotenoids of photosynthetic energy-transducing membranes. Carotenoids are a hetero-
geneous class of long-chain, predominantly aliphatic pigments that are found in both chloro-
plasts and photosynthetic bacteria. Their roles include light-harvesting (Chapter 6) and
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protection against oxidative damage of the photosynthetic apparatus, since they can trap
reactive excited states of oxygen molecules. A common feature of carotenoids is a central
hydrophobic region with conjugated double bonds allowing delocalization of electrons
and giving carotenoids their characteristic visible spectrum. The shifts in their absorption
spectra in response to the membrane potentials experienced by energy-transducing mem-
branes are only a few nanometers and so the signal is usually detected by dual-wavelength
spectroscopy (Chapter 5). The carotenoids respond with extreme rapidity (nanoseconds or
less) allowing primary electrogenic events in the photosynthetic apparatus to be followed
(Chapter 6). The carotenoid band shift can be calibrated, especially in the case of chro-
matophores (Chapter 1), by monitoring the band shift in the dark with valinomycin and vary-
ing external KCl to generate defined potassium diffusion potentials (equation 3.40). One
limitation of the technique, however, is that, since carotenoids are integral membrane
components, they only detect the field in their immediate environment, which need not cor-
respond to the bulk-phase membrane potential difference measured by distribution tech-
niques, particularly as surface potential effects could be significant. In this context it is
generally found that, in chromatophore membranes, the carotenoid shift gives much farger
values of Ays than ion distribution methods.

4.2.4 Extrinsic optical indicators of Ay and ApH

Review and further reading Rottenberg and Wu 1998, Nicholls and Ward 2000

Discussion here will be limited to investigation of isolated organelles, the complexity intro-
duced by monitoring organelle function in intact cells will be reserved until Chapter 9.
Lipophilic cations and anions with extensive 7r-orbital systems, which allow charge to be
delocalized throughout the structure, and hence are membrane permeant, can achieve a
Nernst equilibrium across the inner membrane and can thus be used to monitor A¢r. These
compounds frequently have characteristic absorption spectra in the visible region, and their
planar structure allows them to form stacks when at high concentrations, thus reducing
their ability to absorb light. The total absorbance of the mitochondrial incubation therefore
decreases when the probe is accumulated into the matrix. Most of the probes currently in
use are fluorescent, and under appropriate conditions a quenching of the fluorescence can
be seen as the probe is accumulated into the matrix (Fig. 4.4). These techniques thus allow
Ay to be monitored qualitatively without separating mitochondria from the incubation.
Great care must be taken both in the selection of the probe and the incubation conditions
in order to obtain a reproducible signal, since many factors other than Ay can interfere
with the signal. Calibration is frequently performed with reference to diffusion potentials
obtained with valinomycin in the presence of varying external KCl concentrations. A fur-
ther problem is that many of the probes are mitochondrial inhibitors; thus while the cationic
carbocyanines respond very rapidly to changes in membrane potential, at an external
concentration of 40 nM they can inhibit complex I by 90%. Control experiments with an
oxygen electrode are therefore important when setting up conditions.

Membrane permeant anions are accumulated by vesicles such as chromatophores and
sonicated submitochondrial particles with positive-inside membrane potentials. The anionic
bisoxonols are very sensitive, with a large fluorescent yield, but respond only slowly to
changes in Ay, requiring up to 1 min to re-equilibrate after a transient. No extrinsic probe
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Figure 4.4 Monitoring Ay, of isolated mitochondria by dual-wavelength
TMRM* fluorescence.

(a) Mitochondria were incubated in the presence of substrate plus TMRM*and
excitation spectra (A = 590 nm emission) obtained before (black trace) and after
adding FCCP (blue trace) to depolarize the mitochondria. Note that the excita-
tion peak shifts. This can be exploited to calibrate the ratio of emitted light when
excited alternately at 546 and 573 nm as a function of Ay, (b) This ratiometric
technique can be exploited to monitor A, in the fluorimeter during state 3, state
4 transitions (Section 4.5) induced by the addition of small amounts of ADP.
When ADP is phosphorylated to ATP, A, returns to its maximal value. Data
adapted from Scaduto and Grotyohann (1999).

has yet been described that acts like the intrinsic carotenoids, i.e. remaining fixed in the
membrane and altering its spectrum in response to the applied field.

As discussed in Chapter 3, weak acids are accumulated by tenfold per pH unit into acidic
compartments and weak bases by tenfold per pH unit into acidic compartments. ApH can
be estimated from the fluorescence quenching of certain acridine dyes, which are weak
bases and so will tend to accumulate on the acidic side of a membrane where their
fluorescence may be quenched. There are often problems of quantifying such quenching in
terms of a pH gradient but they can be useful qualitative probes because small amounts of
membranes may be assayed without any requirement to separate the membranes from the
suspending medium.

ApH determination by *'P-NMR

Nuclear magnetic resonance (NMR) can be used to obtain a direct measurement of the pH
inside and outside a cell or organelle, and is free of some of the drawbacks inherent in the
more invasive use of weak acids or bases. The basis of the technique is that the resonance
energy of the phosphorus nucleus in P; varies according to the protonation state of the latter.
As the pK, for H,PO,/HPO3; is 6.8, the technique can report pH values in the range of
6—7.6. The NMR signal is the average for the two ionization states, since proton exchange
is fast on the NMR timescale. [f there is phosphate in both the external and internal phases,
a ApH can be calculated. The drawback is that NMR is an insensitive method and milli-
molar concentrations of P; and relatively thick cell suspensions are required, with attendant
problems of supplying oxygen and substrates.
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Figure 4.5 Factors controlling the partition of Ap between Ay and ApH.
Starting from a de-energized mitochondrion (a), the initiation of respiration
(b) leads to a high A¢r and low ApH, since the electrical capacitance of the mem-
brane is very low. In a high [K*] medium, valinomycin collapses Ay (c) and
allows a high ApH to build up. If a permeant weak acid is additionally present
(d), ApH will collapse and extensive swelling may occur.

Factors controlling the contribution of A¢and ApH to Ap

Some of the events which regulate the partition of Ap between Ay and ApH are sum-
marized in Fig. 4.5. The mitochondrion will be used as an example, but the discussion is
equally valid for other energy-transducing systems. Starting from a ‘de-energized’ state of
zero protonmotive force, the operation of an H*-pump in isolation leads to the establish-
ment of a Ap in which the dominating component is Ay (Fig. 4.5a). The electrical capacity
of the membrane is so low that the net transfer of 1 nmol of H per mg of protein across the
membrane establishes a Ay of about 200 mV. The pH buffering capacity of the matrix is
about 20 nmol of H* per mg of protein per pH unit, and the loss of 1 nmol of H will only
increase the matrix pH by 0.05 units (i.e. equivalent to 3mV). Ap will thus be about 99%
in the form of a membrane potential (Fig. 4.5b). In the absence of a significant flow of other
ions it will stay this way in the steady state.

If an electrically permeant ion such as Ca?*, or K* plus valinomycin, is now added
(Fig. 4.5¢), its accumulation in response to the high Ay will tend to dissipate the membrane
potential and hence lower Ap. The respiratory chain responds to the lowered Ap by a further
net extrusion of protons, thus restoring the protonmotive force. Because of the pH buffering
capacity of the matrix, the uptake of 20 nmol of K* (or 10 nmol of Ca®*), balanced by the
extrusion of 20nmol of HY, will lead to the establishment of a ApH of about —1 unit
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(equivalent to 60mV). As the respiratory chain can only achieve the same total Ap as
before, this means that the final Ay must be nearly 60 mV lower than before uptake of the
cation. Thus cation uptake leads to a redistribution from Ay to ApH. The lowered Ay
means that cation uptake under these conditions becomes self-limiting, as the driving force
steadily decreases until equilibrium is attained. For example, the uptake of Ca®* by mito-
chondria in exchange for extruded protons is limited to about 20 nmol per mg of protein
(Section 8.2.3), by which the time Ay has decreased (and —60ApH increased) by about
120 mV.

The third event that can influence the relative contributions of Ay and ApH is the redis-
tribution of electroneutrally permeant weak acids and bases (Fig. 4.5d). Uptake of a weak
acid in response to the ApH created by prior cation accumulation dissipates the pH gradient
and allows the respiratory chain to restore Ayg. However, the net accumulation of both
cation and anion can result in osmotic swelling of the mitochondrial matrix (Section 2.5). This
does not occur when the ions are Ca®* and P;, as formation of an osmotically inactive cal-
cium phosphate complex prevents an increase in internal osmotic pressure (Section 8.2.3).

It is clear from the above discussion that A¢s and ApH indicators themselves, being ions,
weak acids or weak bases, can disturb the very gradients to be measured unless care is
taken. This is particularly true in the presence of valinomycin, as the ionophore brings into
play the high endogenous K™ of the matrix, with the result that A¢s will become clamped at
the value given by the initial K* gradient. This risk is less apparent with cations such as
TPP*, which can be employed at very low concentrations.

4.3 THE STOICHIOMETRY OF PROTON EXTRUSION BY
THE RESPIRATORY CHAIN

Further reading  Mitchell and Moyle 1967, Brand e al. 1976, Reynafarje et al. 1976

The proton current generated by the respiratory chain cannot be determined directly under
steady-state conditions as there is no means of detecting the flux of protons when the rate
of H* efflux exactly balances that of re-entry. It is, however, possible to measure the ini-
tial ejection of protons that accompanies the onset of respiration before H* re-entry has
become established. By making a small precise addition of O, to an anaerobic mitochondrial
suspension in the presence of substrate and monitoring the extent of H* extrusion with a
rapidly responding pH electrode, one can thus obtain a value for the H*/O stoichiometry
for the segment of the respiratory chain between the substrate and O,.

The practical details of an experiment to determine H*/O are shown in Fig. 4.6. A
number of precautions are necessary: first, an electrical cation permeability has to exist to
allow charge compensation of the proton extrusion, which would otherwise be limited by
the rapid build-up of Ay (Section 4.6). Second, the pulse of O, must be small enough to
prevent ApH from saturating. Third, however rapid the pulse of respiration, some protons
will leak back across the membrane (and thus be undetected) before the burst of respiration
is completed. These protons must be allowed for. The problem is enhanced if P; (which is
nearly always present in mitochondrial preparations) is allowed to re-enter the mitochon-
drion during the O,-pulse. H* : P;~ symport (remember this is the same as OH ~/P; antiport)
is extremely active in most mitochondria, and the ApH-induced P; uptake results in
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Figure 4.6 Determination of mitochondrial H*/O ratios by the ‘oxygen
pulse’ technique.

A concentrated mitochondrial suspension is incubated anaerobically in a lightly
buffered medium containing substrate (e.g. succinate or B-hydroxybutryate from
which matrix NADH can be generated), valinomycin and a high concentration of
KCI. The pH of the suspension is continuously monitored with a fast-responding pH
electrode. To initiate a transient burst of respiration, a small aliquot of air-saturated
medium, containing about 5nmol of O per mg protein is rapidly injected (note
that some textbooks erroneously state that hydrogen peroxide solution was
added).There is a transient acidification of the medium as the respiratory chain
functions for 2-3s while using up the added O,. Valinomycin and K* are
necessary to discharge any Ay, which would limit proton extrusion. When O,
is exhausted, the pH transient decays as protons leak back into the matrix. This
decay can be due to: (i) proton permeability of the membrane — note that FCCP
accelerates the decay; (ii) the action of the endogenous Na*/H* antiport; and
(iit) electroneutral P; entry. The trace must then be corrected by extrapolation to
allow for proton re-entry, which occurred before the oxygen was exhausted.
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movement of protons into the matrix and hence an underestimate of H/O stoichiometry.
Thus inhibition of the phosphate symport by N-ethylmaleimide significantly increases the
observed H*/O ratio.

Electron acceptors other than O, can be used to select limited regions of the mitochon-
drial respiratory chain, allowing a H*/2e™ ratio for the span to be obtained. Additionally,
the charge stoichiometry (q*/O or q¥/2e”) may be determined instead of the proton
stoichiometry by quantifying the compensatory movement of K* in the presence of valino-
mycin. Charge and proton-stoichiometry are not necessarily synonymous, since electrons
can enter and leave respiratory complexes on opposite sides of the membrane (Fig. 3.5).
For example, as will be described in Chapter 5 (Fig. 5.18), two electrons enter mitochon-
drial complex III from the matrix and are delivered to cytochrome ¢ on the outer (P) face of
the membrane; at the same time 4H™" are released to the P-phase; the q*/2e ™ ratio is thus 2
while the H/2¢ ™ ratio is 4.

An alternative method for determining H*/O ratios is based on the measurement of the ini-
tial rates of respiration and proton extrusion when substrate is added to the substrate-depleted
mitochondria. This approach tends to give higher values than the oxygen pulse procedure.

Any stoichiometry determined by the above methods has to satisfy the constraints
imposed by thermodynamics. In other words, the energy conserved in the proton electro-
chemical potential has to lie within the limits imposed by the redox span of the proton-
translocating region. In addition, the proton-translocating regions of complexes I and III
(which will be described in Chapter 5) are known to be in near-equilibrium as they can be
readily reversed. Therefore an approximate stoichiometry for these regions can be deduced
on purely thermodynamic grounds, knowing AE, (Section 3.3.4) and the components of Ap.

Accurate stoichiometries have been notoriously difficult to obtain: the thermodynamic
approach of equating the Gibbs energy change in reversible regions of the respiratory chain
with the magnitude of the Ap under near-equilibrium conditions is beset with problems in
the accurate determination of the latter parameter. Non-steady-state determinations of H*
extrusion are also subject to controversy: it is difficult to eliminate the movement of com-
pensatory ions masking the pH change, while some of the few protons that appear per
respiratory chain complex in these experiments could conceivably originate from pK changes
on the protein itself rather than as a result of transmembrane translocation. Nevertheless,
most investigators agree that the NADH/O and succinate/O reactions translocate [0H/2e~
and 6H"/2¢™, respectively.

THE STOICHIOMETRY OF PROTON UPTAKE BY THE ATP
SYNTHASE

Ultimately, the H*/ATP ratio of the F,.F,-ATP synthase may be determined directly from
the structure of the complex, which indicates that 3 mol of ATP are formed per revolution
of the F, catalytic unit (Chapter 7). The H"-driven rotor, which drives the rotation, is
variously believed to require 10—14 protons per revolution, corresponding to between 3.3
and 4.4 protons per ATP.

The H*/ATP ratio, Gibbs energy for ATP synthesis (AG,) and Ap must be mutually
consistent to satisfy thermodynamic constraints. Measured Ap values lie in the range of
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170-200mV for different systems. Comparison with Ap requires H*/ATP values in the
range 34 to satisfy equation 3.37 or 3.38.

A point to note is that submitochondrial particles appear to sustain a lower AG,, than
mitochondria. This is consistent with the contribution of the adenine nucleotide translocator
and phosphate transporter (Section 8.5), which utilize an additional proton for the import
of ADP and P; and export of ATP.

The stoichiometries for proton extrusion by a segment of the respiratory chain (H*/2e™)
and for proton re-entry during ATP synthesis (H*/ATP) have to be consistent with the over-
all observed stoichiometry of ATP synthesis related to electron flow (ATP/2¢™):

ATP2e™ = {H*/2¢™ }/{H'/ATP} [4.1]
or when O, is the final acceptor:

ATP/O = {H'/O}/{H*/ATP} [4.2]

PROTON CURRENT AND RESPIRATORY CONTROL

The previous sections have been concerned with the potential term in the proton circuit and
with the gearing of the transducing complexes for the generation and utilization of this
potential. This section will deal with the factors that regulate the proton current in the circuit.

The current of protons flowing around the proton circuit (J;+) may be readily calculated
from the rate of respiration and the H*/O stoichiometry:

Jur = {80/8¢} {H/O} [4.3]

For a given substrate, therefore, proton current and respiratory rate vary in parallel, and
thus an oxygen electrode (Fig. 4.7) is an effective way of monitoring Jy+ as long as the
H*/O stoichiometry is known.

The oxygen electrode has for long been the most versatile tool for investigating the mito-
chondrial proton circuit. Although the electrode only determines directly the rate of a single
reaction, the final transfer of electrons to O,, information on many other mitochondrial
processes can be obtained simply by arranging the incubation conditions so that the desired
process becomes a significant step in determining the overall rate. Several such steps may
be investigated (Fig. 4.8) including:

substrate transport across the membrane
substrate dehydrogenase activity
. respiratory chain activity
- adenine nucleotide transport across the membrane
- ATP synthase activity
& H*-permeability of the membrane.

Three basic states of the proton circuit were shown in Fig. 4.1: open circuit, where there
is no evident means of proton re-entry into the matrix; a circuit completed by proton
re-entry coupled to ATP synthesis; and, thirdly, a circuit completed by a proton leak not
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Figure 4.7 The Clark oxygen electrode.

O is reduced to H,O at the Pt electrode, which is maintained at 0.7 V negative
with respect to the Ag/AgCl reference electrode, and a current flows which is
proportional to the O, concentration in the medium. A thin O,-permeable mem-
brane prevents the incubation from making direct contact with the electrodes.
Since the electrode slowly consumes O,, the incubation must be continuously
stirred to prevent a depletion layer forming at the membrane. The chamber is
sealed except for a small addition port. The electrode is calibrated with both air-
saturated medium and, under anoxic conditions, fotlowing dithionite addition.

coupled to ATP synthesis. These states can readily be created in the O,-electrode chamber
(Fig. 4.9).

When the oxgen electrode was first being applied to mitochondrial studies, Chance and
Williams proposed a convention following the typical order of addition of agents during an
experiment (Fig. 4.9):

state 1: mitochondria alone (in the presence of P;)

state 2: substrate added, respiration low owing to lack of ADP
state 3: a limited amount of ADP added, allowing rapid respiration
state 4: all ADP converted to ATP, respiration slows

state 5: anoxia.

Thus the addition of mitochondria to an incubation medium containing P; (Fig. 4.9)
causes little respiration as no substrate is present. Although mitochondria contain adenine
nucleotides within their matrices, the amount is relatively small (about 10 nmo! per mg of
protein) and, when the mitochondria are introduced into the incubation, this pool will be
very rapidly phosphorylated until it achieves equilibrium with Ap. That there is any respir-
ation at all is only because the inner membrane is not completely impermeable to protons,
which can therefore slowly leak back across the membrane even in the absence of net ATP
synthesis. One factor that contributes to this proton leak is the slow cycling of Ca®* across
the membrane (Section 8.2.3), although mostly it is due to an endogenous ‘non-ohmic’ proton
leak, which becomes most apparent at very high Ap (Section 4.6), or to the presence of
a specific ‘uncoupling protein’ (Section 4.6.1). Only the terms state 3 and state 4 continue
to be commonly used.
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Figure 4.8 The use of the oxygen electrode to study mitochondrial energy
transduction.

In the scheme, five ways of interfering (X) with energy transduction are shown.
The diagrammatic oxygen electrode traces show how these perturbations might
be investigated with the oxygen electrode. The incubation medium is presumed
to contain osmotic support, a pH buffer and P;. (a) Inhibition of a transport pro-
tein (in this case for succinate). (b) Inhibition of a substrate dehydrogenase
(again for succinate). (c) Inhibition of a respiratory chain complex (by cyanide).
{d) Inhibition of adenine nucleotide transport across the inner membrane by
atractylate. (e) Inhibition of the ATP synthase by oligomycin.

4.5.1 The basis of respiratory control

How does the respiratory chain know how fast to operate? The control of respiration is a
complex function shared between different bioenergetic steps and the control exerted by
these steps can differ between mitochondria and under different metabolic conditions for
the same mitochondria. The quantitative analysis of these fluxes is termed metabolic control
analysis and will be derived in Section 4.7. Here we shall first give a simplified explanation
based on oxygen electrode experiments of the type depicted in Fig. 4.9 to discuss respiratory
control.
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Figure 4.9 Respiratory ‘states’ and the determination of P/O ratios.

In this experiment mitochondria were added to an oxygen electrode chamber,
followed by succinate as substrate. Respiration is slow as the proton circuit is not
completed by H™ re-entry through the ATP synthase. That there is any respiration
at all is because of a slow proton leak across the membrane. A limited amount of
ADP is added, allowing the ATP synthase to synthesize ATP coupled to proton
re-entry across the membrane, ‘state 3 (Section 4.5). When this is exhausted,
respiration slows and finally anoxia is attained. The circled numbers refer to the
respiratory ‘states’. If the amount of ADP is known, the oxygen uptake during the
accelerated ‘state 3’ respiration can be quantified allowing a P/O ratio to be cal-
culated (moles ATP synthesized per mol O). Since the proton leak is almost neg-
ligible in ‘state 3° (Section 4.6.2), the total oxygen uptake during ‘state 3’ is
effectively used for ATP synthesis. In this example, the ADP/O ratio for the sub-
strate is found to be 500/290 = 1.72. Note the bioenergetic convention of refer-
ring to ‘O’, i.e. 3 O,, which is equivalent to 2e™. Also, the controlled respiration
prior to addition of ADP, which is strictly termed ‘state 2” is functionally the
same as state 4, and the latter term is usually used for both states. The dotted
trace reports the values of Ap during the experiment.

A fundamental factor that controls the rate of respiration is the thermodynamic disequi-
librium between the redox potential spans across the proton-translocating regions of the
respiratory chain and Ap. In the absence of ATP synthesis, respiration is automatically
regulated so that the rate of proton extrusion by the respiratory chain precisely balances the
rate of proton leak back across the membrane. If proton extrusion were momentarily to
exceed the rate of re-entry, Ap would increase, the disequilibrium between the respiratory
chain and Ap would in tum decrease and respiratory chain activity would decrease, restoring
the steady state. Once again the electrical circuit analogy is useful here.

In the example shown in Fig. 4.9, respiration is disturbed by the addition of exogenous
ADP, mimicking an extramitochondrial hydrolysis of ATP such as would occur in an intact
cell. The added ADP exchanges with matrix ATP via the adenine nucleotide translocator,
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and as a result, the AG,, for the ATP synthesis reaction in the matrix is lowered, disturbing
the ATP synthase equilibrium. The following events then occur sequentially (but note that
the gaps between them would be on the millisecond timescale):

(a) The ATP synthase operates in the direction of ATP synthesis and proton re-entry to
attempt to restore AG,,

(b) The proton re-entry lowers Ap.

(c) The thermodynamic disequilibrium between the respiratory chain and Ap increases.

(d) The proton current and hence respiration increases.

This accelerated ‘state 3’ respiration is once more self-regulating so that the rate of proton
extrusion balances the (increased) rate of proton re-entry across the membrane. Net ATP
synthesis, and hence state 3 respiration, may be terminated in three ways:

{a) When sufficient ADP is phosphorylated to ATP for thermodynamic equilibrium between
the respiratory chain and Ap to be regained.

(b) By preventing adenine nucleotide exchange across the membrane with an inhibitor
such as atractyloside (also called atractylate) (Section 8.5).

(c) By inhibiting the ATP synthase, for example, by the addition of oligomycin (Chapter 7).

Energy transduction between the respiratory chain and the protonmotive force is
extremely well regulated, in that a small thermodynamic disequilibrium between the two
can result in a considerable energy flux. Ap drops by less than 30% when ADP is added
to induce maximal state 3 respiration. The actual disequilibrium between the respiratory
chain and Ap is even less, as the AF values across proton translocation segments of the
respiratory chain may also decrease in state 3.

Effective energy-transduction during state 3 is also apparent at the ATP synthase. A high
rate of ATP synthesis can be maintained with only a slight thermodynamic disequilibrium
between Ap and AG,,

Proton translocators (Section 2.3.5) uncouple oxidative phosphorylation by inducing an
artificial proton permeability in bilayer regions of the membrane. They may thus be used
to over-ride the inhibition of proton re-entry, which results from an inhibition of net ATP
synthesis. As a consequence proton translocators such as FCCP can induce rapid respir-
ation, regardless of the presence of oligomycin or atractylate, or the absence of ADP
(Fig. 4.8).

4.6 PROTON CONDUCTANCE

In an electrical circuit, the conductance of a component is calculated from the current
flowing per unit potential difference. A similar calculation for the proton circuit enables the
effective proton conductance of the membrane (CyH ™) to be calculated

CyH* = Jye/Ap [4.4]

This can be illustrated by a simple example. Liver mitochondria oxidizing succinate in
‘state 4’ might typically respire at 15nmol of Omin~!mg ™! and maintain a Ap of 220mV.
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Figure 4.16 The physiological control of brown adipose tissue UCP1.

(a) Combination tetraphenylphosphonium and oxygen electrodes for the continu-
ous monitoring of Ay, respiration, Jy;+ and CyH* in brown adipose tissue mito-
chondria during infusion of the thermogenic substrate palmitate into the stirred
reaction chamber. (b) Details of an experiment in which palmitate was infused
(shaded period) while respiration and membrane potential were monitored (as
the mitochondria accumulate the cation in response to their membrane potential
the electrode will detect the fall in external [TPP*]). The incubation contained
pyruvate and ATP, CoA and carnitine allowing the palmitate to be activated to
palmitoyl CoA and then palmitoyl carnitine. Palmitate accumulation activates
the uncoupling protein increasing CyyH™". On the conclusion of the infusion, the
mitochondria automatically recouple as the palmitate is activated and oxidized,
allowing the fatty acid to leave its binding site on UCP1. Continued —>

If the H"/O ratio for the span succinate-oxygen is 6, then:

Jy+ = {80/8t} {H*/O} = 15 X 6 = 90nmol H min~ 'mg™! [4.5]
CyH*Y = Jy+/Ap = 90/220 = 0.4nmol H* min 'mg 'mV ! [4.6]

If now the protonophore FCCP is added and Ap drops to 40 mV while respiration increases
to 100 nmol O min~'mg ™!, then the new values are as follows:

Jyr = {80/81} {H*/O} = 100 X 6 = 600 nmol H* min~'mg " [4.7]
CyH" = Jy+/Ap = 600/40 = 15nmol H min 'mg ™ 'mVv ™! [4.8]

The magnitude of the endogenous proton conductance of the membrane is a central par-
ameter underlying the bioenergetic behaviour of a given preparation of mitochondria. Evi-
dently, for an efficient transduction of energy, CyyH " should be as low as possible.

The respiratory chain does not distinguish between a Ap, which is lowered by the addition
of a proton translocator and one which is lowered by ATP synthesis.

The combination of an oxygen electrode and a TPP* electrode (see Fig. 4.10) recording
a single mitochondrial suspension is a powerful tool for continuously monitoring the proton
circuit. When conditions are optimized to minimize the ApH component of Ap (phosphate
present or nigericin addition in a KCl-based medium), Ay monitored by the TPP* electrode
will approximate Ap and, together with the rate of respiration, will allow Jy+ (equation 4.5)



4 THE CHEMIOSMOTIC PROTON CIRCUIT 75

\C) (1) Noradrenaline

LY
ATP cAMP
Y
PKA
4
Lipase
(11)
Glycerol =
(V)
L)
# ATP
ADP,
Innge G ] f
[

mitochondrial Q uce

Figure 4.10 Continued

(c) Scheme applying these findings to the intact brown adipocyte. Noradrenaline
binding to a 83 receptor (i) activates the lipolytic cascade (i1), liberating free fatty
acid (FFA) (iii). Although some acylcarnitine can be formed by fatty acid activa-
tion (iv), FFA accumulates as oxidation of the acylcarnitine is prevented by res-
piratory control, until FFA binds to the uncoupling protein (UCP) activating its
proton conductance. Rapid palmitoyl carnitine oxidation can now occur. On the
termination of lipolysis, residual fatty acids are oxidized and UCP reverts to its
inactive state. Data from Rial et al. (1983).

and CyH" (equation 4.6) to be calculated. We shall now illustrate this approach with refer-
ence to highly specialized mitochondria in brown adipose tissue that demonstrate a regulated
proton leak pathway.

4.6.1 Brown adipose tissue and the analysis of the proton circuit

Reviews Nicholls and Locke 1984, Nicholls and Rial 1999

Brown adipose tissue is the seat of non-shivering thermogenesis, the ability of hibernators,
cold-adapted rodents and newborn mammals in general to increase their respiration and
generate heat without the necessity of shivering. In extreme cases, whole body respiration
can increase up to tenfold as a result of the enormous respiration of this tissue, which rarely
accounts for more than 5% of the body weight even in a small rodent. The tissue is innerv-
ated by noradrenergic sympathetic neurons, and release the transmitter on to an unusual class
of B;-receptors activates adenylyl cyclase and hence hormone-sensitive lipase. This leads
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to the hydrolysis of the triglyceride stores, which are present in multiple small droplets,
giving the cell a ‘raspberry’ appearance. The brown adipocytes are packed with mitochon-
dria, whose extensive inner membranes indicate a high capacity for respiration. However,
the chemiosmotic theory now poses a problem: how can the fatty acids liberated by lipoly-
sis be oxidized by the mitochondria when the main rate limitation in the proton circuit is the
re-entry of protons into the mitochondrial matrix? The problem is compounded by the rel-
atively low amount of ATP synthase and by the absence of any significant extra-mitochondrial
ATP hydrolysis activity.

Two solutions are possible from first principles: either the brown fat mitochondrial
respiratory chain is modified so that it does not expel protons, or the membrane is modified
to allow re-entry of protons in the absence of ATP synthesis. The latter turns out to be the
case. The mitochondrial inner membrane contains a unique 32 kDa uncoupling protein
(UCP1), which binds a purine nucleotide to its cytoplasmic face and is inactive until the
free fatty acid concentration in the cytoplasm starts to rise. The protein then binds a fatty
acid and alters its conformation to become proton conducting. The uncoupling protein thus
acts as a self-regulating endogenous uncoupling mechanism, which is automatically acti-
vated in response to lipolysis allowing uncontrolled oxidation of the fatty acids (Fig. 4.10).
The low conductance state is restored when lipolysis is terminated, and the mitochondria
oxidize the residual fatty acids.

The physiological regulation seen in intact brown adipocytes can be mimicked with isol-
ated mitochondria in a combined oxygen electrode/TPP™ electrode chamber by the infusion
of fatty acid (mimicking lipolysis) in the presence of coenzyme A, carnitine and ATP to
allow the fatty acid to be activated. The increase in C\yH* correlates with the steady-state
concentration of free fatty acid during the infusion and on the termination of lipoly-sis
(Fig. 4.10). The structures of UCPI and related candidate uncoupling proteins are homolo-
gous to those of inner membrane metabolite transporters and will be discussed in Chapter 8.

Expression of the uncoupling protein occurs in response to the adaptive status of the
animal: it is present in the mitochondria at high concentration at birth, but is then repressed
so that the mitochondria lose the protein and the capacity for non-shivering thermogen-
esis. Cold-adaptation or, interestingly, overfeeding, can under certain conditions lead to
re-expression of the protein.

4.5.2 The basal proton leak

A proton leak can also be found in mitochondria that do not express uncoupling proteins.
This basal leak is responsible for the state 4 respiration seen in even the most carefully pre-
pared mitochondria and accounts for a high proportion of the basal metabolic rate in tissues
such as skeletal muscle. The molecular basis of the leak is still unclear, it cannot be correl-
ated with the presence of a specific protein and does not correlate with the phospholipid
composition of the bilayer. It is possible that protons leak across the membrane at the junc-
tions between protein and lipid. Within the context of electrical analogy for the proton circuit,
the basal leak displays a non-ohmic current/voltage relationship, which can be investigated
by progressively restricting respiration. Proton conductance is most apparent at very high
Ap and decreases more than proportionately with Ap (Fig. 4.11). This ‘non-ohmic’ I/V
relationship suggests that the endogenous leak may have evolved to limit the maximal
value of Ap attainable by mitochondria. Since the production of reactive oxygen species by
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Figure 4.11 Determining the current voltage (I/V) relationship for the
brown adipose tissue (BAT) UCP1 for BAT mitochondria in the presence or

absence of fatty acids.
Brown adipose tissue mitochondria were incubated in state 4 in the presence of

excess ATP to inhibit the uncoupling protein. Palmitoyl carnitine (PmCn) was
infused as substrate at varying rates and respiration and Ay determined as in
Fig. 4.10 to generate an I/V curve for the inherent inner membrane proton leak
in the absence of UCPL. The experiment was then repeated in the presence of
1.3 um palmitate to activate the uncoupling protein. Note that the conductances
are ‘non-ohmic’ and that fatty acid lowers Ay Data from Rial et al. (1983).

mitochondria is highly dependent on Ap (Chapter 5), proton leaks, whether endogenous or
uncoupler protein mediated, may serve the purpose of restricting oxidative damage.

4.7 MITOCHONDRIAL RESPIRATION RATE AND METABOLIC
CONTROL ANALYSIS

Review and further reading Davey ef al. 1998, Murphy 2001

In the previous section we have explained a simplified model of the connections between
mitochondrial respiration, Ap and Cy;H". However, in practice there are many more steps
interacting with the proton circuit, including the supply and transport across the inner
membrane of substrate, the supply of electrons to the respiratory chain via the metabolite
dehydrogenases, and at the other end of the circuit the activity of the adenine nucleotide
translocator (Section 8.5) and the rate of ATP turnover. One approach to this complexity is
to invoke non-equilibrium thermodynamics where fluxes are described in terms of the
net thermodynamic driving forces under near-equilibrium conditions, but the most useful
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technique is to apply quantitative metabolic control analysis (MCA) to provide a simple
description of how control is distributed between multiple steps.

‘Control’ has a precise meaning in MCA. Consider a simple metabolic pathway com-
prising two enzymes, E, and E,, where the overall flux through the pathway in steady state
isJ, i.e.

E E.
A—o b0 | [4.9]

The flux control coefficient C relates changes in the overall flux through the pathway to
changes in the activity of an enzyme or transport process. Strictly it is defined as the frac-
tional change in flux divided by the fractional change in the amount of the enzyme as the
change tends to 0, i.e. for E; in the above example the control coefficient Cé] equals:

¢l = lim oJi
' 8£-0 8E|/E,

[4.10]

We can illustrate this with a simple example. Consider a mitochondrion respiring in state 3.
If we deliberately alter the activity of a single step in the overall sequence, for example, the
adenine nucleotide translocator, by a small fraction, say 1%, what effect does this have on
the overall respiration rate? Two extreme results are possible in this type of experiment.
First, the change in flux through the entire pathway may be the same percentage as the
change in activity of the single step, i.e. 1%. In this case, the flux control coefficient of the
adenine nucleotide translocator would be said to be 1. The second extreme would be when
a 1% change of the translocator activity had no effect on the overall flux. In this case, the
step would have a flux control coefficient of 0. In practice flux control coefficients of one
are rare; the idea of a single rate-determining step, to which a flux control coefficient of 1
corresponds, although often encountered in chemical reactions, rarely applies to metabolic
sequences. Instead there is an interplay between many steps, each of which may have sig-
nificant flux control coefficients, with values in non-branched pathways between 0 and 1.
The summation theorem states that, in any pathway, the sum of all the individual flux control
coefficients is always one, i.e. for the pathway in equation 4.9:

G+l =1 [4.11]

The elasticity coefficient € is the fractional change in activity of an enzyme or transport
process in response to a small change in its substrates, products or other effectors. For the
example in equation 4.9, consider how the activity, VEz’ of enzyme E, responds to changes
in concentration of its substrate B:

oV IV,

2 = lim ——=2 4.12
“s SI;TO 8B/B [ ]

Finally, the connectivity theorem states that the products of the flux control coeffi-
cient and the elasticity to a given substrate for all enzymes connected by that substrate add
up to 0.

If all this seems a little dry and theoretical, we shall now apply MCA to mitochondrial
oxidative phosphorylation, which is especially suited to this type of analysis. For an isolated
mitochondrion, some processes that can be analysed are summarized in Fig. 4.12. Two



4 THE CHEMIOSMOTIC PROTON CIRCUIT 79

Dehydrogenases Matrix

ADP ATP \p

‘ Y\

Figure 4.12 Modules for metabolic control analysis.

The complexity of the bioenergetic pathways may be lessened for metabolic con-
trol analysis by grouping processes together that are linked by a single common
intermediate (here Ap). ANT is the adenine nucleotide translocator (see Chapter 8).

approaches are possible —bottom-up and top-down. Bottom-up analysis examines the effects
of titrating specific mitochondrial enzymes and transporters with irreversible inhibitors and
determining the effects on respiratory rate and ATP synthesis.

As will be discussed in Chapter 9, even modest restrictions in respiratory chain capacity
in vivo greatly sensitize neurons to damaging stimuli. Indeed, chronic complex I restriction
in animal models can simulate the neurodegenerative characteristics of Parkinson’s disease,
while complex II inhibition reproduces the damage to the striatum found in Huntington’s
disease. A bottom-up approach has been made for isolated brain mitochondria by titrating
mitochondria with high-affinity inhibitors acting on individual complexes. For example,
flux control coefficients of 0.29, 0.2 and 0.13 were determined in state 3 for complexes I, I1I
and IV, respectively, of presynaptic mitochondria. The high coefficient seen at complex I
is consistent with the sensitivity of the neuron to even slight inhibition of this complex
(Chapter 9).

A limitation of the bottom-up technique is the requirement for irreversible inhibitors and
the need to know each system component, which is difficult for more complex systems
such as cells or tissues. An alternative approach is the fop-down approach (or top-down
elasticity analysis), in which processes are grouped into blocks linked to a common inter-
mediate. The elasticities (equation 4.12) of each block to the common intermediate allows the
overall flux control coefficients of each block to be determined. For the mitochondrion, A
is usually considered the common intermediate, fed by a block comprising substrate transport,
metabolism and respiratory chain and drained by two blocks: the proton leak and a second
comprising ATP synthesis, transport and turnover. The elasticities of each block towards
Ay can be determined by titrating with uncouplers or inhibitors. Finally, the connectivity
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Figure 4.13 Metabolic control analysis of steps in mitochondrial oxidative
phosphorylation during a progressive transition from state 4 to state 3.

As described in the text, as the respiration rate increases from state 4 to state 3,
with increasing addition of hexokinase to increase the rate of the ATP turnover
reactions, the flux control coefficients alter as shown (adapted from Hafner ez al.
1990).

theorem can be used to determine the flux control coefficients of the blocks over respir-
ation, ATP turnover and proton leak.

Figure 4.13 shows the control exerted by the three blocks in isolated mitochondria over
respiration. Control is shared between multiple steps and the distribution changes with
metabolic state during a transition from state 4 to state 3. The mitochondria are supplied
with succinate as respiratory substrate together with ADP and P;. The initial state 4 is
attained when the net conversion of ADP and P; to ATP ceases. As intuitively expected, the
overall flux control coefficient of the set of reactions: adenine nucleotide translocation,
ATP synthesis and consumption of ATP (‘ATP turnover’), is 0 in state 4. In the previous sec-
tions we have made the simplification that the proton leak across the mitochondrial mem-
brane completely controls the respiration in state 4 (i.e. has a flux control coefficient of 1).
However, more careful analysis shows that, although the proton leak is indeed dominant
(flux control coefficient 0.9), there is also significant control (coefficient of 0.1) in the set
of reactions catalysing transport of succinate into the mitochondrion and its oxidation by
the electron transport chain.

If glucose and incremental amounts of hexokinase are now added, to accelerate ATP
turnover, respiration will steadily increase until the rate of ATP synthesis reaches a max-
imum and the mitochondria are in state 3. The first additions of hexokinase each cause a
marked increase in the respiration rate and thus the flux control coefficient of the ‘ATP
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turnover’ reactions is high, corresponding to the classic respiratory control. As further
hexokinase is added, other components of the ‘ATP turnover’ reactions, particularly the
adenine nucleotide translocator, assume an increasing share of the control. Concomitantly,
the control by hexokinase becomes a progressively smaller component of the control
exerted by the ‘ATP turnover’ reactions. At the limit of state 3 respiration, further additions
of hexokinase are without effect on the respiration rate and thus its flux control coefficient
falls to 0, the classic “uncontrolled respiration’ (state 3).

In state 3 control is shared almost equally (Fig. 4.13) between ‘ATP turnover’ reactions
and those of ‘succinate utilization’. More detailed analysis shows that it is distributed
between the adenine nucleotide translocator, the dicarboxylate translocator, the cytochrome
bcy complex and cytochrome oxidase. As the respiration rate alters between the extremes
of state 3 and state 4, the quantitative contribution of each of these components varies; for
example, control due to the adenine nucleotide translocator rises to its greatest flux control
strength at 75% of the maximum respiration rate. The important outcome of this analysis is
that neither in state 3 nor state 4 is a single step responsible for the control of the mito-
chondrial respiration rate. Traditional attempts to correlate respiratory control with the
[ATP]/[ADP][P;] ratio or a single irreversible step in the electron transport chain (e.g. a step
in the cytochrome oxidase reaction) are thus not tenable.

Top-down analysis can be used for more complex systems such as intact cells and can
include cytoplasmic metabolic blocks such as glycolysis and cellular ATP turnover. In an
intact cell the factors controlling mitochondrial respiration rate will be more varied and
complex than those considered above. The major respiratory substrate will not be succinate
but rather NADH generated in the matrix. There will also be important differences between
mitochondria from different cell types. Mitochondria in a liver cell respire at a rate inter-
mediate between state 3 and state 4. Control analysis shows that this rate is controlled by
processes (such as glycolysis, fatty acid oxidation and the tricarboxylic acid cycle) that
supply mitochondrial NADH (flux control coefficient 0.15 to 0.3) by the proton leak (flux
control coefficient 0.2) and by the ‘ATP turnover’ reactions (flux control coefficient 0.5).
Oxidation of NADH is less important with a flux control coefficient between 0 and 0.15.
Fluctuations in rate can be caused by hormones or increases in cytoplasmic and matrix
Ca?* via three separate effects; alteration of either ATP turnover, NADH supply or proton leak.
Each of these effects may be important. Muscle mitochondria can experience periods of
resting activity when they may be close to the state 4 respiration rate but upon initiation of
contraction the ATP demand and raised Ca®* may be such as to cause transition to state 3.
If anaerobiosis approaches, then the rate of respiration could conceivably pass transiently
through a stage where cytochrome oxidase has a higher flux control coefficient, owing to
restriction on the supply of oxygen.

4.8 OVERALL PARAMETERS OF ENERGY TRANSDUCTION

These are independent of the chemiosmotic theory and indeed predate it by many years, but
are frequently still found in the current literature owing to the ease of their determination,
for example, with an oxygen electrode.
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4.8.1 Respiratory control ratio

This is an empirical parameter frequently used for assessing the ‘integrity” of a mitochon-
dria preparation. It is based on the observation that ‘damaged’ mitochondrial preparations
tend to show an increased proton leak above and beyond that which is now known to be an
inherent physiological property of the mitochondrion. It is defined as the state 3 respiratory
rate attained during maximal ATP synthesis (i.e. in the presence of ADP), or in the presence
of a proton translocator, divided by the rate in the absence of ATP synthesis or proton
translocator. It is therefore a hybrid parameter depending on a number of primary param-
eters, notably the endogenous proton leak. Typical values for the ratio vary from 3 to 15 in
different preparations. Note that most bacterial cells do not show significant respiratory
control owing, presumably, to the continuous activity of the ATP synthase and other pro-
tonmotive force-driven reactions. Respiratory control can be observed in some inside-out
vesicle preparations. The rate of electron transport in isolated thylakoids does accelerate
when ATP synthesis is occurring.

4.8.2 P/O (ATP/O, ADP/O) and P/2e~ (ATP/2e~, ADP/2e~) ratios

While the stoichiometries of proton translocation by the respiratory chain and ATP syn-
thase appear to be fixed, even if the actual values are still a matter for contention, the over-
all stoichiometry of mitochondrial ATP synthesis in relation to respiration can vary from a
theoretical maximum of about 2.5 ATP per 2e” passing from NADH to oxygen down to
zero, depending on the activity of the parallel proton leak pathway bypassing the ATP syn-
thase. The variety of terms in the heading are used to describe this empirical ratio; they are
roughly synonymous.

The P/O ratio is the number of moles of ADP phosphorylated to ATP per 2¢™ flowing
through a defined segment of an electron transfer to oxygen. If the terminal acceptor is not
oxygen then the term P/2e™ ratio is used. P/O ratios can be determined from the extent of
the burst of accelerated state 3 respiration obtained when a small measured aliquot of ADP
is added to mitochondria respiring in state 4. Almost all the added ADP is phosphorylated
to ATP, the ATP : ADP ratio being typically at least 100 : | when state 4 is regained, and the
ratio ‘moles of ADP added/moles of O consumed’ can be calculated. It is the convention to
assume that the proton leak ceases during state 3 respiration, which is largely true, due to
its ‘non-ohmic” nature. Thus the total oxygen consumed is used in the calculation (Fig. 4.9).

Values for ADP/2e™ ratios are, as with all stoichiometries, a source of debate. The ‘classic’
value of 1 ATP per 2e™ per proton-translocating complex is no longer tenable. For example,
complex 111 (UQH,—cyt c) has a H*/2e ™ ratio of 4, but because electrons enter the complex
from the matrix side and leave from the cytoplasmic face, the charge/2e™ (q*/2¢7) ratio is
only 2. Conversely, complex IV (cyt ¢~O,) has a H*/2e ™ ratio of 2 but a q*/2¢ ™ ratio of 4
(Fig. 5.18). To maintain overall electroneutrality, positive charge, in the form of protons,
must flow back through the ATP synthase to balance the charge displacement and to make
ATP, it follows that the P/2e™ ratio for complex IV should be twice that for complex II1.
This is more than a semantic argument for many bacteria, since electron transfer frequently
terminates at the level of cyt ¢ and so a dissection of P/2e™ ratios for individual parts of an
electron transport system is important.
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Taking the consensus view for mitochondria that the H'/2e™ ratio is 6 for the span
succinate-O,, that the H*/ATP ratio at the ATP synthase is about 3 (Chapter 7), and that one
additional proton is consumed in the transport of P; and translocation of adenine nucleotides,
it follows that the theoretical maximum P/O ratio for succinate oxidation would be 1.5,
close to what is observed, rather than the “classic’ value of 2. The H*/2e™ stoichiometry of
complex 1 (NADH-UQ) is thought to be 4. If so then the maximum P/O ratio for the span
NADH-0, would be 2.5. P/O values of 2.5 and 1.5 for mitochondrial oxidation of NADH
and succinate (or of other substrates from which electrons enter the chain at the level of
ubiquinone) mean that the standard textbook stoichiometries of ATP synthesis associated
with the total oxidation of carbohydrates and fats need revising downwards.

Similar considerations apply to ATP synthesis in bacterial and thylakoid systems; the
maximum P/2e” ratio will be determined by the relative values of H*/2e ™ and H*/ATP.
Note that the translocation step for adenine nucleotide and phosphate is not involved in the
synthesis of ATP by bacterial and thylakoid membranes, nor indeed in submitochondrial
particles, and thus these systems should therefore have higher P/O ratios for a given
H*/2e" stoichiometry.

4.9 REVERSED ELECTRON TRANSFER AND THE PROTON
CIRCUIT DRIVEN BY ATP HYDROLYSIS

The ATP synthase is reversible and is only constrained to run in the direction of net ATP
synthesis by the continual regeneration of Ap and the use of ATP by the cell. If the respira-
tory chain is inhibited and ATP is supplied to the mitochondrion, or if sufficient Ca®* is
added to depress Ap below that for thermodynamic equilibrium with the ATP synthase
reaction, the enzyme complex functions as an ATPase, generating a Ap comparable to that
produced by the respiratory chain. The proton circuit generated by ATP hydrolysis must be
completed by means of a proton re-entry into the matrix. Proton translocators therefore
accelerate the rate of ATP hydrolysis, just as they accelerate the rate of respiration; this is
the ‘uncoupler-stimulated ATPase activity’. This is of particular importance in the cellular
context, where mitochondrial dysfunction can cause ATP synthase reversal and drain gly-
colytically generated ATP (Section 9.1.1).

The classic means of discriminating whether a mitochondrial energy-dependent process
is driven directly by Ap or indirectly via ATP, is to investigate the sensitivity of the process
to the ATP synthase inhibitor oligomycin. A Ap-driven event would be insensitive to
oligomycin when the potential was generated by respiration, but sensitive when Ap was
produced by ATP hydrolysis. The converse would be true of an ATP-dependent event. If Ap
or Ay is being monitored, mitochondria (isolated or in situ), which are net generators of
ATP, will hyperpolarize on addition of oligomycin, while those whose Ap is supported by
ATP hydrolysis will depolarize. This ‘null-point’ assay is a simple way of monitoring mito-
chondrial function within cells.

The near-equilibrium in state 4 between Ap and the redox spans of complexes I and III
suggests that conditions could be devised in which these segments of the respiratory chain
could be induced to run backwards, driven by the inward flux of protons. It should be noted
that this does not apply to complex IV, which is essentially irreversible. Reversed electron
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transfer may be induced in two ways, either through generating a Ap by ATP hydrolysis, or
by using the flow of electrons from succinate or cytochrome ¢ to O, to reverse electron
transfer through complexes I or I and 111, respectively (Fig. 4.14). Such flow of electrons,
e.g. from succinate, involves the majority of the electron flux passing to O, and thereby
generating Ap, whilst a minority is driven energetically uphill to reduce NAD™ at the
expense of Ap.

Under physiological conditions the mitochondrial ATP synthase will not normally be
called upon to act as a proton-translocating ATPase, except possibly during periods of
anoxia when glycolytic ATP could be utilized to maintain the mitochondrial Ap. However,
some bacteria, such as Streptococcus faecalis when grown on glucose, lack a functional
respiratory chain and rely entirely upon hydrolysis of glycolytic ATP to generate a Ap
across their membrane and enable them to transport metabolites. Reversed electron trans-
port driven by Ap generated through respiration is an essential process in some bacterial
species (see Chapter 5).
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Figure 4.14 Reversed electron transfer in the mitochondrial respiratory
chain.

Schematic response of SMPs incubated in the presence of NAD*. In (a), a Ap is
generated by succinate oxidation. Ap then drives complex I in reverse, caus-
ing NAD" reduction, i.e. succinate acts as both donor of electrons for reversed
electron transfer and as substrate for complexes III and IV. In (b) complex I1I is
inhibited by antimycin A and the Ap is generated by ATP hydrolysis. Succinate
merely donates electrons for reversed electron transfer through complex L.



4 THE CHEMIOSMOTIC PROTON CIRCUIT 85

4.10 ATP SYNTHESIS DRIVEN BY AN ARTIFICIAL
PROTONMOTIVE FORCE

An artificially generated Ap must be able to cause the net synthesis of ATP in any energy-
transducing membrane with a functional ATP synthase. The first demonstration that this
was so came from thylakoids after equilibration in the dark at acid pH. They could be
induced to synthesize ATP when the external pH was suddenly increased from 4 to 8, cre-
ating a transitory pH gradient of 4 units across the membrane, the acid bath experiment
(Fig. 4.15). For many years this experiment has been interpreted on the basis that thy-
lakoids normally operate with ApH as the main component of Ap, owing to the ease with
which ClI™ redistributes across the thylakoid membrane to collapse Ays (Chapter 6).

An important corollary of this experiment is that the ATP synthase can be driven by ApH
alone. There is no thermodynamic objection to this, but it is currently being argued (Chap-
ter 7) that, mechanistically, a Ay is required. In this context it has been recently proposed
that the acid bath experiment should be re-interpreted. It is argued that the transition to higher
external pH was accompanied by the efflux of the succinate monoanion (towards which the
membrane is claimed to be permeable), thus generating a diffusion potential (Chapter 3),
positive inside, for this ion. Thus an induced Ay would be at least part of the driving force
for the ATP synthesis seen in this type of experiment (Fig. 4.15). It remains to be finally
decided if this re-interpretation is valid but it is important to understand that it makes no
difference to the validity of the experimental approach for showing that an imposed pro-
tonmotive force, independent of electron transport reactions, can drive ATP synthesis.
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Figure 4.15 The ‘acid bath’ experiment: a ApH can generate ATP.
Thylakoid membranes were incubated in the dark at pH 4 in the presence of
electron fransport inhibitors in a medium containing succinate, which slowly per-
meated into the thylakoid space liberating protons and lowering the internal pH
to about 4. The external pH was then suddenly raised to 8, creating a ApH of
4 units across the membrane. Traditionally H* efflux through the ATP synthase
has been regarded as charge compensated by C1™ efflux and/or Mg?* influx. A Ags
may also be induced, see text. ADP and P; were simultaneously added and proton
efflux through the ATP synthase led to the synthesis of about 100 mol of ATP per
mol of synthase. Protonophores such as FCCP inhibited the ATP production.
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For an analogous acid bath experiment with mitochondria or bacteria, an ionophore such
as valinomycin is needed to allow movement of compensating charge. Submitochondrial
particles, which are inverted relative to intact mitochondria, are treated with valinomycin to
render them permeable to K, incubated at low pH in the absence of K* to acidify the
matrix, and then transferred to a medium of higher pH containing K*. K™ entry creates a
diffusion potential, positive inside, and this, together with the artificial ApH that has just
been created, generates a short-lived Ap. Protons exit through the ATP synthase, generating
a small amount of ATP. K™ enters on valinomycin to maintain charge balance. Eventually
the K* and H* gradients run down to the extent that ATP synthesis ceases. An analogous
approach has been used to demonstrate Ap-driven secondary active transport (Chapter 8).

4.11 KINETIC COMPETENCE OF Ap IN THE PROTON CIRCUIT

4.11.1 Proton utilization

If Ap is the intermediate between electron transport and ATP synthesis, then the sudden
imposition of an artificial Ap of comparable magnitude to that normally produced by the
respiratory chain should lead to ATP synthesis with minimal delay and at an initial rate
comparable to that seen in the natural process. In other words, the proton circuit requires a
cause and effect relationship.

Tests of kinetic competence have been made for both the thylakoid and submitochondrial
particle systems as described above, except that the protonmotive force was imposed by
rapid mixing. The subsequent reaction period can be altered by varying the length of
tubing between the mixing and quenching points (where the reaction is terminated by con-
centrated acid). In this way ATP synthesis on the millisecond timescale can be followed.
In both preparations ATP synthesis was initiated with no significant lag and at initial rates
comparable to those seen for the normal energy transduction. Indeed, in the case of the sub-
mitochondrial particles, the onset of ATP synthesis was more rapid than following initia-
tion of respiration.

4.11.2 Proton movements driven by electron transport

While the experiments described above are clearly consistent with the kinetic competence
of Ap as the intermediate, an important complementary experiment would be to show that
the generation of Ap by electron transport preceded ATP synthesis. This requires a method
with a high time resolution for detection of Ap. The carotenoid band shift, an indicator
of membrane potential in thylakoid membranes and bacterial chromatophores (Chapter 4)
has an almost instant response to an imposed membrane potential, and responded within
microseconds to the initiation of light-driven electron transport initiated by a laser flash.
Furthermore, the subsequent decay of the membrane potential was accelerated by the
presence of ADP and P;. As the increased decay is due to the passage of protons through
the ATP synthase to make ATP, it follows that ATP synthesis occurs after the formation
of Ai.
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Figure 4.16 A proton circuit between a light-driven proton pump (bacterio-
rhodopsin) and ATP synthase from mitochondria.

The establishment of the proton circuit depends on the majority of the bacterio-
rhodopsin molecules adopting (for poorly understood reasons) the orientation
in which they pump protons inward. Similarly, the ATP synthase had to incor-
porate predominantly with the topology shown. Opposite orientations of both
bacteriorhodopsin and ATP synthase would in principle also have permitted an
H* circuit, in the opposite direction, to be established. In practice, this would
have meant that added ADP and P; (both membrane impermeant) would not have
been able to reach the active site of the ATP synthase.

4.12 LIGHT-DEPENDENT ATP SYNTHESIS BY BOVINE HEART
ATP SYNTHASE

An important qualitative demonstration of the proton circuit comes from an instructive
reconstitution experiment. The ATP synthase of mitochondria ought to be able to drive ATP
synthesis if it is incorporated in phospholipid vesicles, with the correct relative orientation,
along with another protein that generates protonmotive force of the correct polarity. A dra-
matic substantiation of this point was achieved when this experiment was performed using
the light-driven proton pump, bacteriorhodospin (Chapter 6), from a halophilic bacterium
(Fig. 4.16). An important point about this experiment is that the ATP synthase and the
bacteriorhodopsin originate from such disparate sources: it is inconceivable that the coup-
ling between them occurred through any other mechanism than the proton circuit shown in
Fig. 4.16.
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RESPIRATORY
CHAINS

5.1 INTRODUCTION

This chapter will describe our knowledge of the respiratory chains of mitochondria and
selected bacteria, along with a brief outline of some of the approaches that have been taken
to investigate these systems. The respiratory chain of mammalian mitochondria is an
assembly of more than 20 discrete carriers of electrons that are mainly grouped into several
multi-polypeptide complexes (Fig. 5.1). Three of these complexes (I, IIl and IV) act as
oxidation-reduction-driven proton pumps. There are now detailed crystal structures for
two of these complexes, and the sequences of all the constituent polypeptides are available.
This information has advanced functional understanding considerably, but many aspects
still remain to be understood at the molecular level. We shall illustrate methods for study-
ing electron transport by reference to mitochondria, although comparable approaches are
applied to bacteria and photosynthetic systems.

5.2 COMPONENTS OF THE MITOCHONDRIAL
RESPIRATORY CHAIN

Reviews  Barker and Ferguson 1999, Saraste 1999, Schultz and Chan 2001

The respiratory chain transfers electrons through a redox potential span of 1.1V, from the
NAD*/NADH couple to the 0,/2H,0 couple. Much of the respiratory chain is reversible
(Section 3.6.4) and, to catalyse both the forward and reverse reactions, it is necessary for the
redox components to operate under conditions where both the oxidized and reduced forms
exist at appreciable concentrations. In other words, the operating redox potential of a couple,
Ey, (Section 3.3.3), should not be far removed from the mid-point potential of the couple, E,,.
As will be shown later (Section 5.4.1), this constraint is generally obeyed, and this in tum
gives some rationale to the selection of redox carriers within the respiratory chain.

The initial transfer of electrons from the soluble dehydrogenases of the citric acid cycle
requires a cofactor that has mid-point potential in the region of —300mV, and is
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Figure 5.1 An overview of the redox carriers in the mitochondrial respiratory chain and their relation to the four respiratory
chain complexes.

A wavy arrow indicates a site of action of an inhibitor. Sulfite oxidase and cyt ¢ are in the intermembrane space which is topologically
equivalent to the bacterial periplasm which is where other c-type cytochromes and molybdenum proteins related to sulfite oxidase are found
(cf. Figs 5.23 and 5.25). Note that components are not all present at equal stoichiometry (see text).
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sufficiently mobile to shuttle between the matrix dehydrogenases and the membrane-bound
respiratory chain. This function is filled by the NAD*/NAD couple, which has an E,;
of —320mV.

While the majority of electrons are transferred to the respiratory chain in this way, a group
of enzymes catalyse dehydrogenations where the mid-point potential of the substrate couple
is close to 0mV, and are thus not thermodynamically capable of reducing NAD*. These,
succinate dehydrogenase, s,n-glycerophosphate dehydrogenase and the ‘electron-transferring
flavoprotein (ETF)-ubiquinone oxidoreductase’ (transferring electrons via ETF from the
flavin-linked oxidation step in the catabolism of fatty acids by B-oxidation), feed electrons
directly into the respiratory chain at a potential close to O0mV independently of the
NAD */NADH couple (Fig. 5.1). This direct transfer requires that these enzymes be membrane
bound. A third site of electron entry from sulfite oxidase (the vital final step of degradation
of sulfur-containing amino acids in liver, which occurs at a very low rate compared with
other inputs) is at cyt ¢, which is also where electrons can be donated artificially from chem-
icals such as tetramethyl-p-phenylene diamine (TMPD).

The redox carriers within the respiratory chain consist of: flavoproteins, which contain
tightly bound FAD or FMN as prosthetic groups (note, unlike NAD*/NADH these flavins
do not diffuse from one enzyme to another) and undergo a (2H* + 2e™) reduction;
cytochromes, with porphyrin prosthetic groups undergoing a le™ reduction; iron—sulphur
(non-haem iron) proteins, which possess prosthetic groups also reduced in a le™ step;
ubiquinone, which is a free, lipid-soluble cofactor reduced by (2H" + 2e7); and, finally,
protein-bound Cu, reducible from Cu?* to Cu™.

Cytochromes are classified according to the structure of their porphyrin prosthetic
group, which in a b-type cytochrome is just the same as in many other proteins, e.g. haemo-
globin. In a c-type cytochrome the haem is covalently attached to the polypeptide chain via
two cysteine groups. Curiously it is not really understood what advantage the c-type
cytochromes alone gain by undergoing a post-translational modification to generate the
covalent attachment. The haem in an a-type cytochrome has undergone a modification rela-
tive to that in a b-type so as to have (i) a 15-carbon atom farnesyl side chain instead of a
vinyl group at carbon atom 2, and (ii) replacement of the methyl group on carbon atom 8
by a formyl group. Again the rationale for these modifications is surprisingly unclear. In
bacterial respiratory chains, other types of haem groups are encountered, notably those
called d, d; and o. The former two involve quite significant modifcation to the standard
haem structure, but the o-type has proved to be half way between the b- and a-types,
possessing the farnesyl group but lacking the formyl group. The purposes of these other
modifications are still not understood.

5.2.1 Fractionation and reconstitution of mitochondrial respiratory
chain complexes

Although the mitochondrial electron transport chain contains approximately 20 discrete
electron carriers, they do not all function independently in the membrane. The only mobile
components are ubiquinone (also called coenzyme Q, UQ or simply Q), which is found in
mammalian mitochondria as UQ,, i.¢ with a side chain of ten 5-carbon isoprene units (see
Fig. 5.6), its reduced form ubiquinol (UQH,) and the water-soluble cytochrome c that is
located on the P-side of the membrane.
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Certain detergents, when employed at low concentrations, disrupt lipid—protein inter-
actions in membranes, leaving protein—protein associations intact. Using these, the mito-
chondrial respiratory chain can be fractionated into four complexes, termed complex I
(or NADH-UQ oxidoreductase), complex II (succinate dehydrogenase), complex I1I
(UQH,—cyt ¢ oxidoreductase, or bc; complex) and complex IV (cytochrome ¢ oxidase).
Complex V is another name for the ATP synthase (Chapter 7). It is a source of confusion
that the s,n-glycerophosphate dehydrogenase and ETF-ubiquinone oxidoreductases do not
have the ‘complex’ nomenclature, even though they are connected to the respiratory chain
in similar fashion to complexes I and II.

The electron-transfer activity of each complex is retained during this solubilization, and
when complexes I, III or IV are reconstituted into artificial bilayer membranes, their abil-
ity to translocate protons is restored. Fractionation and reconstitution of the complexes has
served a number of purposes:

(1) The complexity of the intact mitochondrion is reduced.

(2) Itis possible to establish the minimum number of components that are required for its
function.

(3) During the period in which the chemiosmotic theory was being tested, reconstitution
proved to be one of the most persuasive techniques for eliminating the necessity of a
direct chemical or structural link between the respiratory chain and the ATP synthase.

For example, it proved possible to ‘reconstitute’ ATP synthesis by combining complex IV
and the bovine heart mitochondrial ATP synthase in bilayer membranes. However, the
technical problems surrounding reconstitution are considerable. First, the complex must be
incorporated into a bilayer in a way that retains catalytic activity. Secondly, allowance has
to be made for the possibility of a random orientation of the reconstituted proton pumps
that would prevent the detection of net transport. Incorporation into vesicles is normally by
dissolving the proteins in a detergent together with phospholipid and then slowly removing
the detergent by dialysis. Alternatively, the proteins can be sonicated together with phos-
pholipid. An example of a reconstituted system was given in Section 4.12.

There are approximately 2 mol of complex I'V per mol of complex III, while complex I and
complex II are present at a substantially lower stoichiometry. However, there is a consider-
able molar excess of ubiquinone (Fig. 5.1), consistent with its role as a diffusing connector
in the respiratory chain. The isolated complexes readily reassemble, for example, complex I
and complex III reassemble spontaneously in the presence of phospholipid and UQ, to
reconstitute NADH—cyt ¢ oxidoreductase activity. Such reconstitution experiments pro-
vided an important approach to establishing the order of the components in the chain.

5.2.2 Methods of detection of redox centres
(a) Cytochromes

The cytochromes were the first components to be detected, thanks to their distinctive,
redox-sensitive, visible spectra. An individual cytochrome exhibits one major absorption
band in its oxidized form, while most cytochromes show three absorption bands when
reduced. Absolute spectra, however, are of limited use when studying cytochromes in intact
mitochondria or bacteria, owing to the high non-specific absorption and light scattering of
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the organelles. For this reason, cytochrome spectra are studied using a sensitive differen-
tial, or split-beam, spectroscopy in which light from a wavelength scan is divided between
two cuvettes containing incubations of mitochondria identical in all respects except that
an addition is made to one cuvette to create a differential reduction of the cytochromes
(Fig. 5.2). The output from the reference cuvette is then automatically subtracted from that
of the sample cuvette, to eliminate non-specific absorption. Figure 5.3 shows the reduced,
oxidized and reduced-minus-oxidized spectra for isolated cyt ¢, together with the complex
reduced-minus-oxidized difference spectra obtained with submitochondrial particles in
which the peaks of all the cytochromes are superimposed.

The individual cytochromes may most readily be resolved on the basis of their a-
absorption bands in the 550-610nm region. The sharpness of the spectral bands can be
enhanced by running spectra at liquid N, temperatures (77°K), owing to a decrease in line
broadening, resulting from molecular motion, and to an increased effective light path
through the sample, resulting from multiple internal reflections from the ice crystals (Fig. 5.3).

Room-temperature difference spectroscopy can only clearly distinguish single a-, b-
and c-type cytochromes. However, each is now known to comprise two spectrally distinct
components. The a-type cytochromes can be resolved into a and a3 in the presence of
CO, which combines specifically with a;. @ and a3 are chemically identical but are in
different environments. The b-cytochromes consist of two components with different £
values (high — by and low — by). These respond differently when a Ap is established across
the membrane (Section 3.6.2). It is now clear (Section 5.8) that the two components reflect
the presence on one polypeptide chain of two b-type haems; the different local environ-
ments provided by the polypeptide chain account for the differences in spectral and redox
properties. The two c¢-type cytochromes, cyt ¢ and cyt ¢y, can be resolved spectrally at low
temperatures. Cyt ¢; is an integral protein within complex III (Section 5.8), while cyt c is a
peripheral protein on the P-face of the membrane and links complex III with complex IV
(cytochrome ¢ oxidase).

(b) FelS centres

While their distinctive visible spectra aided the early identification and investigation of
the cytochromes, the other major class of electron carriers, the iron—sulfur (Fe/S) proteins
(Fig. 5.4) have ill-defined visible spectra but characteristic electron spin resonance spectra
(ESR or EPR) (see Fig. 5.5). The unpaired electron, which may be present in either the oxi-
dized or reduced form of different Fe/S proteins, produces the ESR signal. Each Fe/S group
that can be detected by ESR is termed a centre or cluster. A single polypeptide may contain
more than one centre. Currently, complexes I, II and III between them are thought to have
12 such centres (see below).

Fe/S proteins contain Fe atoms covalently bound to the apoprotein via cysteine sulfurs
and bound to other Fe atoms via acid labile sulfur bridges (Fig. 5.4). Fe/S centres may
contain two or four Fe atoms, even though each centre only acts as a le™ carrier. Fe/S pro-
teins are widely distributed among energy-transducing electron-transfer chains and can
have widely different E, ; values from as low as —530mV for chloroplast ferredoxin
(Section 6.4) to +360mV for a bacterial HiPIP (‘high-potential iron—sulfur protein’). This
emphasizes the general point that the redox potential of a particular type of centre can be
considerably ‘tuned’ by the environment provided by the protein.
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Figure 5.2 Spectroscopic techniques for the study of the respiratory chain.
(a) The split-beam spectrophotometer uses a single monochromator, the output from
which is directed alternately (by means of a chopper oscillating at about 300 Hz)
into reference and sample cuvettes. A single large photomultiplier is used and the
alternating signal is amplified and decoded so that the output from the amplifier
is proportional to the difference in absorption between the two cuvettes. If the
monochromator wavelength is scanned, a difference spectrum is obtained. The
split beam is therefore used to plot difference spectra that do not change with time.
(b) The dual-wavelength spectrophotometer uses two monochromators, one of
which is set at a wavelength optimal for the change in absorbance of the species
under study and one set for a nearby isosbestic wavelength at which no change is
expected. Light from the two wavelengths is sent alternately through a single cuvette.
The output plots the difference in absorbance at the two wavelengths as a function
of time, and is therefore used to follow the kinetics or steady-state changes in the
absorbance of a given spectral component, particularly with turbid suspensions.

(¢) To improve the time resolution of the dual-wavelength spectrophotometer,
a rapid-mixing device can be added. The syringes are driven at a constant speed
and the ‘age’ of the mixture will depend on the length of tubing between the mix-
ing chamber and the cuvette. When the flow is stopped, the transient will decay
and this can be followed.

Quinones and quinols

The 50-carbon hydrocarbon side chain of ubiquinone renders UQy highly hydrophobic
(Fig. 5.6). UQ undergoes an overall 2H" + 2e” reduction to form UQH, (ubiquinol),
although in general the reaction will take place in two one-electron steps (Fig. 5.6); the par-
tially reduced free radical form UQ"~ (ubisemiquinone) plays a defined role in both the photo-
synthetic reaction centre and the cytochrome bc; complex, where it is stabilized by binding
sites in the proteins, Ubiquinone reduction and ubiquinol oxidation will always occur at cata-
lytic sites provided by the membrane proteins for which they are substrates; the (de)proton-
ation and oxidation—reduction steps are believed to proceed as shown in Fig. 5.6b.

The radical form can be detected by its ESR spectrum or a characteristic absorption band
in the visible region, but ubiquinone and ubiquinol are more difficult to detect because, in
common with proteins, they absorb around 280 nm, although the absorbance of the oxi-
dized and reduced forms differ.

The simplest postulate for the role of UQ is as a mobile redox carrier linking complexes
I and 1 with complex 111, although the ‘Q-cycle’ of electron-transfer in complex III involves
a more integral role (Section 5.8). While UQ is the physiological mediator, its hydrophobic
nature makes it difficult to handle, and ubiquinones with shorter side chains, and conse-
quently greater water solubility, are usually employed in vitro. Some anaerobic bacterial
respiratory chains employ menaquinone in place of UQ (Sections 5.15.2 and 5.15.4), while
in the chloroplast the corresponding redox carrier (Chapter 6) is plastoquinone (Fig. 5.6).

5.3 THE SEQUENCE OF REDOX CARRIERS IN THE
RESPIRATORY CHAIN

The sequence of electron carriers in the mitochondrial respiratory chain (Fig. 5.1) was
largely established by the early 1960s as a result of the application of oxygen electrode
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Figure 5.3 Cytochrome spectra.

The absolute oxidized (a) and reduced (b) spectra were obtained with purified
cyt ¢ in a split-beam spectrophotometer with water in the reference cuvette.
The reduced minus oxidized spectrum (c) was obtained with reduced cyt ¢ in one
cuvette and oxidized cyt ¢ in the other. (d) shows the reduced (with dithionite)
minus oxidized (with ferricyanide) spectrum from beef heart SMPs. In (e) the
scan was repeated at 77°K, note the greater sharpness of the a-bands.

(Fig. 4.7) and spectroscopic techniques. This work was greatly facilitated by the ability
to feed in and extract electrons at a number of locations along the respiratory chain, cor-
responding to the junctions between the respiratory complexes. Thus NADH reduces
complex I, succinate reduces complex 1I, and tetramethyl-p-phenylenediamine reduces
cytochrome oxidase via cyt ¢. In this last case, ascorbate is usually added as the reductant
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Figure 5.4 Iron-sulfur centres.

(a) A centre with four Fe and four acid-labile sulfurs is shown. On treatment with
acid, these sulfurs (shaded) are liberated as H,S. Although there are four Fe
atoms, the entire centre undergoes only a le~ oxido-reduction. (b) The structure
of the 2Fe/S Rieske centre in complex III with two histidine ligands is shown;
other 2Fe/S structures will have four cysteine ligands to the Fe.

to regenerate TMPD from its oxidized form known as Wurster’s blue (WB). Ferricyanide
(hexacyanoferrate (III)) is a non-specific, but impermeant, electron acceptor and can be used
not only to dissect out regions of the respiratory chain but also to provide information on
the orientation of the components within the membrane. The reconstitution approach also
showed that the complexes could not interact randomly; for example, complex I could only
transfer electrons to complex 11l and the transfer depended on the presence of ubiquinone.

It should be emphasized that it is now clear that the electron carriers do not operate in a
simple linear sequence, but that electrons may divide between carriers in parallel (as hap-
pens with complex IIT) and that there have to be mechanisms for permitting a switch from
one to two electron steps.

The discovery of specific electron-transfer inhibitors enabled the relative positions of
sites of electron entry and inhibitor action to be determined (Figs 4.8 and 5.1). Armed with
this information, it was possible to proceed to a spectral analysis of the location of each
redox carrier relative to these sites.

An independent approach to the ordering of the redox components came with the devel-
opment of techniques for studying their kinetics of oxidation following the addition of
oxygen to an anaerobic suspension (Fig. 5.2). The sequence with which the components
become oxidized can reflect their proximity to the terminal oxidase and also whether they
are kinetically competent to function in the main pathway of electron transfer. The rapidity
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Figure 5.5 Electron spin resonance and the detection of Fe/S centres.
(a) Apparatus: a microwave source produces monochromatic radiation at about
10°Hz, 30 cm. Unpaired electrons in the sample absorb the radiation when a mag-
netic field is applied, the precise value of the field required for absorption depend-
ing on the molecular environment of the electron, according to the formula:

hv = gBH

where /% is Planck’s constant, v the frequency of the radiation, 8 a constant, the
Bohr magneton, H the applied magnetic field, and g the spectroscopic constant,
which is diagnostic of the species. The spectrum is obtained by keeping the micro-
wave frequency constant and varying the magnetic field, trace (b). In practice,
a differential spectrum, trace (c), is obtained by superimposing upon the steadily
increasing field a very rapid modulation of small amplitude obtained with auxil-
liary sweep coils. The change in microwave absorption across each of these
sweeps enables the differential to be obtained. Spectra of energy-transducing
membranes are complex, trace (d); g values are obtained from either the peaks,
the troughs or the points of inflexion of the trace. Samples must be frozen and
generally present at a high protein concentration (10-50 mg protein ml™").

of the oxidations observed under these conditions requires the use of stopped-flow
techniques (Fig. 5.2).

The carriers in the respiratory chain must be ordered in such a way that their operating
redox potentials, £, (Chapter 3) form a sequence from NADH to O,. £, is determined from
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Figure 5.6 Quinones and quinols.

(a) Structures of the common quinone and quinols found in energy-transducing
membranes. The length of the side chain can vary, for example, in ubiquinone
n = 10 in mammals but n = 6 in yeast. (b) The two steps of quinol oxidation—
quinone reduction. Note that E® for the Q*7/Q couple (step 1) is usually approx-
imately at least 100 mV more negative than E°” for the QH,/Q"™ couple (step 2),
i.e. Q" is a stronger reductant than QH,.

the mid-point potential, £, and the extent of reduction (equation 3.21). Although the
extent of reduction of a component in the respiratory chain can be measured spectroscopic-
ally, indirect methods are needed to measure the mid-point potential in situ. It should be
noted that the mid-point potential of a component in the respiratory chain can be different
from that of the purified solubilized component.

5.4 THE MECHANISM OF ELECTRON TRANSFER

Review and further reading DeVault and Chance 1966, Page et al. 1999

A fundamental process in bioenergetics is the transfer of electrons from one centre within
a protein to another. We know from many protein structures that these centres are rarely
directly adjacent to each other; frequently they are separated by protein. In this context,
protein means any aspect of a polypeptide chain (e.g. peptide bonds or side chains) or water
that lies between the two redox centres. In such circumstances the electron-transfer process
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cannot be similar to that which occurs when two inorganic ions encounter each other in
aqueous solution, the so-called inner sphere mechanism. As we shall see later in this chap-
ter and in Chapter 6, protein crystal structures have shown that electrons are transferred
over distances of up to 14 A. Simple intuition might suggest that the intervening protein
structure would be organized so as to provide a pathway for the clectron transfer. However,
it is generally accepted that this is not the case and that the electron passes from one centre
to another by a process known as funnelling; the latter is a prediction of quantum mechan-
ics. More specifically, the wavefunction for an electron held in an energy well on a donor
shows that there is a finite, if very low, probability that the electron will be found at a poten-
tial acceptor. In effect, the electron can tunnel through a barrier.

A diagnosis of tunnelling is an insensitivity of electron transfer rate to temperature, even
down to liquid helium temperatures. Such behaviour has been observed in proteins.
Development of the theory of electron transfer within and between proteins indicates that
proteins present a rather uniform barrier through which the electron tunnels, and that three
factors influence the rate.

(a) The distance between electron donor centre and the acceptor (which is relatively easy
to define if the transfer is between two ions, e.g. copper, but difficult to define if, say,
the donor and acceptors are both haems, but generally taken to be haem edge to edge
and not iron to iron). This is often the most important factor.

(b) The size of the free energy (or redox potential) difference between the donor and the
acceptor.

(¢) The response of the donor and acceptor, plus their environments, to the increased posi-
tive charge on the donor and the increased negative charge on the acceptor that follow
the transfer of the electron. The latter term is the reorganization energy. It is important
to note that this does not include what might be termed chemical events such as a con-
comitant transfer of a proton or dissociation of a ligand from one or both of the centres
between which electrons are exchanged. Such events can limit, or ‘gate’, the rate of an
electron transfer process.

For most individual steps of biological electron transfer, the driving force is between
0 and 100mV, and the rearrangement energy varies between proteins by only a factor of
two or three. It is in this context that distance between centres correlates closely with rate;
edge to edge distances of 3, 10 and 14 A are predicted to allow rates of approximately 10'°,
107 and 10%*s™! with a driving force of 100mV. This last figure is significant because
enzymes, to which electron transport chains act as donors or acceptors, tend to turn over on
at least the millisecond timescale. Separations between redox groups of more than 14 A are
predicted to give electron transfer rates that are too slow for normal biological functions,
for example, at 25 A the rate would be approximately on the timescale of hours.

It is striking that, for all the known protein structures with more than one redox group,
the edge to edge distance between centres that exchange electrons is always below 14 A in
the structural state where transfer occurs; change of distance linked to conformational
change can be a means of controlling electron transfer as exemplified by the cytochrome
bc; complex (Section 5.8.6). Thus specificity and directionality in electron transfer is
achieved as a consequence of the spatial relationships of the participating groups; transfer
of an electron from a donor to the ‘wrong’ acceptor will occur so slowly as to be
insignificant.
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Although distance is the usual dominant term in determining biological electron transfer
rates, the free energy difference between a donor and an acceptor can be a significant
factor. In particular, the theory of electron transfer predicts a counterintuitive, but subse-
quently experimentally verified, decrease in electron transfer rate as the driving force
reaches very high values. This phenomenon contributes to the effectiveness of photo-
synthesis (Chapter 6).

A puzzling feature of many proteins involved in biological electron transfer is that they
often have at least one cofactor for which the redox potential is dissimilar to the others. For
example, suppose that a protein system contains five redox centres, B, C, D, E and F, with
standard potentials of —50mV, 300mV, +50mV, +350mV and +500mV, respectively,
and accepts electrons from protein A (+280mV). It would be reasonable to assume that
the direction of electron flow through the protein would be from A to F, but the redox
potentials of B and D suggest that they might not be involved in the overall electron trans-
fer process and might have some other role in the protein (Fig. 5.7).

Several structures are available for proteins containing redox centres that are at first
sight unsuitable, on grounds of redox potential, for a role in electron transfer. It is clear that
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Figure 5.7 Electron transfer over large distances in proteins is catalysed
by chains of redox centres with both uphill (endergonic, A to B and C to D)
and downhill (exergonic) steps.

This energy diagram corresponds to part of the reaction centre of
Rhodopseudomonas viridis (see Chapter 6). A is cytochrome ¢;, B, C, D and E
are, respectively, haems 4 to 1 of the cytochrome subunit, while F is the special
pair of bacteriochlorophyll molecules (Bchl),. The cation form of the latter
accepts electrons from haem 1 and haem 4 accepts electrons, in an intermolecu-
lar step, from the cytochrome c,. Note the good agreement between measured
rates and those calculated according to current electron transfer theory (see text).
If electron transfer did not involve B and D, then calculations show that each of
the two (A to F and C to E) rates shown would slow to a few per hour. (Adapted
from Page et al. (1999), where further details of the calculation procedures can
be found.)
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these centres often lie spatially on the path of electron transfer. In the example considered
here, B would be between A and C. If B were to be absent, the distance between A and C
would be so large as to render the rate of electron transfer inadequate. Thus B is deduced
to lie on the electron transfer pathway. Thermal energy is sufficient for the electron to reach
B from A, while the overall movement of an electron from A to C is thermodynamically
favourable and thus provides the driving force. (The thermodynamically uphill reaction
from A to B means, of course, that, in the steady state, only a very small fraction of B
can be in the reduced state.) Similar arguments apply to the role of D in electron transfer
from C to E.

Electron transfer from C to E via D will not be as fast as it would be if the redox poten-
tial of D were to be, say, 325 mV, but such more positive redox potential is not necessary
as the overall rate of electron transfer will still be fast enough to more than match the rates
of chemical steps (i.e. catalysis) at the beginning or end of any chain of electron transfer
reactions. Nevertheless, it is still puzzling why these redox centres with potentials very
different from their neighbours should occur. There may be two reasons. First, the uphill
reactions A to B and C to D could be a locus of control, although there is no documentation
of such an effect. Second, many electron transfer proteins are evolutionarily related to one
another and it may be that the recruitment of a particular redox centre for a new reaction
has not exerted any pressure for change in its redox potential. An example is an Fe/S centre
that is found in both a nitrate reductase and a formate dehydrogenase in bacteria. Its redox
potential is much more negative than either the donor protein or the active site cofactor of
the nitrate reductase, but it is much better tuned to its role as the electron acceptor from the
active site of formate dehydrogenase.

Electron transfer occurs not only within a protein, or proteins that form a permanently
associated complex, but also between proteins that interact transiently, for example, trans-
fer from A to B in Fig. 5.7. The requirement here is that a transiently formed complex
places the redox groups of the donor and acceptor proteins at an edge to edge distance no
more than 14 A. This means that the redox groups of the two proteins cannot be deeply
buried. The much studied mitochondrial cytochrome ¢ (Plate A) illustrates this point. The
asymmetrically positioned haem group has one edge within 5 A of one surface of the pro-
tein at which a group of lysines (especially residues 13, 86 and 87) are found. These have
been implicated in the interaction of cytochrome ¢ with its partners on the basis that:

o their chemical modification inhibits electron transfer, both from the donor, the
cytochrome hc; complex, and to the acceptor, cytochrome aas; and

e complexation of cytochrome ¢ with either cytochrome bc; or cytochrome aa; protects
against the chemical modification of the patch of lysines.

The haem of cytochrome ¢; (Section 5.8) and the Cuy, centre of cytochrome oxidase are
each close to a surface of their respective polypeptides, which both have sites with com-
plementary charges suitable for docking with the lysine patch on cytochrome c. Involve-
ment of the same region of the cytochrome ¢ surface for interaction with both its electron
donor and acceptor partners indicates a single route for electron transfer into and out
of the haem of cytochrome ¢, with the rest of the surface of the 30 A diameter cytochrome
¢ molecule insulated from adventitious electron transfer to or from the haem. The single
route involves electron tunnelling through the relatively uniform protein dielectric and does
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not require specifically positioned amino acid side chains; the idea that the aromatic
side chain of highly conserved phenyalanine residue at position 82 plays a key role in elec-
tron transfer as an aromatic conductor was disproved by the demonstration that its replace-
ment by alanine had no effect on the rate of biological electron transfer by cytochrome c.

Clearly, if a single patch on the surface of the cytochrome is responsible for the
protein—protein interaction with the redox partner, it follows that after reduction by the bc,
complex, the cytochrome ¢ must dissociate before forming a productive complex in which
to pass the electron to cytochrome ¢ oxidase. This is in accord with the current view of the
electron transport system in which the cytochrome bc; and oxidase complexes are thought
to diffuse relatively slowly in the plane of the membrane whilst the peripheral protein,
cytochrome ¢, undergoes more rapid lateral diffusion along the surface.

Finally, we note that, although the general rule is that proteins present a fairly uniform
dielectric through which electrons tunnel from one site to the next, there are rare instances
(Section 5.12 and Chapter 6) where the side chain of an amino acid participates as an
oxidation—reduction centre. This requires the involvement of a very electropositive redox
centre to be the acceptor of an electron from the amino acid because side chains are thermo-
dynamically difficult to oxidize. But these are the exceptions, and in general the idea of a
‘best pathway’ for electrons through particular bonds or amino acids that happen to lie
between redox centres is incorrect; even bound water molecules within proteins can support
electron tunnelling.

5.4 1 Redox potentiometry

The technique of redox potentiometry (Fig. 5.8) combines dual-wavelength spectroscopy
with redox potential determinations. As with redox potentiometry of most biological
couples, it is necessary to add a low concentration of an intermediate redox couple in order
to speed the process of equilibrium between the Pt electrode and the redox centres. As a
secondary mediator will only function effectively in the region of its mid-point potential
(so that there are appreciable concentrations of both its oxidized and reduced forms), a set
of mediators is required to cover the whole span of the respiratory chain, with mid-point
potentials spaced at intervals of about 100 mV. Mediators are usually employed at concen-
trations of 10 to 10~ *m. Many mediators are autoxidizable, and the incubation has to be
maintained anaerobic, both for this reason and to prevent a net flux through the respiratory
chain from upsetting the equilibrium.

A second requirement for membrane-bound systems is that the mediators must be able
to permeate the membrane in order to equilibrate with all the components. This introduces
a considerable complication if the mitochondria are studied in the presence of a Ay, as Ay
(or indeed ApH) may affect the distribution of the oxidized and reduced forms of the medi-
ators across the membrane, and the oxidized-reduced ratio of the mediator at the site of the
component will differ from that at the platinum electrode. Furthermore, redistribution of
electrons across the membrane will occur upon induction of a membrane potential; this
effect can be informative but leads to complications in the analysis. The simplest redox
potentiometry is therefore performed with mitochondria or submitochondrial particles at
zero Ap; it is also necessary to use anaerobic conditions so as to prevent steady-state trans-
fer of electrons from the mediators to oxygen.
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Figure 5.8 Redox potentiometry of respiratory chain components.

(a) Apparatus for the simultaneous determination of redox potential and
absorbance. (b) Difference spectra obtained with a suspension of succinate-
cytochrome ¢ reductase (i.e. complexes II + III). The complex, held in solution
by a low concentration of detergent, was added to an anaerobic incubation con-
taining redox mediators. The ambient redox potential was varied by the addition
of ferricyanide. (i) Reference scan (baseline) at +280mV (all cytochromes
oxidized), second scan at +145mV (cyt ¢; now reduced). (ii) Baseline at
+145mV (cyt ¢, reduced), second scan at —10mV (cyt b, additionally
reduced). (ii1) Baseline at —10mV (c; and b; reduced), second scan at — 100 mV
(by additionally reduced).

The practical determination of the E,, of a respiratory chain component (Fig. 5.8)
involves incubating mitochondria anaerobically in the presence of the secondary media-
tors. The state of reduction of the relevant component is monitored by dual-wavelength
spectrophotometry (Fig. 5.2), while the ambient redox potential is monitored by a Pt or Au
electrode. The electrode allows the secondary mediators and the respiratory chain compon-
ents all to equilibrate to the same £. This potential can then be made more electronegative
(by the addition of ascorbate, NADH, or dithionite) or more electropositive by the addition
of ferricyanide. Ey, and the degree of reduction of the component, by spectrophotometry,
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are monitored simultaneously. In this way a redox titration for the component can be
established.

Considerable information can be gathered from such a titration. Besides £y, itself, the
slope of logg[ox]/[red] establishes whether the component is a le™ carrier (60 mV per
decade) or a 2e™ carrier (30 mV per decade), Table 3.2. By repeating the titration at differ-
ent pH values, it can be seen whether the mid-point potential is pH dependent, implying
that the component is a (H* + e7) carrier. Finally, the technique frequently allows the reso-
lution of a single spectral peak into two or more components based on differences in £,,. In
this case the basic Nernst plot (Fig. 3.3) is distorted, being the sum of two plots with dif-
fering £, values, which can then be resolved. One of the most interesting findings with this
technique was that cyt b in complex III can be resolved into two components (Section 5.8).
Redox potentiometry can also be employed for Fe/S proteins, in which case the redox state
of the components is monitored by ESR.

542 E; values for respiratory chain components fall into isopotential
groups separated by regions where redox potential is coupled to
proton translocation

The mid-point potentials of some of the identifiable components of the respiratory chain
are depicted in Fig. 5.9. Once the E,, values have been established for non-respiring mito-
chondria, an £, for a component can be assigned to any component in respiring mitochon-
dria simply by determining the degree of reduction. The results for mitochondria respiring
in state 4 arc shown. The oxido-reduction components fall into four equipotential groups,
the gaps between which correspond to the regions where proton transtocation occurs. The
drop in E, of the electrons across these gaps is conserved in Ap.

55 PROTON TRANSLOCATION BY THE RESPIRATORY CHAIN:
‘LOOPS’, ‘CONFORMATIONAL PUMPS’ OR BOTH?

The original formulation of the chemiosmotic mechanism envisaged that electron transport
chains would achieve the net translocation of protons by providing a series of alternate
hydrogen and electron carriers. Charge movement across the membrane would be achieved
by migration of electrons rather than protons; this was called a loop mechanism. It has the
implication of a one to one stoichiometry between electron movement and net proton
translocation (Fig. 5.10). It turns out that electron movement across the membrane is an
important feature of many proton translocation mechanisms and that a loop mechanism
does operate in several bacterial electron transport reactions (Section 5.13).

In the mitochondrial electron transport system, elements of the loop mechanism are
used, as we shall see later in this chapter. However, it is also now clear that direct proton
pumping across a membrane can be driven by some electron transfer proteins. What this
means is that the oxidation—reduction reaction at one or more centres in the protein is
linked with conformational changes that result in net proton translocation across the mem-
brane. This type of mechanism places no limits on the stoichiometry of proton translocation,
although there is, of course, the thermodynamic constraint imposed by the relationship
between the available driving force and the size of Ap (Section 3.6).
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Figure 5.9 E,, values for components of the mitochondrial respiratory
chain and E;, values for mitochondria respiring in state 4.

Values are consensus values for mammalian mitochondria. (—) £, ; values
obtained with de-energized mitochondria; (=) £, 7 values for mitochondria in
state 4.

Understanding the mechanisms underlying proton-pumping is not trivial because one
must identify the steps which ensure that a proton in transit across the membrane, through
the protein, cannot retrace its steps to the side of the membrane from which it originated.
This type of mechanism clearly contributes to protonmotive force generation in complex 1V
{Section 5.9), but the mechanistic understanding is most advanced for the protein bacterio-
rhodospin (Chapter 6).

It was sometimes postulated that the ‘loop’ hypothesis requires that the loops should
span the membrane and that the appropriate redox centres should be located at the two
sides (P and N) of the membrane. However, all that is required for a functional loop is that
there should be a means for taking up and releasing the protons at the two sides. Thus
specific pathways through a protein from a site of oxidation or reduction to a surface can
contribute to the operation of a loop mechanism; such pathways clearly occur, for example,
in complex IV (Section 5.9).

In a purely conformational pump model a redox carrier anchored within a flexible pro-
tein is proposed to undergo redox-induced changes in pK,, the directionality of proton
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Figure 5.10 Net proton translocation by (a) a redox loop and (b) a proton
pump.

In (a) most of the charge transfer across the membrane will be achieved by the
inward movement of electrons to reduce D, but there will be some contribution
from the outward movement of H*, depending upon the depth in the membrane
of the site of CH, oxidation. In (b) all the charge translocation will be achieved
by the pumping of protons of H*. Note that overall the energetics of (a) and (b)
are identical and that some electron transport proteins systems function like (a)
(see e.g. Figs 5.23, 5.24 and 5.26), whilst others have elements of both (a) and
(b) (see Figs 5.14 and 5.16). ‘Pure pumping of protons is not well documented
for electron transport but bacteriorhodopsin (Chapter 6) and the ATP synthase
(Chapter 7) correspond to this model.

transport being assured by co-ordinate conformational changes which make the redox site
alternately accessible from either side of the membrane (Fig. 5.11). A conformational
redox pump must co-ordinate a redox change, a conformational change, and a protonation
change. The reversibly protonated site in this model need not necessarily be limited to a
conventional redox centre — it is equally possible that a redox-induced conformational
change alters the pK, of an amino acid side chain. The closest approach to understanding
such a scheme in molecular detail comes from bacteriorhodopsin (Chapter 6).

.4 COMPLEX | (NADH-UQ OXIDOREDUCTASE)

Reviews and further reading  Yagi ef al. 1998, Albracht and Hedderich 2000, Friedrich
and Scheide 2000, Sazanov and Walker 2000

There are two reasons why NADH-UQ oxidoreductase (complex 1) is the least well under-
stood component of the mammalian mitochondrial electron transport chain. First, it is very
large (about the same size, molecular weight 750 kDa, as the large subunit of a ribosome)
and it has as many as 43 polypeptides. Second, the redox centres, apart from the flavin
FMN, are iron—sulphur centres, which cannot be studied by optical spectroscopy, but
instead require the more difficult technique of low temperature ESR (Section 5.4.1) for
characterization and assessment of their redox state. What is certain about complex I is that
it catalyses the transfer of two electrons from NADH to ubiquinone in a reaction that
is associated with proton translocation across the membrane, and that it is inhibited by
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Figure 5.11 A model for a redox-driven proton pump.

A hypothetical model is shown for a redox pump with a stoichiometry of
IH*/e”. Reduction causes the proton binding site to adopt a high-affinity state,
sufficient to bind a proton from the N-phase. A spontaneous conformation change
now makes the binding site accessible to the P-phase (note: the protein itself does
not rotate in the membrane). Loss of the electron causes the protein to adopt a
low-affinity state, such that the protein releases the proton into the acidic environ-
ment of the P-phase. The cycle is completed by the binding site reorientating
itself towards the N-phase.

rotenone and piericidin A. Current evidence suggests that the proton translocation stoi-
chiometry is 4H*/2e ™.

Acquisition of amino acid sequences, from the gene sequences in most cases, has advanced
our knowledge of this enzyme significantly. In particular, the finding that many bacteria have
a close counterpart to complex I has been a great help, because in these organisms the enzyme
appears to have ‘only’ 14 subunits (13 in £. coli where two proteins are fused as one). For rea-
sons that are not understood, all the mitochondrial complexes I-1V have more subunits than
their counterparts in bacterial respiratory chains. Unfortunately, purification of intact bacter-
ial forms of complex I has proved more difficult than for the mitochondrial enzyme, and thus
our knowledge of this enzyme is pieced together using sequence information from several
sources and biochemical information from the mitochondrial enzyme.

An added complication is that three different nomenclature systems are in use for the
enzyme; here we name the 14 subunits of the bacterial enzyme as NuoA to NuoN, where
Nuo stands for NADH-ubiquinone oxidoreductase and A to N is the order of the genes
within an operon (but see legend to Fig. 5.12 for details of other nomenclatures). Although
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the experimental evidence is not completely definitive, it is generally accepted that only
one copy of any subunit is present in the bacterial or mitochondrial enzymes. Analysis of
the sequences of the Nuo proteins suggests that there are sufficient clusters of cysteine
residues to provide eight Fe/S centres in complex 1. It is possible to assign these on
sequence considerations as 2Fe/2S or 4Fe/4S clusters as shown in Fig. 5.12. It is more
difficult to assign these clusters to the ESR spectra obtained for the Fe/S centres of the
enzyme, not least because only five signals can in general be clearly resolved. These sig-
nals are termed Nla, N1b, N2, N3 and N4. With the exception of N2, it has been possible
to assign redox potentials in the range —300 to —230mV. Probably, therefore, these signals
correspond to Fe/S centres that act in early steps of electron transfer from the reduced FMN
(Fig. 5.12). The N2 signal has an £, ; in the range —20 to — 160 mV (the exact value depend-
ing on the source of the complex), suggesting that it corresponds to the last centre that elec-
trons pass through before transfer to ubiquinone.

Complex I is shown by electron microscopic studies to have an L-shape. Figure 5.12
shows approximately how the 14 subunits of the bacterial NADH dehydrogenase are
thought to be arranged. This should be regarded tentatively as there is evidence that this
shape is ionic strength dependent. The allocation of the subunits to the peripheral or mem-
brane bilayer part of the enzyme is based both on sequence analysis (¢.g. whether these
subunits have predicted transmembrane a-helices) and identification of their counterparts
in water-soluble or water-insoluble subcomplexes of the mitochondrial enzyme. There is
some experimental evidence to suggest that NuoB and Nuol are located in a connecting
region between the peripheral and membrane parts of the enzyme (Fig. 5.12). In the case of
the mitochondrial enzyme, the additional 27 subunits are thought to be distributed between
the peripheral sector (~16) and the membrane sector (~11). A curious feature of complex |
is that the mitochondrial enzyme might possess extra functions, in the biogenesis of the
protein, as an acyl carrier protein or as a hydroxysteroid reductase—isomerase.

The NuoE and NuoF counterparts in the mitochondrial enzyme are dissociable from
the rest of the enzyme in vitro and catalyse the oxidation of NADH by ferricyanide. These
two subunits, often called the flavoprotein fraction (FP, Fig. 5.12) contain Fe/S centres
and the FMN molecule at the NADH active site. Further insight into these two subunits,
together with NuoG, came when it was noted that regions of these proteins have consider-
able similarity to sequences within two subunits, a and v, of a water-soluble H,-NAD™
oxidoreductase found in the bacterium Ralstonia eutropha. The a- and y-subunits in this
type of enzyme have FMN, Fe/S centres (two 4Fe/S and 2Fe/2S clusters) and possess
NADH-ferricyanide-oxidoreductase activity, in common with the NuoE/NuoF segment of
complex 1. The R. eutropha «-subunit has considerable sequence similarity to sizeable
stretches of both NuoE and NuoF, whilst its y-subunit resembles NuoG (Fig. 5.12). These
comparisons, and other features, strongly suggest that the NuoF subunit contains the site at
which electrons are transferred to FMN from NADH.

NuoF and the a-chain of the R. eutropha enzyme contain a Cys-X-X-Cys-X-X-Cys
motif diagnostic of a 4Fe/4S centre, almost certainly corresponding to signal N-3. The
homologous regions of the y-subunit of the R. eutropha enzyme and the NuoG protein con-
tain cysteine ligands for a 2Fe/2S and two 4Fe/4S centres. Finally, homologous regions
of the NuoE from several sources, including the bacterium Paracoccus denitrificans and
the a-subunit of R. eutropha contain Cys residues, which contribute to binding a 2Fe/2S
centre. The relationship between this type of soluble hydrogenase and subunits of complex I
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Figure 5.12 An outline structure for the mitochondrial (and bacterial)
proton-translocating NADH-ubiquinone oxidereductase (complex I).

The 14 subunits are named according to one nomenclature system (Nuo) used
for the bacterial enzyme. Another bacterial system names the proteins as Nqo
(NADH guinone oxidoreductase), whilst the mitochondrial enzyme is named
with respect to the approximate molecular weights of the proteins and whether
they are assigned to the flavoprotein fraction (FP), the so-called iron protein frac-
tion (IP), stretches of characteristic amino acid sequence, or whether they are
coded for on the mitochondrial genome (ND series); the latter are all predicted
to be very hydrophobic proteins (and constitute what is sometimes called the
hydrophobic fraction (HP) of the mitochondrial enzyme) that do not contain any
known redox active groups. The equivalences are:

Bacteria Mitochondria

NuoA Nqo7 ND3
NuoB Nqo6 PSST
NuoC Nqo5 IP30K
NuoD Nqo4 IP49K
NuoE Ngo2 FP24K
NuoF Ngol FP5SIK
NuoG Nqgo3 IP75K
NuoH Nqo8 NDI
Nuol Nqo9 TYKY
Nuol Ngol0 ND6
NuoK Nqoll ND4L
NuoL Nqol2 NDS
NuoM Ngol3 ND4

NuoN Nqol4 ND2
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has established the roles of the NuoF, E and G subunits, and their redox centres, in the early
steps of the NADH-ubiquinone oxidoreductase reaction.

Further sequence comparisons suggest that Nuo A-D and H-N, are related to polypep-
tides of a different, membrane-bound, proton-pumping type of hydrogenase (see legend to
Fig. 5.12). Sequence analyses are consistent with the proposal that the other three Fe/S
centres are located at the ‘connector’ interface between the peripheral and the integral parts
of the enzyme (Fig. 5.12). Surprisingly, no Fe/S centre appears to be within the bilayer. The
Fe/S centre that was formerly assigned this role corresponds to signal N2, which has the
highest redox potential and thus was assumed to be the component from which electrons
are delivered to ubiquinone. This still could be the case, but with N2 provisionally assigned
to NuoB, the transfer to UQ is likely to occur close to the connector region. There is also
evidence that inhibitors such as rotenone bind to NuoB at an interface with NuoD, while
other sequence comparison evidence also points to these two subunits being adjacent
(Fig. 5.12). As we shall see subsequently (Sections 5.7, 5.12 and 5.13), a protein does not
need extensive transmembrane helices in order to interact with ubiquinone.

What is even more puzzling is how proton translocation is achieved. There is speculation
that the two 4Fe/4S clusters on Nuol, which are believed to be undetectable by ESR owing
to spin coupling, play a key role. Many investigators suspect that the hydrophobic phase of
the protein possesses additional uncharacterized redox groups. It seems certain that the
hydrophobic domain, predicted to contain 54 transmembrane a-helices shared amongst the
seven bacterial subunits (Fig. 5.12), must do something more than provide a conduit to
deliver ubiquinol to the core of the membrane bilayer.

5.7 DELIVERING ELECTRONS TO UBIQUINONE WITHOUT
PROTON TRANSLOCATION

In addition to complex I, at least three other enzymes feed electrons to UQ,, (Fig. 5.1).
Succinate dehydrogenase or complex II transfers electrons from succinate as part of the

The 8 Fe/S clusters implicated as occurring in the enzyme are thought to be dis-
tributed as shown. As discussed in the text, it is not clear that distinct ESR signals
have been characterized for all eight. One centre, N2, is distinguished from the
rest because it has a significantly higher redox potential. This suggests that it acts
as the last in a series of Fe/S centres and its assignment to NuoB is favoured. The
location of Nla, N1ib and N3 is not clear. At the time of writing it is suggested
that the enzyme may contain a second molecule of FMN bound to the NuoB
subunit. The enzyme is now regarded as being up from modules that are also
found in other enzymes; NuoE, NuoF and NuoG are related to the soluble hydro-
genase from R. eutropha; NuoBCDHIL to subunits in a membrane-bound, and in
the case of NuoB and D also soluble, NiFe hydrogenases (see Friedrich and
Scheide 2000; Albracht and Hedderich 2000). The narrow stalk between, and
relative positions of, NuoL and NuoM is based on cryoelectron crystallography
of complex I (Sazanov and Walker 2000). Roles for NuoH in ubiquinone binding
and for Nuo LMN in proton translocation are based on sequence arguments.
Note that it is possible that this structure is ionic strength dependent. At low ionic
strengths the NuoEFG domain appears to bridge between the BCDI domain and
AJKMN domains, giving a horseshoe shape.
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TCA cycle. This is the only membrane-bound member of the cycle and its succinate-binding
site faces the mitochondrial matrix. The second enzyme, also located on the matrix face of
the membrane, is the ETF-ubiquinone oxidoreductase, while the third (not found in all
types of mitochondria) is s,n-glycerophosphate dehydrogenase, which binds its glycero-
phosphate substrate at the outer surface of the membrane. All three are flavoproteins trans-
ferring electrons from substrate couples with mid-point potentials close to 0 mV. As would
be expected on thermodynamic grounds, none is proton translocating. The feeding into the
respiratory chain of electrons derived from the flavin-linked step in fatty acid oxidation
is often overlooked but is functionally very significant in many mammalian cells.

571 Complex ll (succinate dehydrogenase)

Reviews and further reading  Tverson et al. 1999, 2000, Lancaster et al. 1999, Ohnishi
et al. 2000

As yet there is no structure available for succinate dehydrogenase (SDH), but it can be
modelled with confidence from the recently determined structures of two bacterial
fumarate reductases (Section 5.15), which catalyse the reverse reaction. Figure 5.13 shows
that four polypeptides play a functional role in SDH. That furthest from the membrane
bilayer contains the covalently bound FAD from which electrons pass sequentially into
the membrane sector of the enzyme via three Fe/S centres located in the second peripheral
subunit. The two integral membrane polypeptides contain one haem group sandwiched in
between transmembrane helices. It is not understood exactly how the quinone is reduced,
but the haem may transfer electrons to it from the 3Fe/4S centre. The quinone binding site
must also receive protons from the N-(matrix) phase, balancing those released to the matrix
upon oxidation of FADH, (Fig. 5.13). Thus the reduction of UQ by succinate is not associ-
ated with any charge movement across the membrane. The redox potential of the 4Fe/4S
centre is much lower than those of the adjacent centres. As explained in Section 5.4, this is
not a reason for excluding its role in the linear chain of centres (Fig. 5.13).

Complex 1I could be redesigned as a Ap consumer by taking the protons for quinone
reduction from the P-phase. Although this would make no sense in mitochondria, in Bacillus
subtilis a transfer of electrons occurs from succinate to menaquinone, which has a mid-point
potential 114mV more negative than ubiquinone. This is thermodynamically uphill and,
to overcome the energetic barrier, this organism has a succinate dehydrogenase with two
haems, one at each side of the membrane, and the quinone reduction site at the P-side. This
succinate dehydrogenase consumes Ap as an electron has to move to the P-side from the
catalytic centre at the N-side (Fig. 5.13b). It is clear that evolution has found a way to mod-
ify the bioenergetics of the succinate dehydrogenase reaction by switching between a
one- and a two-haem succinate dehydrogenase.

572 Electron-transferring flavoprotein—ubiquinone oxidoreductase

The water-soluble ETF is located in the mitochondrial matrix, contains one molecule
of FAD and accepts electrons from several dehydrogenases containing flavin. The latter
include enzymes that catalyse one type of step in fatty acid oxidation or various steps in
amino acid and choline catabolism. The resulting FADH, of ETF is oxidized by the
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Figure 5.13 Schematic models for the structural organizations of mito-
chondrial (a) and B. subtilis (b) succinate dehydrogenases based on the
crystal structures of the closely related fumarate reductases of E. coli and
W. succinogenes.

The enzymes have four subunits, with that furthest from the membrane having a
covalently bound FAD at the active site. A second peripheral subunit contains
three Fe/S centres arranged approximately as shown and thus providing a route
for electrons into the membrane phase, which comprises two polypeptides, each
of which contributes three a-helices to the overall structure. For the mitochondr-
ial enzyme (a) the site of ubiquinone reduction is believed to be on the N-side of
the membrane, possibly close to the haem group which is positioned on the basis
of the location of one of the two haem groups in the W. succinogenes fumarate
reductase. The haem is shown diagramatically as sandwiched between helices of
the two membrane subunits, each of which has three helices. The Fe/S centres
are sometimes called S-1 [2Fe/2S], S-2 [4Fe/4S] and S-3 [3Fe/4S] with respect-
ive £ values of 0mV, —260 mV and 60mV; the haem has E° = —185mV.
Although the redox potentials do not become increasingly positive as electrons
move from succinate to ubiquinone, the positions of the redox groups and the
arguments in Section 5.4 and Fig. 5.7 implicate them all on the pathway for elec-
tron flow through the enzyme. For the B. subtilis enzyme (b) the site of
menaquinone reduction is believed to be at the P side of the membrane from
where protons are taken and two haem groups are present, presumed to be in sim-
ilar positions as the haems in the W. succinogenes enzyme. The two haems have
E°' values of —95mV, and 65 mV, being respectively located towards the P and
N sides of the membrane, overcoming the 160 mV difference between the haems.
Thus the membrane potential will act as a driving force for the movement of
electrons from the Fe/S centres to the site of menaquinone reduction at the P side.

ETF-ubiquinone oxidoreductase, which contains an FAD, an Fe/S centre and a ubiquinone
binding site. It is not certain whether the FAD or the Fe/S centre is the immediate electron
acceptor for ETF but the structure suggests that FADH, could transfer its electrons to
bound ubiquinone. The protein is mainly globular with 10 «-helices and 21 B-strands.
ETF-ubiquinone oxidoreductase does not contain any transmembrane helices and the asso-
ciation with the membrane can be attributed to a series of hydrophobic residues that contri-
bute to an e-helix and a B-sheet, which are adjacent to the hydrophobic ubiquinone binding
pocket. The structure of this protein shows that quinones can be bound by proteins that are
largely globular (rather than transmembraneous), but provide a surface that can dip into the
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membrane sufficiently for ubiquinone and ubiquinol to be able to exchange directly with
the core of the lipid bilayer. Further examples of such proteins are now recognized in
bacterial electron transfer chains (see Section 5.15).

5.7.3 s,n-Glycerophosphate dehydrogenase

This enzyme, which oxidizes s,n-glycerophosphate at the outer surface (P-side) of the inner
mitochondrial membrane, contains FAD and at least one Fe/S centre. Its organization is
presumably similar to that of ETF-ubiquinone oxidoreductase such that it can receive
ubiquinone from, and deliver ubiquinol to, the hydrocarbon bilayer core of the membrane.
The gene for this enzyme is found on genomes from those of man to yeast, but in higher
eukaryotes its expression may differ significantly between cell types, making difficult gen-
eralizations about the role of s,n-glycerophosphate oxidation in cellular bioenergetics
(Chapter 8).

5.8 UBIQUINONE AND COMPLEX Ill (bc; OR UQ-CYT ¢
OXIDOREDUCTASE)

Reviews  Derry er al. 2000, Darrouzet et al. 2001

The transfer of electrons from ubiquinol to cyt ¢ and the associated proton translocation is
not a simple matter. The reaction is catalysed by complex III of the respiratory chain, which
1s also termed the cyt bc; complex, or more appropriately the ubiquinol-cytochrome ¢
oxidoreductase. This complex is also found in many bacteria (Section 5.15) and is similar
in many respects to the plastoquinol-plastocyanin oxidoreductase, or cyt bf complex, of
thylakoids (Chapter 6).

The redox groups in cyt be| comprise a 2Fe/2S centre, located on the Rieske protein, two
b-type haems located on a single polypeptide, and the haem of cyt ¢,. The Rieske protein
2Fe/2S cluster is attached to the polypeptide by chelation of one Fe to two cysteines and the
other to two histidine residues. The polypeptide chain is folded as a globular structure incor-
porating the 2Fe/2S centre and extending into the aqueous layer beyond the bilayer on the
P-face of the membrane and anchored via a hydrophobic N-terminal helix.

Cytochrome ¢ has a similar globular domain and hydrophobic anchor as the Rieske pro-
tein, except in this case it is the C-terminus that provides the anchor. The cyt b subunit has
eight transmembrane «-helices. Four conserved histidine residues, two on each of two
helices, are appropriately positioned to provide the axial ligands for the haems. One haem,
with an £, 7 of about —100mV and thus known as b; (sometimes called b5, because of
its a-band absorption maximum) is located towards the P-(cytoplasmic) side of the mito-
chondrial membrane. The second haem, by, £, ; +50mV (sometimes bsq, because of
its a-band at approximately 560 nm), is positioned towards the N-(matrix) side of the
membrane.

The pathway of electron flow through the bc; complex is at first sight convoluted and we
shall take some time to describe it in detail (Fig. 5.14). The discussion is for the mitochon-
drion; the bacterial bc; complexes are very similar.
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Figure 5.14 The Q-cycle in mitochondria.

(a) This illustrates the electron transfer events that follow the oxidation of a
ubiquinol (#1) at the P-side of the inner mitochondrial membrane under conditions
in which the quinone binding site at the N-side is initially either vacant or occupied
by a ubiquinone molecule. There is evidence that an internal channel allows UQ to
move from the Q, to the Q, site without equilibrating with the bulk pool (Section
5.8.6). (b) This illustrates the electron transfer events that follow the oxidation of a
second ubiquinol (#2) at the P-side of the membrane when the Q, is occupied by a
ubisemiquinone radical. Note that the Q,, site has also been termed the Q; or Q, site
(¢ indicating the cytoplasmic side of the membrane in bacterial cytochrome bc;
complexes) in various systems, and the Q,, site is also known as the Q, or Q, site. The
inhibitory sites of action of myxothiazol, stigmatellin and antimycin are also shown.
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581 Stage 1: UQH, oxidation at Q,

A pool of ubiquinone and ubiquinol exists in the inner mitochondrial membrane in large
molar excess over the other components of the respiratory chain. The mid-point potential,
E 7, for the UQH/UQ couple (in aqueous solution) is +60mV (Fig. 5.9), while the actual
E} 7, which takes into account the size of the UQH,/UQ ratio, is close to 0 mV. A molecule
of UQH, from the pool diffuses to a binding site Q, (also termed Q, or Q,) close to the P-face
of the membrane and adjacent to the Rieske protein (Fig. 5.14). What then happens is that
the oxidation of UQH, to UQ takes place in two stages:

(1) The first electron is transferred from UQH, to the Rieske protein (Fig. 5.14a), releas-
ing two protons to the cytoplasm and leaving the free radical semiquinone anion species
UQ™ at the Q, site.

(2) The second electron is transferred to the b; haem, which is also close to the P-face.

The E,,; for the UQH,/UQ" couple is about +280mV, close to that for the Rieske
protein, and 220 mV more positive than the E,,, ; of the two electron oxidation (+60mV, see
above). This implies that the second stage of the oxidation will be energetically favourable
as the semiquinone seeks to lose the second electron, and this is reflected in the E,, for the
UQ 7 /UQ couple, which at —160mV is 220 mV more negative than that of the two-electron
oxidation. The first one-electron oxidation step has thus generated the semiquinone anion,
which is a very strong reductant. Under certain conditions it can be detected by ESR; it is
also an intermediate of the bacterial photosynthetic reaction centre, which has a quinone
binding site capable of stabilizing it (Section 6.2.2). As we shall see in Section 5.11, the
unpaired electron on UQ"™ can in some circumstances be transferred directly to oxygen,
thus generating the dangerous superoxide anion.

The electron received by the Rieske protein passes down the chain to cyt ¢, cyt ¢ and
cytochrome oxidase (Fig. 5.14a).

582 Stage 2: UQ reduction to UQ'~ at Q,,

The electron on by (E,, 7 —100mV) now passes to the other haem, by (£, 7 +50mV).
Note that these redox potentials were measured in the absence of a membrane potential,
which would affect the distribution of electrons between them. At first inspection this looks
as though the electron is losing 150 mV of redox potential; however, the two haems are on
different sides of the hydrophobic core of the membrane across which is a membrane
potential of some 150 mV (Fig. 5.14). Thus in experimental work the imposition of a mem-
brane potential, positive on the P-side of the membrane, generated by ATP hydrolysis or by
K*-diffusion, causes electrons to move from by on the N-side of the hydrophobic core to
by on the P-side.

The relative position of the two haems means that, in the normal operation of the com-
plex, the electron retains its original energy on passing from by to by, since the drop to a
more positive redox potential is compensated by the energetically unfavourable migration
of the negatively charged electron from the P-side to the N-side of the membrane. In an
uncoupled mitochondrion, energy would be dissipated at this step. This organization also
implies that very high Ay will retard electron transfer between the b-type haems, leading
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to a prolongation of the occupancy of the Q, site by the ubisemiquinone and enhancing the
chances of O production (Section 5.11).

UQH, and UQ can in principle migrate freely from one side of the hydrophobic core
to the other regardless of Ay, since these hydrophobic carriers are uncharged. A second
quinone binding site, Q,, in the close vicinity of by binds UQ and allows the transfer of the
electron from the reduced by with the formation of the semiquinone anion UQ"™ (Fig.
5.14). At first glance this looks thermodynamically unlikely, since the E ; for the
UQ" /UQ couple in free solution is — 160 mV, while that for by; is +50mV. If, however, Q,
were to bind the semiquinone much more strongly than UQ, this would have the effect of
shifting the £, ; to a more positive value, i.e. making the UQ more readily reducible. A ten-
fold difference in the binding of the semiquinone relative to UQ shifts £, ; 60mV more
positive than if the reaction occured in free solution. A 300-fold stronger binding of the
semiquinone would thus make the £, ; 150mV more positive.

We have not cheated the first law of thermodynamics here, since the energy required for
the addition of a second electron to generate unbound UQH, (see below) is proportionately
increased, i.e. the E, for the couple UQH, f.o/UQ}oung is made proportionately more
negative. This is confirmed by actual measurements of the two E,; values, using ESR
to detect the semiquinone. We will come across this concept of driving an apparently
unfavourable reaction by making a product very firmly/strongly bound again in Chapter 7
when we discuss the ATP synthase.

58.3 Stage 3: UQ"™ reduction to UQH, at Q,

We now have a semiquinone firmly bound to Q,. In the next part of the cycle (Fig. 5.14b),
a second molecule of UQH, is oxidized at Q,, in a repeat of stage 1 - one electron passing
to cyt ¢; and the other via b, to by. This second electron now completes the reduction
of UQ"™ to UQH,, the two protons required for this being taken up from the matrix
(Fig. 5.14b). The UQH, returns to the bulk pool and the cycle is completed.

Q, and Q, are not equivalent in this model: only Q, stabilizes the semiquinone through
strong binding — supported by its detection by ESR. At Q, the redox potentials of the two
steps are widely separated and the semiquinone has only a transient existence.

584 The thermodynamics of the Q-cycle

The overall reaction catalysed by the bc; complex involves the net oxidation of 1 UQH,
to UQ {(two UQH, oxidized in stage 1 and one UQ reduced in stage 3), the reduction of two
cyt ¢y, the release of 4H* at one side of the membrane and the uptake of 2H™ from the other.
In the model we have discussed, the major charge transfer across the membrane is the
movement of the two electrons between the haems, which we placed on opposite sides of
the hydrophobic barrier. In practice, Q, is close to the cytoplasmic face, such that the release
of protons at Q,, does not significantly contribute to the displacement of charge across the
membrane, whereas Q, is more deeply buried into the matrix side of the membrane, such
that the entry of protons from the matrix contributes partially to the charge movement.

So far we have an elegant mechanism, but it may not be intuitively obvious why it can
function as a proton translocator, i.e. removing protons from the matrix at low electro-
chemical potential and releasing them in the cytoplasm at a Ap some 200 mV higher.
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To answer this, we shall consider two conditions, where Ap is present purely as a membrane
potential (approximating to the condition in the respiratory chain) and where Ap is present
purely as a ApH (as would occur in a thylakoid membrane, where a closely analogous cycle
probably operates; Section 6.3), making the simplification that Q, is close to the matrix
face. In the first case the protons are present at equal concentrations on both sides of the
membrane and the work that must be done is to push 2e™ from the cytoplasmic to the
matrix side of the membrane against a high membrane potential. As stated above, this is
energetically possible since the electrons are transferred from a negative (low) potential
haem to a positive (high) potential haem. In the case of a pure ApH, the electrons would
flood from b; to by, since they have no Ay to push against: this would drive UQH,; oxida-
tion at Q, and UQ reduction at Q,, enabling protons to be translocated against a high ApH.
It is also worth recalling that the overall action of the bc; complex is oxidation of one
ubiquinol by two molecules of cytochrome ¢, a significantly energetic downhill reaction.

One feature that often causes confusion is that, although the cyt bc; complex translocates
two positive charges for each two electrons passing from ubiquinol to cytochrome ¢, 4H*
appear at the P-side when only 2H™ disappear from the N-side (Fig. 5.14). This apparent
imbalance will be resolved when we discuss cytochrome ¢ oxidase where 2H*/2¢™ appear
at the P-side and 4H*/2e~ are removed from the N-side.

5.8.5 Inhibitors of the Q-cycle

Antimycin, myxothiazol and stigmatellin are inhibitors of mitochondrial electron transport
that act on the bc| complex. Antimycin acts at Q,, preventing the formation of the relatively
stable UQ"". If, in the presence of this inhibitor, oxygen is added to an anaerobic suspen-
sion, a reduction of the b cytochromes occurs. This oxidant-induced reduction is consistent
with the cycle because some Fe**-haems within cytochrome 5 could be reduced in the pres-
ence of antimycin (Fig. 5.14) by accepting an electron from the Q,, site as the other electron
from UQH, passes to the Fe/S centre and onwards to cytochrome c.

Myxothiazol blocks events at Q,, while stigmatellin inhibits electron transfer to the
Rieske protein. It should be clear from inspection of Fig. 5.14 that oxidant-dependent
reduction of the b cytochromes does not occur in the presence of these inhibitors.

5.8.6 The structure of complex lii

Reviews and further reading  Yuer al. 1998, Zhang et al. 1998, 2000, Berry et al. 1999,
2000, Crofts et al. 1999a,b, Darrouzet et al. 2001

The functional information about complex 111 that is summarized in Sections 5.8.1-5.8.5
was all collected before any 3D structures were available. Subsequently, several crystal
structures have been obtained. For the most part, these fully support the earlier biochemical
investigations, but two features in particular substantially add to our understanding. One
of the most important insights relates to how the electron transport pathway is bifurcated
at the Q,, site; in other words, why does one electron transfer to the Rieske Fe/S centre, and
thereafter to the cytochrome ¢;, whilst the second passes to cytochrome b and then to
cytochrome by (Fig. 5.14)?
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Different structures of complex 111 have shown distinct spatial positions for the globular
bulk of the Rieske protein (Plate B). In one structure it is close to the Q, site, whilst in
another it is docked on to cytochrome ¢|. These changes in position can be correlated with
the mechanism of the bc; complex. All the crystal structures show that the Fe/S centre of the
Riekse protein is close to the surface of the polypeptide and that in the oxidized state of the
centre this position is stabilized by electrostatic interactions with amino acid residues close to
the Q, centre. Reduction of the Fe/S centre lessens the interaction, with the consequence
that the Rieske protein dissociates and moves to a new docking position on cytochrome ¢,
which provides a socket into which the two exposed histidine ligands of the Fe/S centre
insert like the prongs of an electrical plug (Plate B). When electron transfer to the haem of
cytochrome ¢ occurs, the consequential oxidized state of the Fe/S centre has a diminished
affinity for cytochrome ¢;; the Rieske protein dissociates from and moves back towards
the Q, site (Fig. 5.15 and Plate B). Thus the globular domain of the Fe/S protein is mobile,
being able to shuttle approximately 20 A. This can occur on the submillisecond timescale
and thus can match the required electron-transfer rates. There is significance to the shuttling
distance being 20 A as explained elsewhere (Section 5.4). The rate of electron transfer
between two centres within proteins is critically dependent on the distance between the two
centres. Once this exceeds 14 A, the rate drops off dramatically. Consequently, when the
Fe/S centre is bound to cytochrome ¢, it is too far from the Q,, site to accept an electron.
Thus the second electron released upon ubiquinol oxidation at Q, has, in effect, no alterna-
tive but to transfer to the 5 haem of the cytochrome b subunit.

The crystal structures of complex I1I show that it is a dimer in which the two monomeric
units do not function independently. For example, the globular domain of the Rieske pro-
tein of one monomer interacts with the Q, site and the cytochrome ¢, in the other (Fig. 5.15
and Plate B). The two monomers are packed together such that there are two separate cav-
ities, the walls of which contain the quinone binding sites. This provides a second example
of co-operation between monomers because, in any given one cavity, there is a Q, site
provided by one monomer and a Q, site provided by the other.

What is the functional consequence of this organization? In principle, it means that the
UQ molecule produced by oxidation of UQH, at a Q, site can then diffuse to the Q, site
within the cavity without having to equilibrate with the bulk quinone pool. Such transfer of
quinone or quinol within a cavity will lessen the number of required entries and exits of
quinol/quinone from/to the bulk pool and thus may, in principle, contribute to catalytic
efficiency.

The crystal structures of the cytochrome bc; complexes show the positions of as many as
11 subunits in each monomer. Eight of these have no catalytic role in the oxidation of
ubiquinol. One of the small subunits targets another of the subunits to the mitochondrion
from its site of synthesis in the cytoplasm while two of the others are peptidases that may
catalyse removal of such targeting sequences.

5.9 CYTOCHROME ¢ AND COMPLEX IV (CYTOCHROME c OXIDASE;
FERROCYTOCHROME c:0, OXIDOREDUCTASE)

Reviews and further reading Babcock 1999, Michel 1999, Abramson ef al. 2000, 2001,
Behr 2000, Proshlyakov et al. 2000, Zaslavsky and Gennis 2000, Gomes et al. 2001
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Figure 5.15 Movement of the globular domain of the Rieske iron—sulfur
protein (ISP) during UQH, oxidation at the Q, site.

Only cyt b, cyt ¢; and the Rieske iron-sulfur protein (ISP) are shown in this
model. Note that the mitochondrial complex III includes several other so-called
core subunits which are peripheral to the membrane and face the N {matrix)
phase. These are not required for electron transfer and are absent from the corre-
sponding protein in bacteria. Complex I1I is a dimer within which the ISP of one
monomer transfers electrons from the Q,, site to the haem of cyt ¢, of the other
monomer of the dimer as a result of its globular domain changing conformation
and moving (see Plate 3). In (a) ISP is in its ¢; state with a reduced 2Fe/2S centre
which is close to the surface of ISP, and held adjacent to cyt ¢; within which the
oxidized haem is 14 A or less from the Fe/S centre. The histidine ligands of the
Fe/S centre are important for the interaction. This spatial arrangement allows
electron transfer to the haem, leaving the Fe/S centre oxidized and with greater
positive charge. This results (b) in a weakening of the interaction between ISP and
cyt ¢y, such that the Fe/S centre moves approximately 20 A to be close to the Qp
site; the b state is shown as adopted by ISP. Transfer of le™ (¢) from UQH, bound
at the Q,, site to the Fe/S centre lessens its affinity for this site and ubisemiquinone
UQ"™ is formed at Q, as two protons are released to the P-phase (d). An electron
from the UQ"™ is then transferred across the membrane through the » haems, and
both UQ released and the Fe/S domain of ISP dissociate from the Q, site (¢). In (f)
an electron is transferred from the ¢; haem of cyt ¢, thus preparing the system for
a further electron transfer event from ISP to ¢yt ¢, and binding of a new molecule
of UQH,, thus completing one passage through a cycle. In (f) an electron is shown
on the by haem (cf. Fig. 5.14); this will be transferred to a ubiquinone bound
nearby at the Q, site to generate a bound UQ"™ (cf. Fig. 5.14). This is not shown
but it should be appreciated (cf. Fig. 5.14) that a second series of events (a) to (f)
will result in formation at the Q,, site of UQH, which will then dissociate, i.e. two
circuits from (a) to (f) will oxidize two molecules of UQH, at Q,, transfer two
electrons to cyt ¢ and reduce one molecule of UQH, at Q,. Note that the Q,, site
that functions in concert with the Q, site shown the figure is provided largely by
the cyt b subunit of the other monomer that is not shown here (see text). There is
evidence for crystallography of an intermediate state (Plate B) for ISP between ¢,
and b; this may be adopted in (b). (Adapted from Crofts et al. 1999.)
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Complex II transfers electrons to cytochrome ¢, which is not isolated as a component of a
complex, although it can bind stoichiometrically to cytochrome ¢ oxidase. Cytochrome ¢ is
a peripheral protein located on the P-face of the inner mitochondrial membrane and may be
readily solubilized from intact mitochondria. The mechanism of electron transfer to and
from the haem of cyt ¢ was discussed in Section 5.4.

The final step in the electron transport chain of mitochondria and certain species of
respiratory bacteria operating under aerobic conditions is the sequential transfer of four
electrons from the reduced cyt ¢ pool to O, forming 2H,0 in a 4e™ reaction catalysed by a
cytochrome ¢ oxidase:

0, + 4e™ + 4H* - 21,0 [5.1]

The names cytochrome c oxidase and ferrocytochrome c: O, oxidoreductase refer to the
catalysis of oxidation of cyt ¢ by oxygen. Complex IV is an often-used alternative name,
while earlier nomenclature, such as cytochrome oxidase and cytochrome aa3 oxidase, are
also used.

The protons required for the reduction of oxygen are taken from the N-side of the
membrane, whereas the electrons from the oxidation of ferrocytochrome ¢ come from the
P-phase. This means that the reduction of oxygen to water automatically generates a Ap.
Note that protons used in the reduction of water are not translocated all the way across the
membrane by this process; how far they move can be deduced from the structure (Fig. 5.16
and Section 5.9.1). This imbalance between proton uptake and release at the two sides of
the membrane disappears when the overall oxidation of ubiquinol by oxygen is considered
{Section 5.10). In addition, complex IV is a proton pump (Fig. 5.16).

Cytochrome oxidase poses several challenging problems including: (i) how the protons
required for oxygen reduction are taken from the N-side of the membrane; (ii) the mech-
anism of oxygen reduction to water; and (iii) the mechanism by which the reduction of
oxygen is coupled to the pumping of protons across the membrane. Understanding of all
these issues has been advanced by the availability of 3D structures for the enzyme.

591 Structure of complex IV

References  Saraste 1999, Schultz and Chan 2001

High-resolution structures of the molecule, in both fully oxidized and fully reduced states,
have been obtained from both a mitochondrial and a bacterial (P. denitrificans) source. The
key catalytic functions are found in each case in subunits I and II (Plate C). Other subunits
{as many as 11 for the mitochondrial enzyme) are not relevant to catalysis and are not con-
sidered here. The structures show that subunit 11, in addition to two transmembrane helices,
has a globular domain, folded as a beta barrel, which projects into the P-phase. This is the
location of the copper A (Cuy,) centre, which has two copper atoms in a cluster with sulfur
atoms. The binuclear copper centre undergoes a one-electron oxidation-reduction reaction,
but why this is advantageous relative to a single copper atom (e.g. as in plastocyanin,
Chapter 6) is not clear. A function of the Cu, centre is to receive electrons, one at a time,
from cytochrome c.

The two haem groups of complex 1V, located approximately 15 A below the P-surface of
the bilayer (Fig. 5.16 and Plate C), are sandwiched between some of the 12 transmembrane
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Figure 5.16 Schematic representation of subunits I and II of cytochrome
¢ oxidase.

The crystal structure has established the relative positions of the ¢ and «-type
haems and the two copper centres (copper atoms represented by open spheres). An
approximate deduced site of cytochrome ¢ docking on to subunit 11 is shown; this
site has to allow the haem of cytochrome ¢ to come within at least 14 A of the Cu,
site in order to facilitate sufficiently rapid electron transfer. The reaction is shown
in terms of two electrons, and thus consumption of half an oxygen molecule, so as
to facilitate comparison with the operation of the electron transport chain as a
whole, which is traditionally analysed in terms of two electrons. Note that a cyt ¢
molecule loses one electron upon oxidation and thus two molecules must dock in
order to transfer two electrons into cytochrome oxidase. For each two electrons
reaching an oxygen atom from cyt ¢, four positive charges are moved through the
oxidase and thus across the membrane; two of these can be regarded as pumped all
the way across the membrane but the other two charge movements result from the
movement of two electrons from the P-side to meet two protons coming from the
N-side. Currently, there is uncertainty as to pathways for proton movement from
the N-side; the tentatively accepted contributions of the D- and K-channels (see
text) are shown. All stoichiometries shown should be multiplied by two in order to
account for reduction of one oxygen molecule (O,).

a-helices of subunit I. Haem a is slightly closer to the Cu, centre than the second haem, as.
Haem a is the electron acceptor from Cu,. Haem a; is within a few angstroms of haem a.
The nomenclature for a; has distant origins in the scientific literature and, although not
informative today, is retained for distinguishing the two a-type haems. The two haems are
chemically identical but quite distinct spectroscopically, principally because one axial
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coordination position to the a; haem iron is not occupied by an amino acid side chain. This
is the position where oxygen binds before its reduction to water. As known in some cases
from crystal structures, a; is also the site of binding of several inhibitors, including cyanide,
azide, nitric oxide and carbon monoxide.

Immediately adjacent to haem a5 is a third copper atom, known as Cug; it has three
histidine ligands, suggesting that a fourth co-ordination position may be occupied by a
reaction product during some stages of the oxygen reduction reaction. The crystal structure
surprisingly indicated that one of these histidine ligands was cross-linked through a cova-
lent bond to a nearby tyrosine residue, a feature that has subsequently been confirmed by
analysis of peptides.

Plausible channels, containing bound water molecules and located between some of the
helices, can be identified. These could provide a pathway for conducting protons from the
N-phase into the site of oxygen reduction, thus correlating with earlier data that this side is
the origin of those protons. Two of these channels are known as D and K after a conserved
aspartate and conserved lysine, which have their respective side chains projecting into
these channels. There are no such obvious channels linking the haem a5 to the P-side of the
membrane, perhaps explaining the failure of protons from the P-phase to be recruited for
the reduction of oxygen to water. Thus the structure does rationalize how the combination
of electrons coming from cytochrome ¢ in the P-phase plus protons from the N-phase with
oxygen contributes to the generation of the protonmotive force (Fig. 5.16).

What the structure does not reveal is how protons can also be pumped across the mem-
brane (Fig. 5.16). As explained earlier (Fig. 5.11), a proton pumping mechanism requires
a conformational device to cnsure that protons move unidirectionally across the membrane.
One of the first structures of complex IV suggested that one of the three histidine ligands to
the Cug centre might be able to adopt different spatial positions and protonation states; thus
it was proposed to be a central component in a proton pumping mechanism. However, fur-
ther crystal structures have not supported this so-called histidine cycle mechanism. Indeed,
comparison of the fully oxidized and fully reduced structures of the bacterial enzyme have
not shown any significant conformational changes, suggesting that complex IV functions
essentially as a static molecule, in contrast to complex III (Section 5.8). On the other hand,
it may be that the critical conformational changes only occur in oxidation states (Fig. 5.17)
of the enzyme intermediate between the fully oxidized and fully reduced states.

In contrast, comparison of the structures of the mitochondrial enzyme in these two oxi-
dation states has revealed a conformational change, associated with an aspartate residue,
near the P-side of the membrane and some way distant from the cluster of the haem a, haem
a; and Cug. This finding has generated a proposal for a proton pumping mechanism
whereby the translocated protons move through a hydrogen-bonded system that is inde-
pendent of the the D and K channels, and in which the conformational change required
to ensure vectorial proton translocation is relayed from the site of oxygen reduction
through conformational changes between the helices. A difficulty with this mechanism
is that the key residue that undergoes the conformational change is not found in any of
the proton pumping bacterial cytochrome ¢ oxidases, nor indeed in all the mitochondrial
enzymes. Furthermore, mutagenesis in the bacterial enzymes of counterparts to the residues
implicated in the proton translocational pathway rule out any such pathway for the bacter-
ial enzymes. Whilst the possibility of many mitochondrial cytochrome ¢ oxidases using
a different proton pumping mechanism than their bacterial counterparts cannot be
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Figure 5.17 Simplified scheme for the reaction between cytochrome oxidase
and oxygen its proton-pumping activity.

The fully reduced form of the enzyme is envisaged as binding oxygen to form
an oxy form, which rapidly decays to give the P species in which the oxygen-
oxygen bond has already broken to give bound O, and hydroxide. This chemistry
requires that four electrons are transferred to the original oxygen molecule; two
come from the a; haem, which thus adopts the 4+ or ferryl oxidation state, one
from the copper B, which thus becomes 2+, and the third from the tyrosine 244
side chain, which is crossed linked to histidine 240 that is a ligand to the Cug.
The resulting tyrosine residue side chain is a radical (*), which is thought to be
uncharged, implying that a proton has been lost. Formally, at least, this proton
can be considered as having transferred to one of the original oxygen atoms to
make a hydroxide. In the next step, delivery of an electron (from haem a) plus a
proton, the latter arrival being rate limiting, restores the tyrosine radical to a nor-
mal tyrosine side chain state which generates the F state. A further electron,
again supplied from haem q, together with another rate-limiting delivery of a pro-
ton, results in the a; haem being reduced to the +3 state and the bound oxygen
acquiring a proton to become hydroxide. Further delivery of two protons and two
electrons to the active site restores the haem and Cug, respectively, to their +2
and + 1 oxidation states, and would allow each of the two oxygen atoms origin-
ally in oxygen to dissociate as water. Note, however, that the timing of water
molecule release by the enzyme has not been measured. There is currently con-
siderable controversy as to which steps in the reaction cycle are linked to proton
pumping (i.e. the movement of protons addtional to those required for reduction
of oxygen to water). Most investigators agree that the charge translocation
mainly occurs at the three points shown, with the dispute being as to which of
these steps is associated with movement of two charges right the way across the
membrane, i.e. x, y or z = 2; the others being associated with movement of one
charge, so as to account for the pumping of four protons right the way across
the membrane for each oxygen molecule converted to water. Valence states and
ligands in blue draw attention to changes between the different species in the
cycle.
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completely excluded, this notion runs counter to evolutionary and mechanistically unifying
principles.

At the time of writing, most investigators of cytochrome oxidase favour a mechanism in
which the route of proton pumping passes close to the haem a;/Cug part of the protein. The
temptation to imagine that the extended side chain of the a type haem is important for pro-
ton translocation must, however, be resisted as there are relatives of cytochrome ¢ oxidase
in bacteria that still pump protons despite having the standard haem 5 in both the haem
binding sites. Nevertheless, there is increasing evidence that one or more propionates of the
haem groups may play a role in the proton-pumping mechanism.

The fact that two putative proton channels, D and K, can be identified in cytochrome oxi-
dase has led to attempts, by mutagenizing key residues, to determine whether one of these
channels provides the protons required for reduction of oxygen while the second is con-
cerned with the proton-pumping process. Initial studies did suggest such a division of func-
tion, but currently the situation is through to be more complex. For each eight protons
needed when one O, is reduced (four for the water formation and four translocated), up to
six are thought to travel via the D-channel with only one or two via the K-channel. Thus no
clear distinction between pathways for chemical and translocated protons can be drawn.

5.9.2 Electron transfer and the reduction of oxygen

Complex IV must reduce one molecule of oxygen to two molecules of water whilst not
releasing any reactive oxygen species, such as superoxide. One provisionally accepted
mechanistic scheme is shown in Fig. 5.17, which shows a cycle of catalytic activity start-
ing with the two centres (a; and Cug) at the catalytic site reduced. Note that this scheme
does not involve in detail the other two centres, haem @ and Cu,.

In this scheme, oxygen binds to a3 to give a transient oxy form (stage i); a previous sug-
gestion that the oxygen atom might bridge between a; and Cug is now less favoured.

The O—O bond now breaks (stage ii), leaving a hydroxyl group, bound to the Cug, and a
ferryl (i.e. Fe**=0) species at the haem. This requires the transfer of four electrons to
the original oxygen molecule: one from Cug and two from a; (giving the +4 ferryl state),
while the fourth is argued to come from the tyrosine side chain cross-linked to a histidine
ligand of Cug. The resulting tyrosine radical is uncharged as it donates a proton to the
oxygen atom that becomes hydroxide bound to Cug.

In stage iii, an electron is delivered to the tyrosine from haem a while a proton is taken
up from the N-phase to reprotonate the tyrosine.

Stage iv requires that the ferryl (Fe*"=0) species is reduced to a ferric hydroxide
species (Fe*™—OH), a process that requires one electron and one proton, the latter again
originating from the N-phase. The electron is donated by haem a, which in the interim
would have been re-reduced by transfer of an electron from Cu,.

Completion of the cycle (stage v) requires two further electrons and two protons in order to
release the two molecules of water and regenerate the reduced catalytic site. The complete
cycle has removed four protons from the N-phase, which at the catalytic site have met four
electrons which have originated in cyt ¢ from the P-phase. Thus the P-phase has lost four neg-
ative charges and the N-phase has lost four positive charges; hence Ay is generated (Fig. 5.16).

So far we have not considered how these steps are linked to the additional pumping of
four protons per four electrons by the complex. This is currently a contentious area, but it
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is likely that protons are pumped at stages iii, iv and v; however, the stoichiometry at these
individual steps is debated.

Any scheme has to satisfy thermodynamic constraints. In the present model, the Gibbs
energy change resulting from the transfer of four electrons to an oxygen molecule is
roughly balanced by that resulting from the formation of the highly oxidizing a5 =0 and
tyrosine radical species steps i and ii. Thus steps iii, iv and v are sufficiently exergonic to
. drive proton pumping. It is important that Fig. 5.17 does not involve the generation of any
potentially toxic free-radical oxygen species.

Electrons enter the complex from cyt ¢ on the P-side at an Ej, ; of about +290mV for
mitochondria in state 4, and are ultimately transferred to the %OZ/HZO couple with an £y, ;
in air-saturated medium at about +800 mV. However, because the site of proton uptake for
O, reduction is the N-side (Fig. 5.16), the electrons effectively have to cross the membrane
against a Ay of some 180 mV. This reduces the available energy just as the reverse process
in the bc, complex increased the energy. The redox span AE) ; is therefore over 300 mV
(i.e. +800 — 290 — 180mV). Four electrons falling through this potential would be sufficient
to translocate up to six protons across the membrane against a Ap of some 200 mV. However,
unlike the remainder of the respiratory chain, complex 1V is irreversible. The actual H*/O
stoichiometry for the proton-pumping activity alone is lower, 4H*/4e ™, reflecting this lack
of reversibility. Recall again that the combination of this proton pumping and the meeting
of protons and electrons within the protein (Fig. 5.16) results in an overall charge movement
being 8q*/4e .

5.9.3 Control by nitric oxide of complex IV 9

Reviews Brown 1995, Boveris et al. 2000, Moncada and Erusalimsky 2002

The oxygen binding site of complex IV oxidase also binds ligands such as CO, CN~ and
N3 ,which explains why these species are inhibitors of respiration. In addition to its role as a
membrane-permeant second messenger, nitric oxide is also a reversible inhibitor of complex
IV, competing with oxygen. Its slow reduction to the non-inhibitory nitrous oxide con-
tributes to the reversibility of the inhibition. Plausibly physiological concentrations of NO
decrease the apparent affinity of the complex for oxygen, and this may be of significance
in the reduced oxygen environment of the intact cell. The restriction of respiratory chain
activity may induce cell death under pathological conditions (Section 9.9).

510 OVERALL PROTON AND CHARGE MOVEMENTS CATALYSED
BY THE RESPIRATORY CHAIN: CORRELATION WITH THE
P/O RATIO

For every two electrons passing from ubiquinol to cytochrome ¢, complex Il releases four
protons at the P-side but takes up only two from the N-side (Fig. 5.14). In contrast, for
every two electrons passing through complex IV, four protons are taken up from the N-side
but only two released at the P-side (Fig. 5.16). The combined activity of complexes IIT and
[V, therefore, removes the imbalance in proton consumption and release in the two phases.
In addition to catalysing the reduction of oxygen to water, complex IV oxidase also acts as
a proton pump with a stoichiometry of 2H*/2e™ (Fig. 5.15). Thus the oxidase moves four
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Figure 5.18 A schematic representation of the movement of protons and
electrons by complexes IH and IV.
See text.

charges across the membrane for each two electrons transferred to oxygen (Fig. 5.15),
contrasting with the two charges per two electrons moved by complex III (Section 5.8 and
Fig. 5.14). Thus, complexes Il and I'V have different charge per electron stoichiometries and
therefore cannot be considered as thermodynamically equal or equivalent sites of proton
translocation. As shown in Fig. 5.18, the overall proton (and charge) translocation stoichiom-
etry for the transfer of 2e™ from ubiquinol to oxygen is 6/2e™. If the electrons originate
from NADH, thus passing through complex I, which translocates four protons per two elec-
trons, then the overall proton and charge stoichiometry is 10/2e™.

If the intact mitochondrion requires four protons (see Chapter 7) to be translocated for
the generation and export of one ATP, then the P/O ratio for NADH oxidation would be
10/4 (=2.5) and for succinate 6/4 (=1.5). If the contributions of complexes IIl and IV are
considered separately, then their P/2e™ ratios are 0.5 and 1, respectively.

Since the complexes act in parallel with respect to the proton circuit (Fig. 4.2), each must
generate the identical Ap. The lower charge translocation stoichiometry for complex I1I rela-
tive to complex [V thus accords with its smaller redox span, and hence lower AG available
for proton translocation (Section 3.6.1). It is a frequently encountered misunderstanding to
envisage that complex III makes ‘less protonmotive force’ than complex IV.

5.11 SUPEROXIDE PRODUCTION BY COMPLEXES | AND lil

Reviews  Turrens 1997, Barja 1999

As discussed above, the E,, ; values for the two-stage oxidation of UQH, at the Q,, site of
complex III via UQ"™ to UQ are, respectively, +280mV and —160mV. This means that
the UQ™/UQ couple is highly reducing. Molecular oxygen appears to have access to the
Q,, site, since there is a small but finite chance that UQ'™ may donate its electron, not to by
but to O,, with the formation of the superoxide anion, O%.

0, +1le =0y Ens= —160mV [5.2]
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Superoxide is a free radical and capable of causing oxidative damage to the mitochondrion
and its environment. Furthermore, the oxidation of UQ"™ bound at the Q,, site is dependent on
the passage of the liberated electron across the membrane via the b cytochromes. Since this
is opposed by the membrane potential, the actual £}, ; of the UQ™ /UQ couple will become
more negative at high Ay, It would, therefore, be predicted that the production of O3~ would
increase with Ay, and this is confirmed in studies with isolated mitochondria where there is
a dramatic increase in the generation of reactive oxygen species, when Ay increases when
going from a typical respiratory state 3 to state 4. Estimates of the production of O3 in respir-
ing mitochondria vary from 0.1% to as much as 4% of total oxygen consumption, depending
on the local oxygen concentration. It should be noted that, although complex IV catalyses
four sequential le~ additions to molecular oxygen, the intermediates are tightly retained
{Section 5.9) by the complex and no leakage of superoxide occurs.

The effects of the two characteristic complex IIT inhibitors, antimycin and myxothiazol,
on O3 generation are consistent with the above model. By preventing transfer of the first
electron from UQH, to the Rieske protein, myxothiazol prevents formation of UQ™™ and
inhibits O5~ generation. In contrast, antimycin acts at the Q,, site, preventing the transfer of
electrons across the membrane via the b cytochromes, maximizing occupancy of the Q; site
by UQ"™ and hence increasing O, production.

Superoxide is generated at the outer, Q,, quinone-binding site of complex III. The nega-
tive charge on the superoxide anion should firstly limit its membrane permeability and, sec-
ondly, oppose its entry into the matrix against the negative-inside membrane potential. It is
therefore likely that the O} generated by complex III is released at the P-side into the
intermembrane space. In cells, a cytoplasmic CuZn-superoxide dismutase, Sod1, detoxifies
cytoplasmic O3~ by dismutation into hydrogen peroxide and water.

The mitochondrial matrix possesses a second, manganese-containing superoxide dismu-
tase (Mn-SOD, or SOD2). Both isoforms carry out the reaction:

205 + 2HY = H,0, + O, [5.3]
The two half-reactions are:
Oy +2H' + le” = H,0, [5.4]
and
0y =0, + le” [5.5]

Since SOD?2 is an essential enzyme (knockouts being embryonic lethal) this implies that
O can also be formed within the matrix. It is likely that complex I is the main source of
matrix O5 . The relative importance of complexes | and [II varies with the origin of the
mitochondria, and the molecular details of its generation in complex I are less clear.

In isolated heart and brain mitochondria, O5 production by complex [ is upstream
of the rotenone binding site, and this inhibitor increases O3 production during electron
transport through the complex from NAD*-linked substrates. In contrast to complex III,
complex I generation of O} is largely independent of Ay, during a state 4—state 3 transi-
tion. Conversely, with succinate as substrate, and in the absence of endogenous complex 1
substrates, complex I can still generate O3~ as a result of reversed electron transfer (Section
4.9). This is decreased by rotenone, thus locating the complex 1 O} generation site on the
NADH side of the inhibitor binding site (Fig. 5.12).



5 RESPIRATORY CHAINS 125

OXIDATIVE STRESS

Vogel et al. 1999, Tanaka et al. 2000, Schafer and Buettner 2001

Mitochondria have developed defences to detoxify superoxide generated by the respiratory
chain, the most important being the glutathione couple and superoxide dismutase 2 (Fig. 5.19).
The three quantitatively most important redox couples in the mitochondrial matrix are
GSSG/GSH (Section 3.3.5), NADP*/NADPH and NAD*/NADH. In state 3 conditions
their respective redox potentials are roughly —240mV, —390mV and —290mV. The dis-
equilibrium between the NADP and NAD pools is maintained both by the Ap-linked trans-
hydrogenase (Section 5.13) and the NADP-linked isocitrate dehydrogenase.

Brain mitochondria have 5nmol of total glutathione per milligram of protein and the
pool is about 88% reduced in state 4. GSSG is reduced to GSH in the mitochondrial matrix
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Figure 5.19 Mitochondrial ‘oxidative stress’: interactions between the
GSSG/GSH couple and reactive oxygen species.

The Ap-driven mitochondrial transhydrogenase (together with NADP-linked
isocitrate dehydrogenase) maintains a highly reduced NADP pool. NADPH
reduces GSSG to GSH via glutathione reductase and reduces the protein thio-
redoxin. GSH and reduced thioredoxin maintain protein thiols in the reduced state.
Using glutathione peroxidase, GSH detoxifies hydrogen peroxide generated by
superoxide dismutase 2, and artificial pro-oxidants such as #-butylhydroperoxide.
Superoxide, O;  is the major reactive oxygen species (ROS) generated by
the respiratory chain. Superoxide is generated at complex III and complex I
(Section 5.11). The former site probably released O3 into the intermembrane
space, while that from complex I may be released into the matrix. In addition O3~
may be membrane permeant in its protonated form HO,.
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by the NADPH-linked enzyme glutathione reductase. The large thermodynamic disequi-
librium between the GSSG/GSH and NADP*/NADPH couples suggests that the reductase
activity may exert a major control over the rate of GSH generation. Thioredoxin is a 12kDa
protein with a redox-active dithiol at its active site. Both thioredoxin and GSH help to
maintain protein thiol groups in the reduced state. In addition GSH detoxifies H,0, or
artificial pro-oxidants such as ¢-butylhydroperoxide (+-BuOOH) via the enzyme glutathione
peroxidase.

As discussed in Section 3.3.5, the absolute concentrations of GSH and GSSG, rather than
merely their ratio, defines the redox potential of the GSSG/GSH couple. Even partial depletion
of the pool greatly decreases the concentration of GSSG for a given redox potential, and this
can pose kinetic problems for glutathione reductase, which uses GSSG as substrate (Fig. 3.4).

Oxidation of the GSSG/GSH couple, for example, by r-BuOOH, greatly sensitizes both
isolated and in situ mitochondria (Fig. 5.19) to the permeability transition (Section 8.2.5),
as does inhibition of the transhydrogenase by oxidation of the NAD*/NADH pool by
acetoacetate in liver mitochondria.

5.13 THE NICOTINAMIDE NUCLEOTIDE TRANSHYDROGENASE

Reviews Jackson er al. 1999, Cotton et al. 2001

Although the mid-point potentials for the NAD*/NADH and NADP*/NADPH couples are
the same (Table 3.2), the ratio NADPH/NADP" is much greater than NADH/NAD™ in the
mitochondrial matrix. One process (others include an NADP-linked isocitrate dehydrogen-
ase) maintaining this disequilibrium is the protonmotive force-dependent transhydrogen-
ase, which catalyses the following reaction, running in the direction from left to right:

NADP" + NADH + nH?} e = NADPH + NADY + nHY{ e [5.6]

where »n is almost certainly 1. The observed mass-action ratio (Section 3.2) may exceed
500, which would thus be maintained by respiration-dependent Ap. The function of this
transhydrogenase, which is also found in the cytoplasmic membranes of many bacterial
species, has long been enigmatic. In mammalian mitochondria it is currently thought that
provision of NADPH for reduction of glutathione (Section 5.12) is a significant role,
along with the possibility that, together with the NAD"- and NADP"*-linked isocitrate
dehydrogenases, it plays a role in the fine tuning of the TCA cycle. In some parasites the
transhydrogenase is argued to function as a protonmotive force generator, that is, the reac-
tion runs from right to left in the above equation.

The mitochondrial transhydrogenase comprises a polypeptide of approximately 110kDa.
The enzyme has a 400-residue N-terminal globular component, which binds NAD(H),
a central hydrophobic region predicted to contain 14 transmembrane helices, and a 200-
residue C-terminal globular component, which binds NADP(H). Structures are available
for both globular components, which in the intact enzyme are exposed to the mitochondrial
matrix. The enzyme functions as a dimer. Direct hydride transfer from NADH on one
component to NADP™ on another requires the direct juxtaposition of binding sites for the
two substrates. It is envisaged that, at any one time, this can occur only between one
N-terminal/C-terminal component pairing, with the other pair within the dimer being in
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a conformationally distinct state. This would accommodate an alternating site mechanism
{see also Chapter 7).

The structural changes accompanying the co-ordinated interconversions between the
two conformations of each of the two component pairs in the dimeric enzyme are envis-
aged to be coupled to proton translocation through the transmembrane domain. A structural
alteration would be coupled, via a set of protein conformational changes, to proton transfer
through the transmembrane domain without any need for the translocated protons to pass
through the NAD(H) and NADP(H) binding sites.

The transhydrogenase is an interesting exception to the rule that there should be a dif-
ference in standard mid-point potential across an energy-transducing step (Fig. 5.9).

5.174 ELECTRON TRANSPORT IN MITOCHONDRIA
OF NON-MAMMALIAN CELLS

Roeviews and further reading  Ferguson 1998, Schnable and Wise 1998, Affourtit ef al.
2001, Joseph et al. 2001

The electron transport systems of mitochondria from mammalian sources, especially liver
and heart, are the most studied at the biochemical level, in part because large-scale prep-
aration of mitochondria from these sources is relatively easy. This emphasis tends to
obscure the significant differences that are found in mitochondria from other sources. As
examples, we give a brief overview of mitochondrial electron transport in plants, fungi and
parasites.

A feature found in plant mitochondria that distinguishes them from their mammalian
counterparts is the frequent presence of an electron transport pathway from ubiquinol to
oxygen that is independent of complexes III and I'V. This pathway is characteristically
inhibited by salicylhydroxamic acid (usually called SHAM) but by neither antimycin nor
myxothiazol (Fig. 5.20). It is regarded as an ‘uncoupled’ pathway because no proton trans-
location occurs. Protons required for the reduction of oxygen are believed to be taken
from the N-phase in this pathway and the oxidation of ubiquinol releases protons to this
phase.

The molecular nature of the alternative oxidase long eluded definition but eventually its
genes were tracked down. Their sequences showed unpredicted similarities with a class of
proteins that contain active sites with two non-haem iron atoms bridged by an oxygen atom.
An example of such an enzyme is methane monooxygenase, which enables some bacteria
to oxidize methane to methanol. Expression of the genes for the alternative oxidase has
indicated the presence of this type of active centre, which has no readily recognizable spec-
troscopy signature, a feature that had hitherto been very puzzling. Presumably, the alterna-
tive oxidase active site is able to reduce oxygen to water rather than activate it, as occurs
in mcthanc monooxygenase. Analysis of the genc sequences indicates that this oxidase
does not possess any transmembrane helices. At present, a model for the enzyme envisages
a mainly globular organization exposed to the matrix with possibly one or two amphiphilic
helices that run parallel to the membrane plane and provide a ubiquinol oxidation site.
This would be analogous to the organization seen in ETF-ubiquinone oxidoreductase
(Section 5.7.2).
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Figure 5.20 General features of the organization of the electron transport
system of plant mitochondria.

The role of a ubiquinone pool in connecting the various pathways of electron
transport is evident. Note that the alternative oxidase is probably not a trans-
membrane protein and is attached to the membrane at the N side by one or more
amphiphilic helices that lie parallel to the plane of the membrane. Protons from
ubiquinol oxidation are thus thought to be released to the N phase which also
supplies protons for reduction to water so there is no generation of Ap. The alter-
native oxidase pathway is characteristically inhibited by SHAM (salicylhydrox-
amic acid).

What is the physiological function of the alternative oxidase? In the case of mitochon-
dria from Arum it is to generate heat that will volatilize insect attractants to aid pollination.
On the other hand, in the American skunk cabbage, the heat production is directed towards
permitting growth in subzero temperatures. This thermogenic mechanism offers a striking
contrast with that evolved by mammalian brown fat mitochondria (Section 4.6.1), in which
proton translocation is normal, but a dissipative proton re-entry pathway exists. A third
rationale for the alternative oxidase pathway is that it provides a mechanism for oxidative
metabolism in the absence of ATP synthesis. Finally, it is important to appreciate that
the extent of activity of the alternative oxidase pathway varies between different plants.
In potato, for example, it is present in only low levels, in contrast to the two plants
discussed above where it is the dominant pathway.

The mechanism whereby electrons are distributed between two electron-transport path-
ways to oxygen is not fully understood. In principle, it could depend on collisional inter-
actions between ubiquinol and the redox proteins but detailed analysis has suggested that one
or both of the pathways may be regulated in response to the ubiquinol : ubiquinone ratio.

Whereas the mammalian mitochondrial respiratory chain is unable to oxidize cytoplas-
mic NADH directly (Section 8.4), plant mitochondria usually possess a distinct inner mem-
brane rotenone-insensitive NADH dehydrogenase in which the active site is exposed to the
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cytoplasm. Transfer of electrons from this enzyme to ubiquinone is not associated with the
translocation of charge across the membrane. There is a third enzyme that oxidizes matrix
NADH but which neither translocates protons nor is inhibited by rotenone — see below.

An interesting example of the disruption of mitochondrial energy transduction, with result-
ing losses to agriculture of the order of US $1 billion in the USA in past years, is provided
by the effect of a toxin produced by the fungus Bipolaris (formerly Helminthosporium)
maydis. This fungus causes leaf blight in male sterile corn plants with Texas male cyto-
plasm. The toxin, which is a polyketide, causes the inner mitochondrial membrane to
become leaky to ions and small molecules. There may also be an inhibitory effect on
complex I. The toxin is ineffective against mitochondria from fertile and normal plants.
The basis for this difference has been shown to reside in the presence in the susceptible
mitochondria of a hydrophobic 13 kDa membrane protein, encoded by a chimeric mito-
chondrial gene, which probably forms three membrane-spanning «-helices that pack as
oligomers to form pores in the inner mitochondrial membrane. Introducing the gene for
this polypeptide into E. coli or yeast makes the cytoplasmic membrane of the former, and
the inner mitochondrial membrane of the latter, susceptible to the toxin.

Neurospora crassa is a fungus that is widely used for biochemical investigations, includ-
ing mitochondrial biogenesis. Although the standard mitochondrial electron transport sys-
tem, is present, there is also an alternative oxidase pathway. In common with the plant
system, this is inhibited by SHAM and the similarity between the two is further emphasized
by the finding that monoclonal antibodies against the plant alternative oxidase cross-react
with mitochondrial inner membranes from N. crassa. Trypanosome mitochondria may also
possess this type of oxidase because cross-reactions with antiboides and SHAM sensitivity
have been observed. The distribution of the alternative oxidase, and of NADH ubiquinone
oxidoreductases other than complex I (see below), is rapidly becoming more evident as
genome-sequencing projects are completed.

The SHAM-sensitive oxidase is not found in all types of fungal mitochondria. It has, for
example, only been identified in a limited number of yeast species. There are, however,
other activities of yeast mitochondria that are not found in mammalian mitochondria.
These include two NADH dehydrogenases. One, known as NDI1, catalyses oxidation of
matrix NADH by ubiquinone without proton translocation; in some yeasts (e.g. the well-
known baker’s yeast, Saccharomyces cerevisiae), complex 1 is absent and thus NDI1 acts
alone. The second, known as NDE1, has its active site facing the cytoplasm (cf. Section
8.4); both NDI1 and NDEI have counterparts in many types of plant mitochondria.

Other proteins associated with the respiratory chain in yeast mitochondria are an
L-lactate : cytochrome ¢ oxidoreductase and a cytochrome ¢ peroxidase. The latter two are
located in the intermembrane space. In the oxidoreductase, electron transfer occurs from
lactate via FMN and then b-type haem to cytochrome ¢, which can transfer electrons to
either cytochrome aa; or the peroxidase; the latter enables yeast to reduce hydrogen
peroxide to water as a terminal step of the electron transport system. The latter contains
b-type haem, but a second redox active group is a specific tryptophan side chain. This is
one of the relatively rare instances of an amino acid side chain undergoing an oxidation—
reduction reaction as part of an electron transport process; another example is given in
Chapter 6. Finally, there are examples of fungi in which the mitochondrial electron trans-
port chain is able to reduce nitrate and nitrite, reactions previously thought to be found only
in bacteria.
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5.15 BACTERIAL RESPIRATORY CHAINS

Reviews  Berks et al. 1995, Poole and Cook 2000, Richardson 2000, White 2001

Oxidative phosphorylation is important in many genera of bacteria (but not, of course, in
organisms that exist by fermentation alone). As explained in Chapter 1, the study of bacterial
oxidative phosphorylation required the development of cell-free vesicular systems. Their
availability, together with the general developments in methodologies for characterizing
membrane-bound redox proteins, means that a great deal is now known about electron
transport in bacteria. The topic is especially large, because not only are there many differ-
ent sources and acceptors of electrons that can be used by various organisms, but also the
components involved in electron transfer from a donor to a given acceptor can differ
markedly between organisms, or even within the same organism, depending on the growth
conditions. Nevertheless, some general principles can be discerned, and attention has
focused more strongly on bacterial electron transport in recent years because the cloning,
sequencing mutating and expressing of genes is generally easier than for mitochondrial
systems. We shall restrict our discussion to a limited number of bacterial electron transfer
chains, which have either been intensively investigated or which provide novel mechanis-
tic insights.

5.15.1 Paracoccus denitrificans

Review and further reading  Williams ef al. 1995, Baker er al. 1998, Ferguson 1998,
Brown et al. 2000, Ferguson and Fiilép 2000

This soil organism allows us to start on familiar territory, since many features of its electron
transport system are similar, whatever its growth mode, to their mitochondrial counterparts
(Fig. 5.21). There is, however, an intriguing difference: complexes I, 111 and 1V (the last
two usually referred to as bc| and cytochrome aas, respectively) all contain fewer polypep-
tide chains than their mitochondrial counterparts, facilitating their structure—function
analysis; Sections 5.6, 5.8 and 5.9).

The ¢yt ¢s54 (Fig. 5.21) is closely related to mitochondrial cyt ¢ in terms of both struc-
ture and redox potential. It would thus be expected to shuttle between the proteins corres-
ponding to the bc; and aa, complexes at the outer (P) surface of the cytoplasmic
membrane. However, a membrane-anchored cyt ¢ss5, may instead carry out this role: thus
deletion of the ¢yt ¢s5o gene does not stop electron transfer to cyt aa;. Cyt ¢4 and cyt ¢ss,
seem able to act as alternates in the electron transport pathway; such degeneracy of
components appears quite common in bacteria but the advantage conferred by this feature
is not clear.

Cytochrome aa; does not provide the only route to oxygen, since there is a bay which
bypasses both bc; and aas, and c¢bb,, that can accept electrons from c-type cytochromes
(Fig. 5.21). The name cytochrome baj indicates that the oxygen reduction site will, as in
mammalian complex 1V, contain an a-type haem adjacent to a copper ion (Cug). Compared
with mammalian complex IV, the a haem is replaced by a b-type and the Cu, site is
replaced by a ubiquinol binding site. Cytochrome ba; pumps protons by the same mechan-
ism as complex IV, but the bypassing of the cytochrome bc; complex means that the
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Figure 5.21 Organization of electron transport components in
P. denitrificans.

Only the components in italics are thought to be constitutive. The other components
are induced by appropriate growth conditions and are unlikely to be all present
at once. NADH dehydrogenase, succinate dehydrogenase, ubiquinol cytochrome
¢ oxidoreductase and aa; oxidase correspond to mitochondrial complexes I-IV.
Continuous boxes indicate integral membrane components; dashed lines represent
periplasmic components. Further details of methanol and methylamine oxidation
is given in Fig. 5.23, and of nitrate respiration in Fig. 5.24.

overall H'/2e " stoichiometry from UQH, to oxygen will be lower. Cytochrome baj is very
similar to the cytochrome bo; of E. coli (Section 5.15.2); both are members of the super-
family of terminal oxidases known as the haem—copper oxidases. This family is defined by
high sequence similarity within the largest subunit (subunit I, which has 12 transmembrane
a-helices) and a binuclear active site consisting of a high-spin haem (a3, b5 or 03) and a
closely associated Cug.

The cbb; oxidase (Fig. 5.21) is also a member of this family with two b-type haem mol-
ecules, one designated b; to denote proximity to Cug, in place of the a-types. The Cuy
domain of cyt aa; is replaced by a c-type cytochrome subunit. For as yet unknown reasons,
these changes result in an oxidase with much higher affinity for oxygen than aas, whilst
retaining (according to most investigators) the capacity for pumping 1H™ per electron.
Comparison of cbb; and aa; suggests that neither the farnesyl side-chain extension of the
a-type haem nor its formyl group is an essential component in a proton translocation mech-
anism. The cbb; enzyme was first identified as an oxidase with very high affinity for oxy-
gen that was required for symbiotic nitrogen fixation in Rhizobial species. The branched
aerobic electron transport chain of P. denitrificans is a very common feature amongst the
bacteria, but the reasons for it, the control of expression of the different components and
the regulation of the distribution of electrons between the branches arc not understood in
detail.

Figure 5.21 also shows a hydrogenase, probably related to the membrane-bound hydro-
genase that has other similarities to components of complex I (see Section 5.6). It can pass
electrons directly to the UQ pool. Electrons can also be fed to UQ from succinate dehy-
drogenase as well as from a FAD-linked fatty acid oxidation step.
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P, denitrificans can use final electron acceptors other than oxygen (Fig. 5.21). Amongst
these is H,0,, a molecule commonly found in the soil environment of the bacteria.
Reduction of H,0, is catalysed by a periplasmic cyt ¢ peroxidase (Fig. 5.21), which is a
dihaem c-type cytochrome and thus differs from the enzyme with the same function that
is in the intermembrane space in yeast mitochondria (Section 5.12). Anaerobic electron
acceptors in P. denitrificans are described in Section 5.15.1(b), after we discuss how this
organism is able to oxidize compounds that have only one carbon atom.

(a) Oxidation of compounds with one carbon atom

Reviews Goodwin and Anthony 1998, Anthony 2000

P, denitrificans is one of a restricted group of bacteria that can grow on methanol or methyl-
amine as its sole carbon source. The dehydrogenases for these two compounds (Fig. 5.22)
are found in the periplasm (P-phase). That for methanol contains pyrroloquinoline quinone
(PQQ) as a cofactor, whilst methylamine dehydrogenase (for which a 3D structure has been
determined), contains a novel type of redox centre, a tryptophyl-tryptophan involving a
covalent bond between two tryptophan side chains. Electrons pass from the redox centre
of trimethylamine dehydrogenase to a le™ carrier copper protein, amicyanin, which forms
a sufficiently tight complex, mainly through apolar interactions, with the dehydrogenase
to allow co-crystallization. From amicyanin, the electrons pass to ¢-type cytochromes,
probably including cyt csso, and then to oxygen via cyt aa; oxidase. Thus Ap is established
in this short electron-transfer chain by the inward movement of electrons and outward
pumping of protons through cyt aas, together with the release and uptake of protons at the
two sides of the membrane associated with methylamine oxidation and oxygen reduction
(Fig. 5.22).

In the case of methanol oxidation, the energetic considerations are similar, electrons
being transferred from reduced PQQ, within methanol dehydrogenase, which is also a
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Figure 5.22 Schematic representation of periplasmic oxidation of
methanol or methylamine in P. denitrificans.
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protein of known structure, to c-type cytochromes (Fig. 5.22). Although the £, ; of the
methanol—formaldehyde couple is similar to that for succinate—fumarate, the H*/O stoi-
chiometry for the oxidation of succinate (which involves both the b¢; complex and cyt aas
oxidase) is greater than for methanol oxidation. Why a longer electron transport chain is
not used for the oxidation of methanol or methylamine is not understood. The formalde-
hyde produced from oxidation of methanol or methylamine is oxidized by cytoplasmic
(N-phase) enzymes to CO, with concomitant generation of NADH. In P, denitrificans, the
CO, thus produced is refixed into cell material. In other organisms that grow on methanol,
some of the formaldehyde can be directly incorporated into cell material.

(b) Denitrification

The sequential reduction of NO3, NOj3, NO and N,O is catalysed by anaerobically grown
P, denitrificans in the process known as denitrification (hence the name of the organism).
The four reductases required to carry out this process receive electrons from the underlying
electron transport system used in aerobic respiration (Figs 5.21 and 5.23).

The membrane-bound NO3 reductase (often called Nar) receives electrons from UQH,
towards the P-side of the membrane. 2H* /UQH, are released to the periplasm and 2¢~ pass
inwards across the cytoplasmic membrane via two b-type haems to the site of nitrate reduc-
tion, which is at an Mo atom that is co-ordinated by a specific cofactor known as MGD,
on the N-surface (Fig. 5.23). The E,, ; for the NO3/NO;3 couple is +420mV. The inward
movement of the electrons is equivalent to the transfer from cytoplasm to periplasm of
two positive charges (2q*) per 2e”. Since UQ was originally reduced at the N-face of the
membrane, the outward transfer of UQH, and the return to the N-phase of 2¢™ can be con-
sidered as a good example of a redox loop mechanism (Fig. 5.10).

In common with many other organisms, P. denitrificans also possesses a periplasmic
nitrate reductase (often called Nap). As with the membrane-bound enzyme, the nitrate is
reduced at an Mo centre, which is co-ordinated by sulfur atoms provided by the two
molecules of the MGD cofactor. The important bioenergetic distinction between the two
types of nitrate reductase is that the periplasmic enzyme itself is not associated with proton
translocation (Fig. 5.23). How exactly the electrons pass from UQH, within the core of the
bilayer to Nap is not clear, but it is very probable that a protein known as NapC participates
in this process. NapC is a tetra-haem c-type cytochrome but, as the haem groups are located
in a globular domain, one must propose that this domain dips sufficiently into the bilayer
to provide a binding site for ubiquinol. This would be analogous to the ETF—ubiquinone
oxidoreductase that was discussed in Section 5.7.2. Explanations as to why two nitrate
reductases can be present, as in P. denitrificans, are complex and beyond the scope of
this book.

Nitrite reductase is a soluble enzyme in the periplasm, contains both ¢- and d,-type haem
centres (hence usually called cytochrome c¢d;) and can receive electrons from cyt bey via
either cyt css9 or a copper protein known as pseudoazurin, on the periplasmic face of
the membrane. The crystal structure shows that the active site is the d; haem, unique to
this type of enzyme and carrying several modifications to the usual haem ring, which is
contained in a propeller-shaped structure made up from eight blades of four stranded 8-
sheet. The cytochrome ¢ domain must therefore interact with either cyt cs5 or pseudoazurin.
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Figure 5.23 Electron transport pathways associated with nitrate reduction
and the subsequent steps of denitrification in P. denitrificans.

There are two routes for electron flow from ubiquinol to nitrate. One, the Nap
pathway, results in electron and proton release to the periplasm and hence no gen-
eration of Ap; the tetrahaem NapC protein is believed to provide the ubiquinol
oxidation site. The other pathway uses the membrane-bound (Nar) reductase
which has two b-type haems distributed across the membrane and a cytoplasmic-
facing active site at which there is a molybdenum centre (containing a special-
ized pterin cofactor known as MGD). As explained in the text, this loop
mechanism is associated with the same net positive charge translocation across
the membrane as electron flow to the other three nitrogenous acceptors. The
charge and proton translocation stoichiometry catalysed by the ubiquinol
cytochrome ¢ oxidoreductase is explained in Section 5.8 and Figs 5.14 and 5.18.
Note that the reduction of nitrate by the membrane-bound nitrate reductase
requires that negatively charged nitrate enters the cell despite the Ay being nega-
tive inside. A nitrate—nitrite antiporter (cf. Chapter 8) is currently postulated to
overcome this bioenergetic problem.

As these two proteins have very different structures, the concept of pseudospecificity has
been invoked to explain how they can each dock onto cytochrome cd|. The transfer of 2e™
through bc; to the periplasmic cyt csso, coupled to the release to the periplasm of 4H*/2e~
is, as in the case of the mitochondrial bc; complex, equivalent to 2q*/2e~. Note that these
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nitrate and nitrite reductases, and the E. coli enzymes discussed below (Section 5.15.2),
are distinct from the widespread enzymes with the same names that are responsible for
the assimilation of nitrogen in bacteria and plants, and which are beyond the scope of
this book.

Nitric oxide reductase is an integral membrane protein containing both b- and c¢-type
haems, which from sequence analyses has unexpectedly proved to be closely related to the
cbb; oxidase and thus to the haem—copper family of oxidases. A critical difference is that
the copper at the active site is replaced by iron and that the enzyme does not translocate
charge across the membrane. Thus as shown in Fig. 5.23, it is thought that both protons and
electrons reach the active site from the same (periplasmic) side of the membrane and a
proton-pumping activity is absent, consistent with the absence from nitric oxide reductases
of key residues implicated in the proton-pumping activity of the oxidases. The unexpected
discovery of a relationship between nitric oxide reductase and oxidases has led to the inter-
esting proposal that nitrate respiration, and that of nitric oxide in particular, predated
terrestrial oxygen respiration. Presumably nitrogen oxides must have been made by photo-
chemical reactions between water and nitrogen. Electrons for NO reduction are supplied
from cyt bc| via cyt cssp; thus, as in the case of nitrite reductase, the net outward charge
transfer is 2q*/2¢”.

Finally nitrous oxide reductase — a copper-containing enzyme — is, like nitrite reductase,
a soluble periplasmic enzyme. It contains the same Cu, centre as in complex IV as well as
a novel cluster of four copper atoms, bridged by sulfur, at the active site. Electrons reach
this reductase from bc, via cssy and are associated with a 2q*/2e™ outward charge transfer.
It is notable that the £, ; of the N,O/N; couple is even more positive than %Oz/HzO,
at +1100 mV, although the concentration of N,O in vivo may be so low that the actual E},
for the couple may be comparable to the +800mV for the oxygen reaction.

Nitrite reductase, N,O reductase and NO reductase thus all appear to serve as P-face
electron sinks at the level of cyt ¢ (Fig. 5.23), and as such all play integral roles in their
respective pathways. Each is associated with 2q*/2e” stoichiometries for the spans from
UQH,, as indeed is nitrate reductase with its different pathway. Thus, despite the redox
span from the UQH,/UQ couple to NO3/NO3 being far smaller than to N,O/N,, the charge
transfer is the same (Fig. 5.23). It should be noted also that the onward flow of elec-
trons from cytochrome cssy to oxygen via cyt aas or ¢yt chbs, rather than to these reduc-
tases, leads to a higher q*/2¢™ ratio. One complication in the scheme of Fig. 5.23 is that
the role of cyt ¢ssq in denitrification has been questioned by the finding that a mutant of
P, denitrificans lacking cyt css is still able to denitrify. An explanation is that the copper
protein pseudoazurin, similar to plastocyanin (Chapter 6), can substitute.

There is sometimes confusion as to whether a soluble periplasmic enzyme such as N,O
reductase can ‘participate’ in the generation of Ap. It should be clear that, although the
activity of such enzymes per se does not contribute directly to Ap, their roles in transfer-
ring electrons to acceptors is necessary for the proton-translocating NADH dehydrogenase
and bc; complex to function. On the other hand, comparison of Fig. 5.22 with Fig. 5.23
shows that transfer of electrons from the periplasmic methanol dehydrogenase to nitrous
oxide reductase would not generate a Ap despite the large redox span. This illustrates the
importance of considering not only redox spans but also the topology of electron flow in
energy-transducing membranes.
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5.15.2 Escherichia coli

Reviews and further reading  Unden and Bongaerts 1997, Bader ef al. 1999, Iverson
et al. 1999, 2000, Kobayashi and Ito 1999, Abramson et al. 2000, Dym et al. 2000

When E. coli is grown aerobically, many of the electron transport components are distinct
from those found in either mammalian mitochondria or P. denitrificans. In particular, there
are no detectable c-type cytochromes, and electron transport from UQH, to oxygen is
insensitive to antimycin and myxothiazol, inhibitors of the bc; complex, which is absent
from E. coli. Two oxidase enzymes, known as cyt bo; (but often called bo) and cyt bd can
directly oxidize ubiquinol (Fig. 5.24). Cyt bo; is a member of the haem—copper super-
family. A crystal structure (Plate D) of this bo; oxidase shows, as expected, that the spatial
organization of the two haem groups and the adjacent copper is very similar to that in aas
oxidase, and that a ubiquinol binding site can be inferred, intercalated between helices
of subunit I towards the P-side of the membrane. Thus the absent Cu, site of cyt aas
is replaced by a quinol oxidation site. This cyt bos is, in common with cytochrome aas,
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Figure 5.24 The E. coli aerobic electron transfer chain from ubiquinol to
oxygen.

A crystal structure is available for the bo; oxidase (Plate D) and the ubiquinol
oxidation has been modelled at approximately the location shown. The open cir-
cle indicates the Cug centre. For cytochrome bd (b), a more approximate model
based on biochemical data is presented. Note that cytochrome bos (a) is related
to cytochrome aa, and essentially performs the same function.
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a proton pump with stoichiometry 2H"/2¢~ and overall charge movement of 4q*/2e™ (cf.
Section 5.9).

The cyt bd complex comprises two polypeptide chains and has two b-type haems, one
called bssg, which is the electron acceptor from ubiquinol. The bsgs 1s thought to form a
haem pair with the distinctive porphyrin ring of the d-type haem. Strictly speaking, this last
is a chlorin, owing to saturation of one of the pyrrole rings, but is markedly different from
the d| haem in P. denitrificans nitrite reductase (Section 5.15.1). d haem is the site of oxy-
gen reduction; there is no adjacent copper or non-haem iron. Subunit I probably folds into
nine transmembrane helices and provides both axial ligands to the bssg. The other two haem
groups are probably bound by both subunit I and the five helix subunit 2.

Cytochrome bd does not show any sequence similarity with the haem—copper family of
oxidases; although perhaps surprising, this is consistent with the very different fold of the
protein. There is no evidence that cyt bd is a proton pump and thus the stoichiometry
of charge translocation is 2q*/2e”, due purely to the inward movement of electrons from
the site of ubiquinol oxidation, in other words a loop mechanism (Fig. 5.10, and cf.
Fig. 4.9). Biochemical analysis and studies with mutants all suggest that all three haem
groups are located towards the periplasmic side of the membrane. Cyt bd has a much higher
affinity for oxygen than cyt bo; and is synthesized under conditions of low oxygen
concentrations.

The lower stoichiometry of proton translocation achieved at low oxygen concentrations
may be the price that has to be paid to attain a high catalytic rate of oxidase activity with
no thermodynamic back pressure from the protonmotive force on the individual reaction
steps of oxygen reduction.

Clearly E. coli has a truncated electron transport chain, in comparison with mitochondria
and P, denitificans, with lower q*/2¢™ and H*/2e ™ ratios. If the H*/ATP ratio for the ATP
synthase is the same as for an organism where electron transfer is exclusively via bc| and
aas, then it follows that the P/O ratio for UQH, — %02 is also lower. Obviously the redox
span for UQH,— %OZ is independent of the pathway. The electron transport system of
E. coli illustrates that an organism may not always be seeking to maximize the stoichiometry
of ATP production. Natural habitats of E. coli may be rich in potential substrates and the
need to maximize ATP yield may not apply.

E. coli has two NADH dehydrogenases. One of these, the proton-translocating enzyme,
is very similar to that of P. denitrificans (Section 5.15.1) and the mitochondrial complex I
(Section 5.6). The second enzyme has a much simpler subunit composition and does not
translocate protons.

Figure 5.25 shows that the £. coli respiratory chain can receive electrons from many
electron donors. The oxidation of p-lactate is interesting because the dehydrogenase is a
peripheral membrane protein of known structure, which has to dip into the membrane
sufficiently to make contact with the head group of ubiquinone or menaquinone. As in the
case of the mitochondrial ETF/UQ oxidoreductase (Section 5.7), transmembrane helices
are not needed for the provision of a binding site for quinone.

E. coli is not restricted to aerobic growth. Under anaerobic conditions, part of the TCA
cycle, 2-oxoglutarate dehydrogenase, ceases to function, in contrast to P. denitrificans and
many other non-enteric bacteria. Pyruvate can be converted to formate or fumarate.
Consequently, under anaerobic conditions, these products can respectively act as an elec-
tron donor and acceptor to the electron transport system that contains menaquinone rather
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Figure 5.25 An overview of E. coli aerobic and anaerobic respiratory
systems.

The components present depend on the growth conditions. Under anaerobic con-
ditions, menaquinone replaces ubiquinone as the main quinone. Note that many
of the enzymes (e.g. the nitrite reductase, the periplasmic nitrate reductase and
the trimethylamine-N-oxide reductase) are located in, or have their active sites
facing, the periplasm.

than ubiquinone under these conditions. Oxidation of formate to CO, and concomitant
reduction of fumarate to succinate can generate Ap (Fig. 5.26).

Crystal structures of a membrane-bound formate dehydrogenase and fumarate reductase
have now been obtained (Plate E). The formate binding site is in a globular domain exposed
to the periplasm, which is connected to transmembrane helices between which two b-type
haems are sandwiched, one towards the P-side and one towards the N-side. Protons are
released to the periplasm, and electrons are transferred from the Mo/MGD centre in the
active site via suitably positioned Fe/S centres to the haem at the N-side, where protons are
taken up and quinol formed. Thus the enzyme acts as a Ap generator (Fig. 5.26). In con-
trast, fumarate reductase has its globular domain exposed to the N-side and, although it is
related to succinate dehydrogenase, it has no haem groups. It is thought that quinol oxida-
tion and proton release both occur at the N-side of the membrane and thus this reductase
does not generate Ap.

A variety of anaerobic electron acceptors can be used by E. coli (Fig. 5.25). The expression
of many of the necessary enzymes is dependent on the Fnr protein, which, under anaerobic
conditions, acts as a transcriptional acitivator for many of the genes associated with anaer-
obic metabolism. NOj is reduced to NO; by two reductases that are very similar to those
described above for P. denitrificans. However, NO, is reduced to NHZ, rather than to NO, by
a periplasmic nitrite reductase that contains five c-type haem groups. Dimethylsulfoxide and
trimethylamine-N-oxide (both occur in natural environments, the latter especially in fish) can
also serve as terminal electron acceptors via one or more reductases, which contain Mo at the
active sites, bonded similarly as in nitrate reductases (Fig. 5.25).

It has recently emerged that the respiratory chain of E. coli can accept electrons from
a post-translational process in the periplasm. Disulfide-bond formation in periplasmic
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Figure 5.26 The structural basis of Ap generation as formate is oxidized by
fumarate in E. coli.

The structures of both the formate dehydrogenase N (see also Plate E) and the
fumarate reductase (Plate E) have been determined at high resolution. The active
site of the formate dehydrogenase has an Mo atom coordinated by two molecules
of the pterin cofactor MGD. Oxidation of formate at this site results in electron
transfer via a series of Fe/S centres and two haems such that the electrons are
taken from the P to the N side of the membrane where proton uptake occurs for
formation of menaquinol. Ap is thus established by this reaction which repre-
sents the electron carrying arm of a redox loop (cf. Fig. 5.10). In contrast, the
fumarate reductase does not transfer electrons across the membrane so that its
functioning does not involve any generation or utilization of Ap. (Formate oxi-
dation can also be linked to the Nar type of nitrate reductase (Fig. 5.23) which
also contributes to Ap generation (see Plate E).) More details can be found in
Jormakka et al. (2002).

proteins requires the oxidation of cysteine thiol groups. The primary oxidation event is
catalysed by a periplasmic protein known as DsbA in which a disulfide bridge is reduced.
The resulting two cysteines are in turn reoxidized by a disulfide in DsbB; the latter is
reformed when DsbB is oxidized by the ubiquinone or menaquinone of the respiratory
chain. The exact mechanism whereby two thiol groups in DsbB are oxidized back to a
disulfide is, however, not known.

5.15.3 Relationship of P. denitrificans and E. coli electron transport
proteins to those in other bacteria

Many of the features of the electron transport systems of P. denitrificans and E. coli are of
general importance, as exemplified by the fact that some components, ¢.g. the membrane-
bound and periplasmic nitrate reductases, are common to both despite the low overall
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similarity of these two organisms. The UQ/UQH, (or MQ/MQH,) pools not only act as
collectors of electrons from several sources, as in mitochondria, but also donate electrons
to several alternative pathways, and thus serves as a ‘cross-roads’ for electron transfer
(Fig. 5.25), compatible with quinone—quinol mobility within the bilayer. This feature is found
in many other bacteria. It is not known how electrons distribute themselves between the dif-
ferent pathways; the simplest mechanism would be competition, which may also occur in
plant mitochondria (Section 5.12). In some cases this explanation appears insufficient; thus
nitrate reduction via the membrane-bound enzyme by P. denitrificans is blocked by the pres-
ence of oxygen. The locus of control may be a nitrate transport system (Fig. 5.23).

The c-type cytochromes, which in bacteria are far more varied and play a greater range
of roles than in mitochondria, are also a common feature of bacterial electron transport.
Such cytochromes are often water-soluble and almost invariably found in the periplasm
or at least with a haem group exposed to the periplasm (e.g. ¢yt ¢;). The presence in the
periplasm of a large number of electron transfer proteins is also a general feature of redox
reactions in Gram-negative bacteria. In Gram-positive bacteria, which do not have a
periplasm, the c-type cytochromes appear to be more tightly associated with the cytoplas-
mic membrane and the range of metabolic activities associated with dehydrogenases and
reductases at the P side is much more restricted than in Gram-negative organisms. It is
notable that, in many organisms, periplasmic c-type cytochromes function at a junction
point. NapC (Section 5.15.1) is an example of a large class of such proteins that are
involved in electron transfer into and out of the periplasm.

Some of the electron transport chain components found in P. denitrificans, especially
bc) and aa,, are also relatively widely distributed, although these two cytochrome
complexes are not always present together. Of particular interest is the widespread
distribution of nitric oxide reductase, even in organisms that cannot denitrify. This may
equip organisms to use nitric oxide that mammalian cells make as a defence against bac-
teria. As with cytochrome oxidase, there are variants of nitric oxide reductase; some can
directly oxidize quinols, whilst others contain a Cu, centre. The electron transfer compon-
ents of E. coli are also found elsewhere. For example, a similar cytochrome bd oxidase
with high affinity for oxygen terminates a ubiquinol oxidase system in Azotobacter
vinelandii and Klebsiella pneumoniae. In these organisms a role of this oxidase is to
maintain low oxygen concentrations in order to protect an oxygen-sensitive nitrogenase
enzyme.

Overall, it is becoming clear that many of the components found in P denitrificans
and E. coli are also found in a range of other organisms, but in various combinations
(see Section 5.15.4 for a recent example). It is as if the genes for these components have
been transferred between organisms so as to provide the optimal apparatus for a particular
growth environment. However, it should be appreciated that there are many other electron
transport proteins found in the bacterial world which are distinct from the examples given
here (see the Appendix). For example, in some denitrifying bacteria, nitrite reductase does
not contain ¢ and 4, cytochromes but rather a copper protein — a high-resolution structure
shows a trimeric protein with type [ copper as in plastocyanin (Section 6.4) and type 11
copper as the active site.

Another important variation is that some bacteria either use or produce precipitated
materials during respiration. In at least some cases it is currently envisaged that electron
transfer must occur across the outer membrane. In the case of Shewanella frigidimarina,
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a multihaem c-type cytochrome on the exterior surface of the outer membrane is postulated
to be involved in reduction of the soluble ferric iron to the insoluble ferrous form. A further
distinct example is provided by sulfate reducing bacteria, which are rich in a variety of
c-type cytochromes quite distinct from those in P. denitrificans, whilst we can expect that
the archae will provide further variants of quinones and cytochromes. Nevertheless, the uni-
fying themes can be expected to be: (a) quinones and c-type cytochromes acting as mobile
components to connect enzymes that handle different electron donors and acceptors; and (b)
spatial distribution of enzymes between the P- and N-sides of the membrane so as to provide
organizations that will lead to the generation of Ap within the thermodynamic limits.

In the next section we illustrate how some of the electron transfer components identified
in P. denitrificans and E. coli appear in organisms that have very different physiologies than
these two models.

5.15.4 Helicobacter pylori

Review  Kelly 1998

Helicobacter pylori is a bacterium that grows at very low oxygen concentrations and has
attracted attention as it is a cause of several disease states, including gastric ulcers and pos-
sibly gastric cancer. It is an example of an organism where more knowledge of its electron
transport system has been gained from the sequencing of its genome, now an increasingly
rapid procedure, rather than from biochemical analyses. Most of the respiratory chain
(Fig. 5.27) system could be readily identified from sequence similarities with known
bacterial electron-transport components. Several features are notable, some of which are
in common with P. denitrificans, others with E. coli. First, and unusually for a bacterial
respiratory chain, there is only one oxidase and that, as might be expected from the
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Figure 5.27 The electron transfer chain of Helicobacter pylori as deduced
from the genome sequence.

The components were identified almost exclusively by assigning open reading
frames in the genome sequence using sequence data bases. Cytochrome css3 is
related to a c-type cytochrome found in other bacteria including Campylobacter.
The other components shown in the figure have been introduced in the discus-
sions of P. denitrificans and E. coli. Dotted lines indicate periplasmic location.
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requirement for growth under low oxygen conditions, is the high affinity chb;-type (Section
5.15.1). Second, like £ coli, the organism can use fumarate as an electron acceptor, although
there are no reports of it growing anaerobically with this electron acceptor, while in common
with P. denitrificans it has the respiratory chain enzyme that can reduce hydrogen peroxide
to water. Third, the cytochrome bc; complex is evidently adapted to use menaquinol rather
than ubiquinol, and fourth succinate dehydrogenase is absent. Thus the organism has, as it
were, recruited a set of electron transport chain components that are found elsewhere in the
bacterial world in order to provide a system that can satisfy its growth niche. How aerobic
growth is possible without succinate dehydrogenase is beyond the scope of this book!

Not everything about the bioenergetics of H. pylori can be immediately deduced from the
genome sequence. Thus, although an NADH dehydrogenase can be expected to be present,
the critical NuoE and NuoF subunits (Fig. 5.12) of an NADH dehydrogenase are absent
despite the presence of orthologues of other Nuo subunits. As NuoE and NuoF provide the
catalytic site for NADH oxidation, and presumably the first electron-transfer steps within
the enzyme (Fig. 5.12), it is difficult to understand the nature of the enzyme. However, an
intriguing biochemical observation is that cytoplasmic membranes oxidize NADPH much
more rapidly than NADH. The combination of data from the genome sequence and tradi-
tional biochemistry now directs future research into the possibility that this organism has a
proton translocating NADPH dehydrogenase; similar approaches will be needed in many
other contexts.

Finally, we note the presence of both a p-lactate menaquinone oxidoreductase (similar to
the enzyme in E. coli) and an L-malate menaquinone oxidoreductase, emphasizing again
the role of quinone as a junction point in electron transport systems. It should be clear that
the bioenergetic interpretation of the genome sequence relies on the knowledge of bacter-
ial electron transport systems gained previously by biochemical studies on a limited
number of model organisms.

5 155 Nitrobacter

If an organism grows on a substrate with a relatively positive redox potential, it can be
faced with the problem of how to generate NADH or NADPH for biosynthetic reactions.
The example of Nitrobacter illustrates this aspect of electron transport.

Nitrobacter grows by oxidizing nitrite to nitrate (£, ; +420mV) by a nitrite oxido-
reductase, transferring electrons via a c-type cytochrome to a cyt aa; oxidase and reducing
oxygen to water (£, ; +820mV; Fig. 5.28). It is not immediately apparent, therefore, how
the organism can reduce NAD" to NADH (£,,; —320 mV) for biosynthetic reactions. The
solution comes from reversed electron transfer, which was introduced in a mitochondrial
context in Section 4.9.

The short electron-transfer chain described above generates a Ap, which will, as in other
bacterial genera, drive ATP synthesis and transport processes. Nitrobacter probably possesses
a bc| complex (or an equivalent) and an NADH dehydrogenase complex, which, as in other
electron transfer chains, are reversible. The Ap generated by NO,; — O, is used to reverse
both these complexes and proton re-entry drives a minority of the electrons originating
from NO; back through the complexes from c-type cytochrome to NADH (Fig. 5.28).

The mechanism of Ap generation has not been fully elucidated. Figure 5.28 presents a
plausible, but not fully proven, scheme in which NO, oxidation occurs on the N-face of
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Figure 5.28 Protonmotive force generation and reversed electron transport
in Nitrobacter.

As explained in the text, it is proposed that A¢r drives electrons energetically
uphill from nitrite to the cytochrome ¢ and that cytochrome aa; acts as proton
pump. (---) indicates reversed electron flow. Not all details of this scheme have
been fully substantiated, although the sequence of the cytochrome aa; shows the
presence of all the amino acid residues implicated as important in proton pump-
ing by this type of enzyme. The nitrite oxidase has sequence similarities with the
membrane bound-type of nitrate reductase (Nar) (Fig. 5.19).

the membrane, transferring electrons to ¢yt ¢ on the P-face. This may seem strange, since
this charge movement collapses rather than generates Ap, but there is a thermodynamic
reason. The £, ; for the cytochrome is +270mV, or 150 mV more electronegative than for
NO,/NO3. Ap, or rather the 170mV Ay, which is typical for bacterial cytoplasmic
membranes, is needed to drive the reduction of the cytochrome. A related utilization of Ay
has been discussed in the context of the mitochondrial b¢; complex (Section 5.8). From cyt ¢
electrons pass to oxygen via the proton-pumping cytochrome aa; oxidase. Note that the
electrons return to the N-face and that the net outward movement of positive charge is due
to the proton pumping of the oxidase.

Support for the above role of the membrane potential comes from studies with inverted
membrane vesicles from Nitrobacter. Electron transfer from NO; — O, is slowed, rather
than accelerated as in mitochondrial oxidations (Section 4.6), by conditions that decrease
Ay (e.g. the presence of protonophores or ‘state 4/state 3’ transition; Section 4.6). Such
conditions result in a decreased reduction of ¢yt ¢ and hence a decline in respiration. The
energetics of Nitrobacter illustrate the beautiful economy of the chemiosmotic mechanism.
Ap drives the initial step of substrate oxidation and reversed electron transport as well as
more conventional processes such as ATP synthesis and substrate transport. The sequence
of the Nitrobacter cytochrome aa; oxidase shows that key residues implicated in proton
pumping {Section 5.9) are present.

5.15.6 Thiobacillus ferrooxidans

Reviews  Ingledew 1982, Blake er al. 1993

Nitrobacter is by no means the only example of an organism in which reversed electron
transport is important. Another instance is Thiobacillus ferrooxidans, which oxidizes Fe**
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to Fe?* (Emy = +780mV). As with the oxidation of nitrite to nitrate, this reaction cannot
directly reduce NAD™ and thus a small proportion of the electrons derived from Fe?™ are
transferred ‘uphill’ to NAD™, whilst the remainder flow to oxygen with concomitant gen-
eration of Ap. The oxidation of Fe** occurs in the periplasm and electrons are transferred
to an oxidase via a copper protein known as rusticyanin (Fig. 5.29). T. ferrooxidans typ-
ically grows at an external pH of 2, which is important for two reasons. First, the rate of
uncatalysed oxidation of ferrous to ferric ion is slower than at pH 7 and, second, the reduc-
tion of oxygen to water, being a reaction that consumes protons, has a more positive £, at
the lower pH.

In assessing the bioenergetics of this organism it is important to keep in mind that
the limits are set by the Ej, values for the Fe?*/Fe** and O,/H,0 reactions at pH 2. With

2t x“"f; e
2Fe \f'/ Fol \. ‘~-B}Eﬂ?_@'ﬂ-"
{ neap— P
2Fe” /\Eflda?e/ 2e o P-phase
\A - /// periplasm
sz (pH 2)
1 1 | 1
| ovtaa, \oo |
oxidase | |
L —J
=] e ~ N-phase
‘,/ \.‘ By \ cytoplasnm
/ o H.O  (pH6)
i
R\
2/3(ADP +P)) 2/3ATP

Figure 5.29 Electron transfer and ATP synthesis by Thiobacillus
ferrooxidans.

Only at external pH values of approximately two does the organism grow by oxi-
dizing Fe(II) at the expense of oxygen. The low pH means that the Fe(Il) is more
soluble and its non-catalysed oxidation to Fe(Ill) is much slower than at pH 7.
Furthermore, the free-energy change for the overall oxidation of Fe(1l) by oxy-
gen is much greater at pH 2, owing to the pH-dependence of the redox potential
of the oxygen—water reaction. Nevertheless, the overall energy available to the
cell is still small. The oxidation of iron occurs in the periplasm or on the outer
membrane and oxygen is reduced by a cytochrome aa; oxidase. It is thought that,
as in all cytochrome oxidases, the protons required for reduction of oxygen are
taken from the cytoplasm, but in contrast to other cytochrome aa; molecules
there is reason to believe (see text) that there is no additional proton pumping for
energetic reasons. Thus, the action of the protonmotive activity of the oxidase
will contribute to making the electric potential more negative inside and also to
consumption of cytoplasmic protons. In the absence of any electron transfer, the
protonmotive force is zero; the large pH gradient is balanced by a membrane
potential, positive inside the cells. The operation of cytochrome oxidase scarcely
changes the pH but results in the membrane potential inside becoming less posi-
tive by approximately 180 mV, thus giving a net protonmotive force. This drives
ATP synthesis (as shown) and reversed electron transport (not shown). The dia-
gram shows a proton cyt unit which, if we assume that 3H" are needed for each
ATP mode (Chapter 7), means that 2/3ATP are made per 2e” flowing to oxygen
(i.e. p/2e™ = 0.67). The scheme does not show how the pH gradient is maintained.
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reasonable estimates of the actual concentrations or partial pressure of the substrates, we
can calculate that at pH 2 the redox span is approximately 300 mV. This means that, if
transfer of one electron from Fe?' to oxygen is associated with the movement of one
charge across the membrane, then the maximum value of Ap could be 300 mV, whereas
movement of two charges (Fig. 5.29) would restrict the Ap to 150 mV.

The low pH outside the cells has important consequences for the relative contributions
of Ay and ApH to the total Ap. During steady-state respiration, the cytoplasmic pH is
estimated to be about 6, giving a ApH of 4 units, equivalent to 240 mV. If the total Ap were
to be 300 mV, and thus much larger than found in other systems, A¢ would be 60mV,
positive inside. On the other hand, if Ap were to be 150 mV, then the A¢ would have to
be 90mV, negative outside. Currently, there is some uncertainty about the size of Ap
and whether or not the terminal oxidase, now known from the genome sequence to be
cytochrome aas, is the first example of this class of enzyme that does not pump protons
(Fig. 5.29). Some key residues thought to be involved in proton pumping are absent from
the sequence of the T. ferrooxidans oxidase. If it does turn out to have the ‘standard’
stoichiometry of proton pumping, then Ap will be restricted to approximately 150 mV. The
implications for the stochiometry of ATP synthesis are explained in Fig. 5.29.

A final point of confusion concerning the bioenergetics of T. ferrooxidans concerns the
magnitude of Ap in the absence of respiration. The pH difference can still be 4 units, appar-
ently equivalent to a Ap of 240 mV, but there is no net Ap under these conditions. The A¢) is
approximately 240 mV, positive inside the cells, and arises from an inwardly directed diffu-
sion potential of protons. The onset of respiration and thus of outward positive charge move-
ment effectively lessens the magnitude of this potential. It is a common mistake to imagine
that the large pH gradient can be regarded as some type of gratis and bonus contribution to Ap.

%.15.7 The bioenergetics of methane synthesis by bacteria

Heviews and further reading  Chistoserdova er al. 1998, Thauer 1998, Gottschalk and
Thauer 2001

Methanogenic bacteria are archaea, which obtain energy from several types of reaction in
which methane is an end product. It was only established in the late 1980s that this methane
formation is associated with electron transport driven H* or Na* translocation and that
resultant ATP synthesis is by a chemiosmotic mechanism.

Two methanogenic organisms, Methanosarcina barkeri and Methanosarcina mazei
strain G&1, provided important clues about the bioenergetics of methanogenesis; both gain
energy for growth from the reduction of either CH;OH or CO, by H:

CH,OH + H, - CH, + H,0 [5.7]
or
CO, + 4H, - CH, + 21,0 [5.8]

The organisms can also grow on methanol alone, but discussion of this will be reserved
until the fundamental electron pathways for reduction of CH;0H and CO, have been
described. A striking feature of methanogenesis is that it involves a number of water-soluble
molecules that are rarely found outside methanogens. These include coenzyme M
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Figure 5.30 Sequence and energetics of reactions involved in methane
formation from CH;0H or CO, plus H, in methanogenic bacteria.

As explained in the text, reaction step 1, in the direction as written, is endergonic,
whereas steps 6 and 8 are significantly exergonic. These are the three reactions in
which at least some components are membrane-bound and in which, therefore,
coupling to ion translocation across the cytoplasmic membrane is possible. The
reductive steps 4 and 5 are catalysed by water-soluble enzymes for which the
reduced form of F 4y is the electron donor. Re-reduction of F,yq is catalysed by a
water-soluble hydrogenase. Electrons for the reduction of CoM-S-S-CoB in step
8 are transferred from a membrane-bound hydrogenase, with some similarities to
complex I, and in some methanogens, b-type cytochromes, to the reductase. This
step is linked to proton translocation. Another membrane-bound hydrogenase,
also with similarities to complex I, participates in step 1. X in step | is probably
a polyferredoxin. Work to define the biochemistry of methane formation com-
pletely is continuing.

(HSCH,CH,S0j5; CoM), coenzyme B (a molecule with a thiol group at the end of a chain
of six CH, groups attached to a threonine phosphate; CoB) and F,;,. The latter is a 5'-
deazaflavin with a £, ; of —370mV, and is a structural and functional hybrid between
nicotinamide and flavin coenzymes; it is a diffusible species in the cytoplasm of methanogenic
bacteria.

There are a number of other unusual cofactors bound to the enzymes of methanogenesis
(Fig. 5.30); some have now been discovered in bacteria that oxidize methanol.

(a) Reduction of CH;OH — CH, by H,

Intact cells of M. barkeri can synthesize ATP as well as CH, in the presence of CH;OH and
H,. ATP synthesis is chemiosmotic (rather than a result of substrate-level phosphorylation
by a soluble enzyme system) by the following criteria:

(a) Protons are extruded.

(b) DCCD, presumed to be a specific inhibitor of an ATP synthase as in other organisms,
inhibits ATP production, increases Ap and slows the rate of methane formation.
Genome sequencing for a methanogen has shown that an ATP synthase of the type
discussed in Chapter 7 is present, although certain distinctive features cause it to be
classified as an A (archaeal)-type enzyme.

(c) Protonophores dissipate Ap but increase the rate of methane formation.

These observations parallel what would be observed in the analogous mitochondrial pro-
ton circuit (Chapter 4). An involvement of Na* can be eliminated, since this ion is not
needed for methanogenesis from CH;OH plus H,, although Na* is required for growth of
methanogens and some reactions of methanogenesis (see below).

Further understanding required preparation of functional inside-out membrane vesicles
from M. mazei G61. Addition of H, and CH;SCoM to crude M. mazeii Gol vesicles
resulted in ATP synthesis. (CH,SCoM is formed in cells from CH;OH and CoM in a reac-
tion catalysed by methanol: CoM methyltransferase (step 9 in Fig. 5.30), an enzyme that
has at its active site a haem-type ring (a corrinoid) with a Co, to which the methyl group
is transiently attached, instead of Fe at the centre). The methyl group of CH;SCoM was
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converted to methane through reaction with a second thiol-containing compound known as
CoB-SH, and present in the preparation of vesicles, to give a heterodisulfide:

CH,;SCoM + CoB-SH — CH, + CoM-S-S-CoB [5.9]

The enzyme catalysing this reaction is known as methyl coenzyme M reductase and was
fortuitously present in the vesicle preparation. The crystal structure of this water-soluble
enzyme reveals a deep channel, at the bottom of which is a cofactor known as F439, which
is a porphinoid; this is related to a haem group but contains a Ni atom rather than Fe at the
centre. It is not known exactly how this unusual enzyme works, but the methyl group is
widely believed to transfer from CH;SCoM to the Ni ion. The CoB-SH also enters the chan-
nel and its oxidation to give the heterodisulfide is linked to the cleavage of the Ni-methyl
bond and the release of methane.

The above reaction (step 7 in Fig. 5.30), catalysed by a water-soluble enzyme cannot
directly drive ATP synthesis; rather it is the reduction of CoM-S-S-CoB back to the
two separate thiol species that is catalysed by a membrane-bound enzyme system, which
translocates protons across the cytoplasmic membrane. An electron source for this reduc-
tion is hydrogen, from which electrons are transferred via a membrane-bound hydrogenase
with similarities to complex I that contributes to a proton-translocating electron transport
chain (Fig. 5.30). In line with a chemiosmotic mechanism, the rate of step 8 (Fig. 5.30)
catalysed by vesicles was accelerated by the onset of ATP synthesis or addition of
protonophores.

(b) Reduction of CO, —» CH, by H,

Growth of M. barkeri is also supported by the reduction of CO, by H,. CO, is first taken
up by covalent attachment to methanofuran (Fig. 5.30). After a first reduction step to a
formylated derivative, using electrons derived from H, via a membrane-bound hydro-
genase with some similarity to bacterial and mitochondrial NADH-ubiquinone oxido-
reductases (Section 5.6), this formyl group is transferred to a pterin compound (step 2 in
Fig. 5.30). After two further reductions in which electrons from H, are transferred, using
water-soluble enzymes, via F,y, a methyl group is formed which can be transferred to
CoM (see above and Fig. 5.21). The CH;SCoM then reacts as described above to
generate CHy.

(c) Growth by disproportionation of CH;OH

M. barkeri and M. mazei Go1 can grow by disproportionation of methanol in the absence
of Hz:

4CH;0H — 3CH, + CO, + 21,0 [5.10]

The stoichiometry of this reaction shows that one molecule of methanol is used to provide
the reductant required for methane formation from the other three molecules of methanol.
2H-labelling shows that three hydrogens in each of the three methane molecules are derived
from the methyl groups in CH;OH via CH3SCoM. The electrons released in the oxidation
of the fourth methane are, of course, those needed for the reduction of three molecules of
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CH;SCoM to CHy. The fourth molecule of CH;SCoM is converted to CO, by the reverse of
the reactions [—6 shown in Fig. 5.30, and the electrons released used to drive the reductive
reaction of methane formation (step 8 in Fig. 5.30).

(d) Growth on acetate

In many natural environments most methane is formed from acetate. This involves some
sophisticated enzymology, whereby the methyl group of acetylCoA, formed from acetate
in an ATP-consuming reaction, is separated by carbon—carbon bond cleavage and trans-
ferred to the pterin compound of methanogenesis. The resulting methyl derivative is there-
after processed by steps 6, 7 and 8 in Fig. 5.30. The electron source for step 8 comes from
taking the carbonyl group from acetylCoA and oxidizing it to carbon dioxide. The elec-
trons released by this oxidation are used to reduce protons to hydrogen using a membrane-
bound hydrogenase, which couples the reaction to proton translocation. The hydrogen so
obtained is then used as the electron donor for reduction of mixed disulfide (proton
translocating step 8, Fig. 5.30). Thus there are two translocation steps involved in forming
methane from acetate but the net stoichiometry of ATP production will be low, as one ATP
is consumed for each acetate converted to acetylCoA in the first step. This is one of many
examples in bacterial energetics where the net yield of ATP is small.

(e) The energetics of methanogenesis

Although Fig. 5.30 summarizes the likely electron transfer steps involved in the reduction
of CO, to CH,, it gives no information about the bioenergetics of the process except that
we have already established that reduction of CoM-S-S-CoB is coupled to H* translocation
and this would allow the cells to grow on CH;OH plus hydrogen. Are there any energy-
conserving steps in the more complex reduction of CO,? Analysis of the thermodynamics
of the individual steps suggests that the methyl transfer step from pterin to CoM (step 6 in
Fig. 5.30) is exergonic. Reduction of added formaldehyde (which attaches spontaneously to
the pterin so as to enter the sequence after step 4) resulted in the generation of an electro-
chemical gradient although Na™, rather than H*, was translocated out of the cells. This is
consistent with the enzyme catalysing step 6 (Fig. 5.31) being membrane bound. The exact
role of the Na™ gradient thought to be generated by step 6 (Fig. 5.30) is unclear, but it
should be noted that methanogenic bacteria generally require Na* for growth. The proton
and sodium electrochemical gradients appear to be interchangeable via a Na'/H*
exchanger.

At physiological concentrations of H,, which are very considerably below the standard
state value of 1 atm, the first reaction (step 1 in Fig. 5.30) is significantly endergonic. It is,
therefore, very probable that this step is driven by the inward movement of Na* down the
electrochemical gradient set up by reactions 6 and 8.

Whereas AG®’ for the reduction of CO, by H, is —131kJmol ! per mol CH, produced,
the actual AG is likely to be closer to —30kJmol~!. Since AG,, the free energy for ATP
synthesis, is likely to be about +50kJmol ™!, this means that a theoretical maximum of
about 0.6 ATP can be generated per mol of CH, formed from CO,. This is a further example
of the chemiosmotic mechanism allowing non-integral stoichiometries (see Chanter 4).
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5.15.8 Propionigenium modestum

Review Dimroth et al. 2001

We next turn to an example of bacterial energy transduction that does not involve electron
transport but which, in common with electron transport-dependent energy transduction,
involves the co-operation of two ion pumps, and so is appropriately discussed in this chap-
ter. P modestum is an anaerobic bacterium that ferments succinate to propionate by a short
reaction sequence:

Succinate — succinyl CoA — methylmalonyl CoA — propionyl CoA — propionate
[5.11]

The decarboxylation of methylmalonyl CoA has a AG of about —27 kJmol ™}, close to
that for the overall fermentation. The decarboxylase is a membrane-bound, biotin-dependent
enzyme that pumps 2Na™ out of the cell for each CO, released. The Na™ electrochemical
gradient thereby set up could be up to 12-15kJmol ™! at equilibrium (since two ions are
pumped) and is known to drive ATP synthesis through a Na*-dependent F,.F, ATP syn-
thase that is discussed further in Chapter 7. Since a typical AG,, in a bacterial cell might be
45-50kJImol ™!, it is likely that three, or more likely four, Na* ions might be required per
ATP synthesized for energetic reasons.

The energetics of this organism reinforce the significance of non-integral coupling stoi-
chiometries in bacterial energetics; this organism could not by definition exist if one ATP
had to be formed by a soluble enzyme system for each molecule of succinate fermented!
This is also not the only example of bacterial energy conservation being linked to a decarb-
oxylation reaction. A further example is given in Chapter 8.
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Spinach chloroplasts are subjected to an acid bath (Fig. 4.15) in order
to generate ATP in the dark, while the ‘Z’ scheme of non-cyclic electron

transfer generates O, and transfers electrons to a negative E,,, component



PHOTOSYNTHETIC
GENERATORS OF
PROTONMOTIVE
FORCE

6.1 INTRODUCTION

A photosynthetic organism captures light energy in order to drive the otherwise endergonic
synthesis of molecules needed for the growth and maintenance of the organism. A central
feature of photosynthesis is the conversion of light energy into redox energy, meaning that
photon capture causes a component to change its redox potential from being relatively elec-
tropositive to being highly electronegative. The electrons released from this component are
utilized to generate a Ap, flowing either through a cyclic pathway back to re-reduce the
original component, or in a non-cyclic pathway to reduce additional electron acceptors (ultim-
ately NADP™ in the case of photosynthesis catalysed by thylakoids in chloroplasts). In this
latter case, a continual electron supply to the photon-sensitive component is required (obtained
from H,O in the thylakoid example).

The production of ATP by photosynthetic energy-transducing membranes involves a
proton circuit, which is closely analogous to that already described for mitochondria
and respiratory bacteria. Thus a Ap in the region of 200 mV across a proton-impermeable
membrane is used to drive a proton-translocating ATPase in the direction of ATP synthe-
sis. In the case of photosynthetic bacteria, Ap may also drive other endergonic processes
(Fig. 1.8) — including reversed electron transport to generate NADH (see below). The
ATPase (or ATP synthase) is identical to the mitochondrial enzyme except in detail
(Chapter 7). The distinction between the respiratory and photosynthetic systems is in the
nature of the primary generator of Ap, yet even here a number of familiar components recur,
including cytochromes, quinones and Fe/S centres. Photosynthetic activity in Halobacteria,
see Section 6.5, is distinctive: photon capture leads to a direct generation of Ap in the
absence of electron transfer.

The two features that are unique to photosynthetic systems are the antennae, responsible
for the trapping of photons, and the reaction centres, to which the energy from light is
directed. A component in the reaction centre becomes electronicallv excited as a result of the
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Figure 6.1 Light-driven cyclic electron transport system and its relation-
ship to respiratory electron transport in R. sphaeroides.

This is a simplified version. Deletion of the gene for cytochrome ¢, does not
prevent cyclic electron transport because an alternative c-type cytochrome can
act as substitute. Electron transport in the closely related organism Rhodobacter
capsulatus is similar except that cytochrome aa, is absent. Other aspects of elec-
tron transport in these two organisms, including anaerobic respiratory pathways,
are given in Ferguson et al. (1987).

absorption of a photon. An electron can be released from this excited state at a potential which
is up to 1V more negative than the potential of donors to the reaction centre. Thus the electron
lost from the reaction centre is replaced by an electron at much more positive potential this
regenerates the ground state of the component in the reaction centre that underwent excita-
tion. In this way light energy is directly transduced into redox potential energy. This
sequence of photochemical events is often denoted by the shorthand

pP* —e P+ te P [61]

where P indicates a pigment in the reaction centre, * indicates an electronically excited state
and P* the cation form of the ground state of the pigment. The components that accept the
electron (¢”) from P* and donate it to P* are described later.

In the case of the representative purple photosynthetic bacterium, Rhodobacter sphaeroides,
the electron released from the reaction centre feeds into a bulk pool of ubiquinol from
which it passes via a proton translocating cytochrome bc; complex (Chapter 5) to a cyt ¢,
(closely related to mitochondrial ¢yt ¢ and P. denitrificans cyt csso (Chapter 5)). Cyt ¢; in
turn acts as the donor of electrons to the reaction centre completing the cyclic electron flow
(Fig. 6.1).

Whilst a cyclic electron transfer pathway is also present in the thylakoids of chloroplasts
(Section 6.4), the key difference from photosynthetic bacteria is the non-cyclic pathway in
which electrons are extracted from water, pass through a reaction centre, a proton translocat-
ing electron transfer chain (which again has similarities to the cytochrome b¢| complex),
a second reaction centre and are ultimately donated to NADP™, at a redox potential 1.1V
more negative than the %Oz/HZO couple (Section 6.4). The chloroplast thus not only
accomplishes an ‘uphill’ electron transfer but at the same time generates the Ap for ATP
synthesis. The ATP and NADPH are used in the Calvin cycle, the dark reactions of photo-
synthesis in which CO, is fixed.
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Figure 6.2 Pathways of electron transfer in R. sphaeroides in relation to
the redox potentials of the components.

As explained in the text (Bchl),, Behl, Bpheo, UQ, and UQg are redox centres in
the reaction centre.

6.2 THE LIGHT REACTION OF PHOTOSYNTHESIS
IN RHODOBACTER SPHAEROIDES AND
RELATED ORGANISMS

The heavily pigmented membranes of photosynthetic organisms act as antennae, absorbing
light and funnelling the resultant energy to the reaction centres. In the case of R. sphaeroides,
the photochemically active pigment has an absorption maximum at 870 nm and thus is known
as Pgyo. The equivalent energy of a 870 nm photon amounts to 1.42 eV (Section 3.5); thus the
energy transfer process is highly effective in the sense that 70% of the energy captured by
the reaction centre is conserved in the resulting redox change of approximately 1V (Fig. 6.2).

6.21 Antennae

Review Cogdell e al. 1999

The photochemical activity of reaction centres depends upon the delivery of light at a specific
wavelength (870 nm for the commonly studied reaction centre of R. sphaeroides). Energy
of this wavelength can be obtained by direct absorption of incident light with this wave-
length and also by transfer, through mechanisms to be described below, from components
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of the reaction centre that absorb at shorter wavelengths. However, even in bright sunlight,
an individual pigment molecule will be hit by an incident photon only about once a second.
Much higher rates of energy arrival at the reaction centre are required to match the turnover
capacity of the centre, which is >100s~!. Some collecting process is evidently required.

Furthermore, most of the incident photons will have the wrong wavelengths to be efficiently
absorbed by the pigments of the reaction centre. Effective light absorption over a wide range
of wavelengths shorter than 870 nm is achieved by an assembly of polypeptides with attached
pigment molecules. These polypeptides, which bind bacteriochlorophyll and carotenoid
pigments, are known as light-harvesting, or antenna, complexes and surround the reaction
centre. That such antenna are not strictly necessary for photosynthesis is established by the
existence of bacterial mutants lacking them but which will nevertheless grow photosynthet-
ically, albeit only in bright light.

Use of antennae to speed up the rate of photochemistry in the reaction centres is clearly
more effective in biosynthetic terms than inserting very many copies of the reaction centre
into the membrane to achieve a high rate of overall photochemistry. Thus, over 99% of the
bacteriochlorophyll molecules in a photosynthetic membrane are involved, together with
carotenoid molecules, in absorbing light at shorter wavelengths than 870 nm (R. sphaeroides)
and transferring it down an energy gradient to the lower energy absorption band at 870 nm.
The transfer can occur by one of two mechanisms. The first, known as resonance energy
transfer, is intermolecular, depending on an overlap between the fluorescence emission spec-
trum of a donor molecule and the excitation spectrum of an acceptor. Factors that affect the
efficiency of such transfer include the relative orientation of donor and acceptor as well as
the distance between the donor and acceptor (an inverse sixth power relationship). Energy
transfer by this mechanism (which is not an emission followed by reabsorption of light)
occurs over a mean distance of 20 A in about 107 '%s.

At intermolecular separations of less than about 15 A direct interactions between molecular
orbitals can occur, such that excitation energy is effectively shared between two molecules
in a process known as delocalized exciton coupling and involving electron exchange. This
process occurs at faster rates than resonance energy transfer, which is thus not significant
at small intermolecular separations.

In an organism such as R. sphaeroides, the light-harvesting or antennae chlorophylls are
associated with two light-harvesting complexes known as LH 1 and LH 2. The former is
a protein complex that is closely associated with the reaction centre, whilst LH 2 is located
further away from the reaction centres but sufficiently close to LH 1 to permit energy transfer
to it (Fig. 6.3). Each of the light-harvesting complexes has two types of polypeptide chains,
known as « and B (which differ somewhat in the two complexes). LH 1 contains 32 mol-
ecules of bacteriochlorophyll (870) and 16 carotenoid molecules, while the LH 2 of known
structure (see below) has 27 molecules of bacteriochlorophyll and nine carotenoid molecules.
The amino acid sequences of the polypeptides, which contain approximately 50 amino acids,
indicate that each will form a single transmembrane a-helix in both LH 1 and LH 2.

X-ray diffraction analysis of a light-harvesting complex (LH 2 type) from
Rhodopseudomonas acidophila at 2.5A resolution showed that the polypeptides are
arranged as an «ag8y complex organized as two concentric circles with the nine B-chains on
the outside. Nine of the 27 bacteriochlorophylls (known as B800 because that is the wave-
length of maximum absorbance) are intercalated between the S-chains and lie more or less
parallel to the plane of the membrane at about 27 A below the periplasmic surface of the
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Figure 6.3 The probable organization of the two light-harvesting complexes,
LH 1 and LH 2 (antennae), and the reaction centre in a purple non-sulfur
photosynthetic bacterium such as R. sphaeroides.

For LH 2 each cylinder represents an ayf8y polypeptide unit, whereas for LH 1
the a;¢f16 assembly may form an incomplete cylinder so as to allow access of
ubiquinone-ubiquinol to/from the reaction centre (RC), which is envisaged as
being largely surrounded by LH 1. The advantage of having many of the chloro-
phyll molecules of the antennae system at the same depth in the membrane as the
special pair of chlorophylls in the reaction centre (towards the periplasmic side —
see later) is that it ensures that a minimum distance over which the energy has to
migrate (see text). The rings of bacteriochlorophylls B850 (LH 2) and B870 (LH 1)
are coplanar, thus minimizing the distance over which the excitation energy has
to transfer en route to the reaction centre. Several LH 2 complexes will surround
one LH 1. (Note that the inside of the ayf3g assembly is filled with phospholipids
in the membrane and thus is not a pore.) For the purposes of illustration, the
migration of excitation energy is shown as starting from a Behl (800) molecule
on LH 2, transferring to a ring of Bchl (850) within the same LH 2, where it may
remain for up to 10ps before migration to an LH 1, from where on the 40 ps
timescale it transfers into the reaction centre special pair of chlorophylls (see
Section 6.2). Other possibilities for excitation energy transfer include initial cap-
ture by the carotenoids of LH 2 and migration between several LH 2 molecules
before reaching LH 1.

protein. The radius of the outer ring of B-subunits is 34 A, leaving ample room for the
chlorophyll rings, which are approximately 20 A from each other, to be included. In contrast,
the ring of a-subunits is only 18 A in radius and thus there is insufficient room for bacterio-
chlorophyll molecules between the helices. Consequently, the other 18 bacteriochlorophylls
(B850) lie parallel to the transmembrane helices and thus perpendicular to the plane of the
membrane (Fig. 6.3).

The differences in absorbance maxima for the chemically identical bacteriochlorophyll
molecules arise from the different environments provided by the protein scaffold. The B850
chlorophylls are only I nm below the periplasmic surface of the protein and approximately
9 A from each other. Thus the majority of the bacteriochlorophylls in LH 2 are located towards
the periplasmic side of the membrane, which, as we shall see later (Section 6.2.2), is the loca-
tion of the chlorophylls that absorb light in the reaction centre to initiate photochemistry.
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Curiously, another LH 2 from a related bacterium has an g5 structure with rings of 8 and
16 chlorophylls, but is otherwise similarly designed to that from R. acidophilia. LH 2 com-
plexes have carotenoid molecules, nine for the agf3y structure, which extend from the peri-
plasmic to the cytoplasmic side of the protein, making close (van der Waals) contacts with the
bacteriochlorophylls.

It is currently thought that the LH 1 complex is also either circular, or approximately circu-
lar, and that it surrounds the reaction centre. The subunit stoichiometry of a¢81¢ would pro-
vide sufficient space inside a circular structure to accommodate the reaction centre (Fig. 6.3).
However, a full circle of LH 1 would not leave any obvious way for ubiquinone—ubiquinol
to exchange into and out of the reaction centre (Section 6.2.2). Thus it is likely that LH 1
might be an incomplete cylinder, leaving a path for diffusion of ubiquinone into and
ubiquinol out of the reaction centre. A protein known as PufX may be integrated into LH 1
so as to provide a ‘passageway’ for quinone. The bacteriochlorophyll in LH 1 has its maximum
absorbance at approximately 870 nm, the difference from LH 2 again arising from the envir-
onment within the protein.

From the moment of absorption of light by a component in LH 2, it takes approximately
100 ps for the excitation energy to reach the reaction centre. The resonance transfer mech-
anism accounts for the transfer from bacteriochlorophyll in LH 2 to LH 1 and from the latter
to the reaction centre (Fig. 6.3). In contrast, transfer within a light-harvesting complex between
closely adjacent bacteriochlorophyll molecules, or from carotenoid pigments to bacterio-
chlorophyll, is always by the delocalized exciton coupling mechanism. The excited state
lifetime of carotenoids is too short to permit resonance energy transfer; this restriction means
that at least part of a carotenoid molecule was predicted to be little further than the van der
Waals distance from a bacteriochlorophyll; the structure has confirmed this. Very rapid
transfer of energy between pigments and onwards to the reaction centre is essential if loss
of energy by fluorescence or conversion to heat is to be avoided.

Structural information suggests that a typical series of light-harvesting events might be as
follows. Incident light of wavelength shorter than 800 nm, provided it does not correspond
to any wavelengths that chlorophylls absorb at, is absorbed by carotenoids of LH 2. Within
100 fs the energy (note that light harvesting is concerned with energy and not, a common
misconception, electron transfer) will be transferred to either group of bacteriochlorophylls,
i.e. those absorbing at either 800 nm or 850 nm. Energy absorbed by the 800 nm component
will then be transferred downhill within 1 ps to the 850 nm chlorophylls. Energy absorbed
by the B850 molecules is effectively mobile on the femtosecond timescale within their LH
2 ring (i.e. it can be thought of as hopping around a storage ring). Such hopping can continue
for up to 1 ns before the energy is dissipated, for instance as fluorescence. However, usually
the energy is transferred after approximately 3 ps from LH 2 to the chlorophylls of LH 1,
which are the same depth in the membrane. The circular nature of LH 1 and LH 2 means
that no particular defined orientation of the two complexes will be needed as each B850 in
LH 2 is equivalent in a topological sense and thus energy transfer from any one of them is
equally probable. It is estimated that the donor on LH 2 and a LH 1 acceptor bacteriochloro-
phyll come within 3 nm for this process, a distance that is compatible with effective energy
transfer via resonance energy transfer.

Once absorbed by LH 1, the energy can again migrate around a ring of bacteriochloro-
phyll molecules, this time B870, before, on the 30—40 ps timescale, migrating to bacterio-
chlorophylls of the reaction centre (Fig. 6.3), in particular the special pair (Section 6.2.2)
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which is at the same depth in the membrane as the ring of bacteriochlorophylls in LH 1
(Fig. 6.3). As the reaction centre is not circular, this transfer will not occur with equal prob-
ability from all parts of the LH 1, but it is thought that many of the chlorophylls of the LH 1
will be within approximately 40 A of the special pair, thus again facilitating the resonance
energy transfer process.

The energy transfer process is very efficient; it is estimated that as much as 90% of the
absorbed photons are delivered to the reaction centres of photosynthetic bacteria. The property
of both bacteriochlorophylls and carotenoids of absorbing light at a range of wavelengths
under 800 nm provides the capability to absorb this energy.

6.2.2 The bacterial photosynthetic reaction centre

Reviews Van Brederode and Jones 2000, Heathcote ef al. 2002

The first two membrane proteins for which high-resolution structures were obtained by X-ray
diffraction analysis were both bacterial photosynthetic reaction centres. Although that from
Rhodopseudomonas viridis was the first and seminal structural determination, we shall
mainly discuss what has been learned about photosynthesis from study of the R. sphaeroides
centre, since this has been studied much more extensively at the functional level.

Purified reaction centres from R. sphaeroides comprise three polypeptide chains, H, L
and M, together with four molecules of bacteriochlorophyll (Bchl), two molecules of
bacteriopheophytin (Bpheo), two molecules of UQ and one molecule of non-haem iron. It
turns out that spectroscopic and biochemical studies on isolated reaction centres correlate
in a very satisfying manner with the structure. First we shall review the key findings from
the functional studies.

(a) Pgzy to Bpheo

Spectroscopic studies of reaction centres revealed that illumination caused a loss of
absorbance (bleaching) at 870 nm consistent with the loss of an electron from a component
absorbing at this wavelength. This was supported by the finding that ferricyanide (£,, ; for
Fe(CN);~/Fe(CN)¢~ +420mV) caused a similar bleaching in the dark. The component
absorbing at 870 nm was termed Pg; and it was proposed that the absorption of a quantum
led (within about a femtosec) to a transient excited state, Pgyo, in which an electron was
raised to an higher energy level — increasing the ease with which the electron can be lost.
This is the same as saying that the £, ; for P370/P37o is very negative relative to Pg;o/Pgrg.

The electron would then be transferred to an acceptor to generate the bleached (oxi-
dized) product, Pg. It should be noted that the Pg;¢/Pg;, redox couple has a rather positive
E., 7 (about +500mV) so that it can act as an electron acceptor from the cyclic electron
transport system (Fig. 6.2).

Spectroscopic experiments further indicated that Pg;, was a unique Bchl dimer. The oxi-
dized state Pg; had an ESR spectrum with a linewidth that was consistent with an unpaired
electron delocalized over both Bchl rings. Note that, in contrast to a haem group, the elec-
tron is lost from the tetrapyrrole rings of the Bchl dimer; unlike Fe?*, Mg?* cannot give up
an electron. The crystal structure of the reaction centre is consistent with this model, with
two closely juxtaposed Bchl molecules (Plates F and G).
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Figure 6.4 Two electron gating and time course of electron movement
through the bacterial photosynthetic reaction centre from R. sphaeroides.
The electron is shown as migrating down only one branch (A - see text) of the
reaction centre. Transfer of the electron from (Bchl), to Bpheo via the monomeric
Bchl has been controversial but is now widely accepted.

Rapid excitation of reaction centres with picosecond laser pulses, combined with rapid
recording of visible absorption spectra, at first suggested that the immediate acceptor of
the electron lost from Pg;, was a Bpheo molecule, which is a chlorophyll derivative where
the Mg?" is replaced by two protons. The transfer of an electron from Pg;, to Bpheo can be
detected in less than 10 ps (Fig. 6.4), and the resulting (Bchl)3...(Bpheo)™ biradical (often
termed PF) has a characteristic spectrum. Studies of isolated Bpheo in non-polar solvents
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suggest that its E, in the reaction centre is about —550 mV, or more than 1V more nega-
tive than Pgy, in its unexcited state (Fig. 6.2). At low temperatures the spectra of the two
Bpheo molecules could be resolved and this permitted demonstration that only one Bpheo
normally accepted as electron

The two additional molecules of Bchl were originally thought to be inactive and were
termed the voyeur chlorophylls. However, subsequent to the elucidation of the crystal
structure (Plates F and G), which showed that they flanked Pg;, additional rapid spectro-
scopic measurements in conjunction with femtosec flash excitation studies have indicated
that one of the voyeur chlorophylls is an intermediate in the passage of electrons from the
special pair to Bpheo. Figure 6.4 shows a current view of the timescale of electron transfer
in these initial stages.

(b) Bpheo to UQ

The biradical Pr (i.e. P3;.Bpheo™) is highly unstable, and within 200 ps, the electron is
transferred from Bpheo™ to UQ. There are two UQ binding sites, designated A and B. The
addition of a single electron to the UQ at site A results in the formation of the free-radical
semiquinone anion, UQ"~, which we have previously met in the context of the bc; complex
(Section 5.8). The effective E,, ; of the UQ" /UQ couple is about — 180 mV. The electron is
further transferred to the second bound quinone at site B. The timescale for these electron
transfers is very rapid (Fig. 6.4). We now have a UQ at A and a UQ"™ at B. The latter must
be stabilized by its binding site within the protein because there is usually a strong
tendency for the radical ion to disproportionate into UQ + UQH,.

(¢c) Transfer of the second electron and release of UQH,

Reduced-cytochrome c, is the electron donor responsible for reducing Pgyq in sifu. Since
the E, 7 of the Pg;¢/Pg7o couple (+500mV) is more positive than that of the cyt ¢, couple
(+340mV), the reduction is thermodynamically favoured (Fig. 6.2). A second photon now
causes a second electron to pass from Py, to the quinone binding site B, once more via
a transient UQ"™ at A. The UQ at site A thus switches between the oxidized and anionic
semiquinone forms and never becomes fully reduced (Fig. 6.4). In contrast, that at B now
becomes fully reduced as UQ?~, following which two protons are taken up to give UQH,
(Fig. 6.4). The UQH, is then released to the bulk UQH,/UQ pool. The two bound UQ mol-
ecules thus act as a two-electron gate, transducing the one-electron photochemical event
into a 2e” transfer. The protonations of the bound UQg play an essential role in the gener-
ation of Ap and the cyclic electron transfer is completed by a pathway from the bulk UQH,
back to cyt ¢,; this will be discussed in Section 6.3.

(d) Structural correlations

When the pathway of electron transfer deduced by spectroscopy is correlated with the struc-
ture of the reaction centre (Plates F and G), we see that transfer of electrons from
the (Bchl), dimer via Bpheo to UQ, and then UQp fits with the spatial distribution of the
groups. However, two obvious puzzles present themselves. Firstly, there appear to be two
branches down which the electron might flow, since the redox carriers are arranged in
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the reaction centre with close to twofold symmetry. Yet all the evidence points to only the
right-hand branch (as depicted in Plate F and sometimes called the A branch because
spatially it lies above the Q, site) being significantly active. The reason why the electrons flow
more slowly down the left-hand branch is not known for certain but, of the factors affecting
rates of electron transfer (Section 5.4), distance can be excluded. A plausible explanation,
which is supported by some studies with reaction centres containing site-directed mutations, is
that the energies of the P*(Bchl) ™, and to a lesser extent of P*Bpheo ™, states are significantly
higher for the left hand or B branch compared with the A branch. The initial transfer of an elec-
tron from the P to Bchl may be energetically uphill for the B branch, whereas it is downhill for
the A branch. Thus the precise environment of the Bchl molecules, and to a lesser extent of the
Bpheo molecules, appears to be the determining factor. Second, no role has so far been found
for the non-haem iron, which the structure shows lies between the two quinone sites; the iron
atom can be removed without unduly affecting the performance of the reaction centre.

The two quinone binding sites have distinct properties. It is clearly important that both
sites can stabilize the anionic form of UQ, but at the same time the B site must be suitable
for the protonation events. Thus the B site is more polar and there is a pathway that can
be discerned for UQ from the bulk phase to enter the B site with the head group coming in
first. The B site is not in direct contact with the aqueous phase suggesting that side groups
of the protein may be responsible for transferring protons from the bulk phase. A glutamate
residue (212) on the L-chain lies between this site and the aqueous phase. Site-directed
mutagenesis of this amino acid drastically attenuates the rate of protonation without affecting
the rate of electron transfer to UQg, thus implicating the carboxylate side chain in proton
transfer. Other adjacent acidic residues e.g. aspartate-213, plus chains of bound water mole-
cules seen in very high resolution structures are also important features that aid the transfer
of protons from the aqueous phase to the Qg site.

X-ray diffraction data of purified reaction centres does not give information on the orien-
tation of the complex in the intact membrane. However, cyt ¢, is located in the periplasm,
in common with many other bacterial c-type cytochromes, while the H-subunit was suscep-
tible to proteolytic digestion and recognition by antibodies only in inside-out membrane
vesicles (i.e. chromatophores, see Chapter 1). Thus the reaction centre is orientated with
the special Behl pair towards the outside (periplasmic) surface of the bacterial cytoplasmic
membrane, and with the two UQ binding sites towards the cytoplasm.

The L- and M-chains each have five transmembrane a-helices, while the single a-helix
of the H-subunit also spans the membrane (Plate F). Electron transfer takes place through the
redox groups bound to the L-subunit. These a-helices contain predominantly hydrophobic
amino acids and appear to provide a rigid scaffold for the redox groups. The importance of
minimizing relative molecular motion of these groups is illustrated by the finding that the
rates of some of the electron transfer steps from the Bchl special pair to the the Q, site
increase with decreasing temperature.

(e) Charge movements

With the orientation shown in Plate F, light will cause an inward movement of negative charge
from cyt ¢, to UQg, where the translocated electrons meet with protons coming from the
cytoplasm. Thus the net effect of both of these charge movements is to transfer negative
charge into the cell (i.e. from P-phase to N-phase), contributing to the generation of a Ap
(positive and relatively acidic outside).
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The inward movement of the electron through the reaction centre had already been
detected using the carotenoid band shift (see Chapter 4) as an indicator of membrane
potential. Using chromatophores, three phases of development of a membrane potential
followed a short saturating flash of light. The first corresponded kinetically to the transfer
of the electron from Pgyq to UQy; the second to the reduction of Pgyy by cytochrome c,,
whilst the third, and much the slowest, phase corresponded to the return of the electrons
from UQHS, to cyt ¢, and could be blocked by antimycin or myxothiazol. It should be noted
that the transfer of electrons between the UQ, and UQy sites is parallel to the membrane
and does not contribute to the establishment of a membrane potential.

The contribution of each electron transfer within the reaction centre to the development
of membrane potential is related to the distance moved by the electron perpendicular to the
membrane and to the dielectric constant of the surrounding membrane. Thus the movement
from cyt ¢, to the special pair would make less contribution than the transfer from Bpheo
to Q, through a more hydrophobic (i.e. low dielectric constant) environment. Finally, the
uptake of the protons into the Qg site contributes about 10% to the overall charge separ-
ation across the membrane.

Despite the satisfying correlation between structure and function, it should be appreciated
that not everything is known about the functioning of the reaction centre. The necessity for
the special pair as a central component of a reaction centre is not so clear now that it is known
that both types of plant photosystem (Section 6.4) have different organizations of the pairs
of chlorophylls that are equivalent to the special pair in bacteria. The origin of the close to
twofold symmetry and the reasons why only one branch is photochemically active may
relate to the evolution from a primitive reaction centre in which both branches are active,
as indeed is thought to be the case for the photosystem I of green plants (Section 6.4.3).

An essential feature of a reaction centre is that it is not reversible, i.e. the electron must
not be allowed to return from UQ" ™ at site A to reduce Py, even though the semiquinone
is thermodynamically capable to do this by virtue of the rather negative F,, ; of its redox
couple with UQ (Fig. 5.6). Reversal occurs 10* times more slowly than the forward reac-
tion. This is the reason for the almost perfect quantum yield, i.e. one photon results in the
creation of one low-potential electron. The cost of this irreversibility is the loss of redox
potential as the electron passes from Pgy, to the quinones and the dissipation of 30% of the
absorbed energy (Section 6.1).

The factors that prevent such reversal from UQ%, or from any of the other components
in the reaction centre, to the cationic state of the special pair are probably several. First, in
accordance with the arguments in Section 5.4, the distance from the Q, site to the special pair
is sufficiently large (~30 A) that the back reaction would, at room temperature, be expected
to proceed at no more than 10 per second, significantly slower than the estimated rate of
reduction of P* by cytochrome ¢, (Fig. 6.4). Second, the reaction Q4 to Bph is energetically
uphill to the extent that it will not be significant, either kinetically or thermodynamically, even
though the separation (10 A) of the two centres is consistent with rapid electron transfer.

A third factor is needed to explain why the electron does not return from Bph~ to P*.
Here the distance is short, and there is a very large thermodynamic driving force. The reac-
tion is precluded because the theory of electron transfer shows (Section 5.4) that, counter
to simple intuition, the rate of electron transfer declines dramatically when the driving
force exceeds a certain value. This is the so-called inverted region that is found when a plot
of rate against driving force is made on a theoretical basis with the distance between two
electron-transfer centres kept constant.
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6.23 The R. viridis reaction centre

The R. viridis reaction centre differs in one major respect from that in R. sphaeroides by
having an additional polypeptide subunit, which contains four c-type haems (Plate G). The
haem nearest the special pair of bacteriochlorophylls (designated Pogy in this organism
because the absorption maximum and exact structure of the BChl are different than in
R. sphaeroides) is the immediate donor to the reaction centre. The electron is thus transferred
over a distance of approximately 20 A (see Section 5.4) from this haem (E,, ; = +370mV).
The other haems have redox potentials of +10mV, +300mV and —60mV, listed in order
of increasing distance from the special pair. It is not completely certain which of the haems
accepts electrons from the cyt ¢,, but as explained in Section 5.4, it is likely that the elec-
tron passes via the lower potential haems on a route that starts with cyt ¢, donating an elec-
tron to the haem furthest from the reaction centre. There is no satisfactory explanation as to
why this tetrahaem c-type cytochrome is dispensible in R. sphaeroides and certain other
organisms (e.g. Rhodobacter capsulatus). The presence of this cytochrome allowed, if it
and the menaquinone at the Q, site (see below) were pre-reduced, a form of the reaction
centre containing (Bchl), and Bpheo™ to accumulate, because (Bchl)} was eventually
reduced by the cytochrome and electrons could not pass from Bpheo™ to the quinone. ESR
studies gave important evidence that the electron resided on Bpheo.

The other difference in R. viridis is that the Q4 site is occupied by menaquinone rather
than UQ. The Qg site was found to be empty in the crystals of the reaction centre, consistent
with the ability of UQ at this site to dissociate and equilibrate with the bulk pool.

63 THE GENERATION BY ILLUMINATION OR RESPIRATION
OF Ap IN PHOTOSYNTHETIC BACTERIA

We have already seen from the structure of the reaction centre that absorption of light causes
the movement of negative charge into the cell and that the optical spectral changes in
carotenoids (Chapter 4) can be used to follow this and other charge separations (Section 6.2.2).
The slowest of the three phases of development of the carotenoid shift that are observed
following exposure of chromatophores to very short saturating flashes of light is blocked
by inhibitors of the cyt bc; complex (Section 6.2.2) and therefore must correspond to the
movement of charge across the membrane by this complex. Such carotenoid measure-
ments, together with measurements of light-dependent proton uptake by chromatophores,
provided important evidence in favour of the Q-cycle mechanism described for the
cytochrome bc; complex in Chapter 5.

Since electrons are retained within the cyclic pathway while protons are taken up and
released, only the latter need be considered when calculating the overall charge movements per
cycle. Since the reaction centre takes one proton per electron from the cytoplasm while the bc,
complex takes up one proton from the cytoplasm but releases two protons to the periplasm,
two protons are translocated for each electron handled. An implication of this stoichiometry is
that, if the H*/ATP ratio is 3 (Chapters 4 and 7), then the ATP/2e™ ratio will be 4/3.

Cyclic electron transfer in R. sphaeroides and related organisms generates Ap but does not
produce reducing equivalents for biosynthesis. Provision of such reducing equivalents, i.e.
NAD(P)H, often requires Ap to drive reversed electron transport as well as ATP synthesis.
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Thus if, for example, the organism is growing on H, and CO,, then electrons from H, will
be fed via hydrogenase into the cyclic electron transport system at the level of ubiquinone
and driven by reversed electron transfer through a rotenone-sensitive NADH dehydrogenase
(probably analogous to complex I, Section 5.6) to give NADH. Subsequent formation of
NADPH, presumably via the transhydrogenase reaction (Section 5.13), then provides the
reductant for CO, fixation. On the other hand, if the organism is growing on malate, which
has approximately the same oxidation state as the average cell material, electrons will not
be fed into the cyclic system and thus reversed electron transport will not be significant.
Thus the extent and the location at the electrons from a growth substrate feed into the cyclic
electron transport system are dependent on the substrate.

Sulfide and succinate are further examples of substrates in which electrons are fed in at
ubiquinone and there are also electron donors in some organisms that donate to the c-type
cytochromes. It is crucial that the cyclic electron transport system does not become over-
reduced; if every component were to be reduced, then cyclic electron transport could not
occur; the mechanism whereby over-reduction is avoided is not fully understood.

Some photosynthetic bacteria have nitrogenase, which catalyses the reductive fixing of
nitrogen to ammonia. The nitrogenase requires a reductant with a more negative potential
than NAD(P)H. For a photosynthetic bacterium growing on malate, it is not clear how this
reductant is generated but there is increasing evidence that the cytoplasmic membrane con-
tains a novel enzyme (Rnf complex) that utilizes the proton motive force to drive electrons
uphill from ubiquinol or NADH to generate the required reductant, which is probably an
iron—sulfur protein.

R. sphaeroides, in common with many other photosynthetic bacteria, can grow aerobically
in the dark. Oxygen represses the synthesis of bacterochlorophyll and carotenoids, and so
the reaction centre is absent. However, the b and ¢ cytochromes are retained, and three ter-
minal oxidases can be induced, which in the case of R. sphaeroides include a cytochrome
aa; oxidase (Fig. 6.1), which is very similar to the mitochondrial complex IV (Section 5.9).
By using some constitutitve cytochromes, the bacterium can, therefore, switch very econom-
ically between anaerobic photosynthetic growth and aerobic growth in the dark by assem-
bling respiratory and photosynthetic chains with common components (Fig. 6.1).

Cyt ¢, has long been regarded as an essential component in the cyclic electron trans-
port system. However, recent gene deletion experiments with both R. sphaervides and
R. capsulatus have shown that cyt ¢, is dispensible for photosynthesis because an alternative
c-type cytochrome can substitute. The implications of this finding are not fully understood,
but it is still thought that, in wild-type cells, cyt ¢, plays a major role in cyclic electron
transport. Organisms such as R. sphaeroides can also use certain anaerobic electron accept-
ors, including at least some of the oxides of nitrogen. Their electron transport chains are
thus even more versatile than Fig. 6.1 suggests because they can also incorporate some of
the components shown for P. denitrificans in Section 5.15.1.

631 Photosynthesis in green-sulfur bacteria and heliobacteria

Reviews White 2001, Heathcote ef al. 2002

1t will shortly become apparent that the reaction centre in R. sphaeroides is closely related
to photosystem II in green plants. The other photosystem in green plants has a close
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relative in green-sulfur bacteria and heliobacteria. No structure has been obtained for this
type of bacterial reaction centre, but sequencing and definition of cofactor content of
purified reaction centres has clearly established the similarity. There is one important differ-
ence in that only in the bacterial protein are the two major subunits of the reaction centre
identical; we will return to the significance of this later (Section 6.4.3).

Possession of the photosystem I type of reaction centre has important bioenergetic con-
sequences. As Fig. 6.5 shows, the reaction centre does not reduce ubiquinone, but rather an
iron—sulfur protein known generically as ferredoxin. This molecule has a more negative
redox potential than ubiquinol and thus the output of the reaction centre can be used to reduce
NAD™" without the need for the protonmotive force-driven reversed electron flow that
occurs in R. sphaeroides.
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Figure 6.5 Pathways of light-driven electron transfer in a green-sulfur
bacterium in relation to the redox potentials of the components.

Bchl’ designates that the bacteriochlorophyll in these organisms may be modified
relative to that in purple bacteria (Fig. 6.2). By analogy with photosystem 1 (Fig.
6.11) Qg is phylloquinone, and F,, F4 and Fg are Fe/S centres; together with the
Bchl” molecules these make up the cofactors of the reaction centre. MQ is
menaquinone and Fd is ferredoxin. *?” indicates that the entry point into the electron
transport system of electrons derived from sulfide oxidation is uncertain.
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An alternative fate for the reduced ferredoxin is as a reductant for menaquinone (pre-
sumably catalysed by ferredoxin—menaquinone oxidoreductase), which thus permits cyclic
electron transport and thus generation of Ap (Fig. 6.5). If electrons from a growth substrate
such as sulfide are fed in at the level of cytochrome c, it is apparent that the photochemical
reaction is sufficient to transfer them to NAD™; no protonmotive force-driven step is
needed. Such linear flux of electrons from sulfide to NAD* must, of course, be accompa-
nied by some concomitant cyclic electron transfer to generate Ap. Finally, the light-
harvesting apparatus in green-sulfur bacteria is different from that in R. sphaeroides;
however, this topic is outside the scope of this book.

64 THE ELECTRON-TRANSFER AND LIGHT-CAPTURE PATHWAY
IN GREEN PLANTS AND ALGAE

Review Soriano et al. 1999

Photosynthetic electron transfer in chloroplasts has two features not found in purple bacteria:
(a) it can be non-cyclic, resulting in a stoichiometric oxidation of H,O and reduction of
NADP*; and (b) two independent light reactions act in series to encompass the redox span
from H,0/3 0, to NADP*/NADPH (Fig. 6.6).

The presence of two reaction centres was indicated by a classical observation known as
the red drop. Algae illuminated with light in the range from 400 to 680 nm very effectively
evolved oxygen. However, if light with a wavelength greater than 680 nm was used, then
the efficiency fell very sharply and light >690nm was essentially ineffective. This in itself
merely showed that there was a component which required light <690 nm, either through
direct illumination or by energy transfer from shorter wavelengths. What was more striking
was that the oxygen evolution produced by relatively weak, non-saturating light at 650 nm
could be increased by simultaneous illumination at 700 nm (the enhancement effect).
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Figure 6.6 Two light-driven reactions, catalysed by PSI and PSII, operate
in series in thylakoid membranes to drive electrons from water to NADP™.
The Z-scheme representation is shown with excited state redox potentials where
appropriate. The sites of action of DCMU and DBMIB are shown schematically.
PQ is paltoquinone and Pc plastocyanin. Details of the components within the
two photosystems (PSI and PSII) are given in Figs 6.8 and 6.10.
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The interpretation was that two photosystems were involved, one of which had an absorbance
centred at 700 nm, and could be supplied either by direct illumination with 700 nm light or by
energy transfer from pigments in the antennae that absorbed the 650 nm light. The second
photosystem, with an absorbance maximum at 680 nm, could be excited by wavelengths up
to that value, but not by the lower energy 700 nm light. In a development of this experiment,
it was shown that, if the two light beams were applied separately, there was a transient release
of oxygen when the shorter wavelength was applied after the 700 nm light.

The two photosystems are now known to be arranged in series (Fig. 6.6). The system that
requires 680 nm light for excitation is known as photosystem II (PSII) and acts to abstract
electrons from water and raise them to a sufficiently negative potential to reduce plasto-
quinone (PQ) to plastoquinol (PQH,); the latter are respectively very similar to UQ and UQH,
in structure (Fig. 5.6) and function. PQH, acts as the reductant for the cytochrome bf complex
(sometimes called b, f'but the ‘6’ is redundant), which is in turn functionally very similar to the
cytochrome bc| complexes of respiratory chains. However, whereas the globular domain of
cytochrome ¢, is similar to the structure of cytochrome ¢, cytochrome f'is a mainly B-sheet
protein with the N atom of the amino terminus of the polypeptide acting, uniquely, as one
of the axial ligands to the haem iron. Nevertheless, cytochrome f'is a c-type cytochrome
because the haem is attached to the protein through the characteristic C-X-X-C-H motif.
There is currently no clue as to the evolutionary origin of cytochrome f( frefers to frons, the
Latin for ‘foliage’ or ‘leaf”, thus disguising that it is a c-type cytochrome). The cytochrome
b polypeptide of the cytochrome bf complex has four transmembrane helices, which provide
four side chains of conserved histidine residues for ligation of the two haems that are sand-
wiched between the helices. As with the cytochrome bc; complex, one of these haems is
nearer to the P-side of the membrane and the other to the N-side. The cytochrome bf com-
plex also contains a Rieske-type high-potential Fe/S protein.

Whereas the mitochondrial bc; complex acts as an electron donor to the peripheral cyto-
chrome ¢, the bf complex passes electrons to plastocyanin, which is a peripheral protein
located at the lumenal side of the thylakoid membrane. The redox centre in plastocyanin is
a Cu ion, which undergoes le™ oxidation—reduction reactions between its +1 and +2 oxi-
dation states. The environment of the Cu within the protein is such that its £, ;is +370mV,
very different from what it would be in aqueous solution. This, together with the charac-
teristic ESR and blue absorbance spectra, is diagnostic of a type I Cu centre. These are also
found in azurin and pseudoazurin — common components of bacterial electron transfer chains.
X-ray diffraction studies show the Cu to have a highly distorted tetrahedral co-ordination
geometry with ligands from the sulfurs of cysteine and methioinine, as well as two histidine
side chains. An important point to note is that the £, ; span from PQH, to plastocyanin is
very similar to UQH, to cytochrome ¢ in respiratory systems.

Plastocyanin acts as the electron donor to photosystem I (PSI), which is excited by 700 nm
light. PSI raises the energy of the electrons obtained from plastocyanin sufficiently to reduce
ferredoxin (£, = —530mV) in a one electron reaction. Finally, reduced ferredoxin (Fd)
reduces NADP™ to NADPH via an enzyme known as ferredoxin-NADP* oxidoreductase.

Figure 6.6 shows that the redox potential of the electron, as it is driven from water to
NADPH, follows the shape of a distorted letter N with the uprights significantly displaced.
This scheme has become known as the Z-scheme because it was once presented in a format
displaced by 90° from the present convention in which redox potential is shown on the ver-
tical axis.
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641 Plant and algal antenna systems

Reviews and further reading  Kuhlbrandt er al. 1994, Bibby et al. 2001, Bockema
et al. 2001

As in bacterial photosynthesis, light-harvesting or antennae complexes are required in the
thylakoid membrane even though the two photosystems, and especially photosystem I (see
later), have much antennae chlorophyll associated with them. There are distinct polypep-
tide complexes, associated with the two photosystems 1 and II, with non-covalently
attached chlorophylls (two types a and ab) and carotenoid, known as LHC I and LHC IL.
The latter is mainly made up of a polypeptide, which binds approximately half the total
chlorophyll that is found in a green plant. The polypeptide has a molecular weight of
approximately 25kDa and has associated with it seven molecules of chlorophyll a, five
molecules of chlorophyll b and two carotenoid molecules.

The structure of this complex has been obtained at 3.4 A resolution by the electron
diffraction/microscopy mode of analysis first developed for the analysis of two-dimensional
crystals of bacteriorhodopsin. The polypeptide chain forms three transmembrane a-helices
with two of these being titled significantly away from an angle of 90° to the membrane
plane and being significantly longer (~35 A) than typical transmembrane helices (Fig. 6.7).
These two helices, together with the two molecules of carotenoid, cross over in the centre
of the membrane. Between them the three helices provide a scaffold for the binding of the
chlorophyll molecules, which are distributed towards both sides of the membrane. In the
centre of the complex, chlorophyll a molecules are in close contact with chlorophyll b so
as to permit rapid energy transfer, whilst the nearby carotenoids are available to quench any
toxic singlet oxygen that might be formed.

Much of the energy transfer within the LHC 1T will be via the resonance energy transfer
mechanism, although some of the chlorophylls within a monomeric unit may be sufficiently
juxtaposed and appropriately oriented to involve delocalized exciton-coupling (Section
6.2.1). LHC II occurs as a trimeric unit and this may have implications for its action in cap-
turing energy from light. LHC II is not structurally related to any other membrane protein,
which prompts the question as to why it has not adopted the advantageous circular structure
seen in bacterial light-harvesting proteins (Section 6.2.1). There is no obvious answer to this
question and indeed a variety of light-harvesting protein organizations have been observed
amongst photosynthetic organisms. However, it is notable that the LHC II interacts with
photosystems, which themselves have chlorophylls other than those involved in photo-
chemistry. Hence energy might be delivered into the plant photosynthetic reaction centres at
a variety of depths in the membrane, in contrast to the bacterial reaction centre in which
energy transfer at the P-side of the membrane is optimal. Furthermore, the bacterial light-
harvesting centres are positioned to receive incident light from the P-side of the membrane
and thus there is little obvious design advantage in placing chlorophylls towards the N-side.
In contrast, the topology of the thylakoid is such that the incident light will strike the mem-
brane on the N-side. Nevertheless, it has recently been shown that, when the cyanobacterium
Synechocystis PCC 6803 is grown under conditions of iron limitation, then its photosystem
I is surrounded by a ring of polypeptides, known as CP43’, which is related to the CP43
component that binds antennae chlorophylls in photosytem IT (see Section 6.4.2). This ring
seems to compensate for lower levels of phycobilisomes (the usual type of light-harvesting
apparatus in this type of algae) and photosystem I in response to iron deficiency.



174 BIOENERGETICS 3

N-phase

Figure 6.7 The structure of a light-harvesting complex from thylakoids,
showing the disposition of the chlorophylls.

Side view of the thylakoid LHC II monomer. The three transmembrane helices
are labelled A, B and C. Helix C is perpendicular to the membrane plane and
fully embedded in the bilayer, helices A and B are longer, are inclined at 30° and
protude into the stroma (N-phase). D is a short amphiphilic helix at the lumenal
membrane surface. Many of the 12 chlorophylls are oriented almost perpendicular
to the membrane surface. Phytyl side chains have been omitted. Two molecules
of carotenoid can be seen in the centre of the protein; these act as an internal
cross-brace, linking loops of polypeptide on opposite surfaces of the membrane.
A threonine residue towards the N-terminus at the stroma side (N-phase) is a site
of reversible phosphorylation (see Section 6.4.5 and Fig. 6.13). Modified from
Kuhlbrandt et al. (1994) with permission.

64.2 Photosystem Il

Reviews Rutherford and Faller 2001, Zouni et al. 2001, Heathcote et al. 2002

The green plant photosystems have been more difficult to purify and characterize than the
single reaction centre of the purple bacteria. One difficulty is that less than 1% of the pig-
ments are involved in the photoreaction, with the remainder acting as antennae. Recently,
a crystal structure has been obtained for the photosystem II from the thermophilic cyano-
bacterium Synechococcus elongatus. This shows, as anticipated from sequence analyses
together with earlier structural work with plant photosystem II using electron microscopy
and cofactor analysis, that this photosystem has many similarities with the purple bacterial
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Figure 6.8 Organization of core polypeptides and cofactors in photosystem II.
The diagram is based on the 3.8 A crystal structure of the PSII from the thermo-
philic cyanobacterium Synechococcus elongatus. By analogy with the bacterial
reaction centre it is thought that there is only one active branch from the Pggy
centre (assumed to be largely contributed by one of the two clustered chloro-
phylls) to plastoquinone at Q4. The roles of monomeric Chl and pheophytin
(Ph) are deduced from the structure and by analogy with the bacterial reaction
centre. Only the core D1 and D2 subunits, the PsbO subunit, which appears to
cap the water-splitting manganese cluster, and the two single transmembrane
helices that each provide one histidine ligand to the haem of cyt bssg are shown.
Note that the haem of ¢yt bss is close to the stromal (N) side of the protein. Chl,
(D1 and D2), each being around 20 A from the photochemically active chloro-
phylls, may play a role in energy transfer from antenna chlorophylls, which are
located on two subunits, CP43 (12 chlorophylls) and CP47 (14 chilorophylls)
(not shown here), which each have six transmembrane helices and are located
external to D1 and D2. Without the intermediate role of Chl, (D1 and D2) the
distances from the cholorphylls on CP43 and CP47 to the Pgg would probably be
too long for efficient energy transfer. The S. elongatus PSII also has a bound
c-type cytochrome subunit located on the lumenal side; as the function of this
polypeptide is not known, and it does not occur in plant PSIIL, it is also omitted
from this figure. (Based on Zouni et al. 2001, Nature 409, 739-743.)

photosynthetic reaction centre. Features in common include an approximate twofold
symmetry relationship with the molecule, with the two major polypeptides D1 and D2 each
having five transmembrane helices, which provide binding sites for a voyeur chlorophyll,
pheophytin and plastoquinone at A and B sites (Fig. 6.8). It is presumed that only one branch
is photochemically active. Amongst the most important differences are the presence of a
manganese cluster on the D1 polypeptide and a greater spatial separation between the two
chlorophylls, one of which forms the radical cation P* species, that are clustered together
on the twofold axis (Fig. 6.8).
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The manganese cluster relates to the fundamental difference in the action of PSII relative
to the bacterial counterpart; in the latter, the chlorophyll radical cation P* is reduced by
cytochrome ¢,, but in PSII the electrons originate from water which is thought to be oxi-
dized at the manganese cluster. It was assumed that the P* species formed in PSII is asso-
ciated with the two adjacent chlorophylls (Fig. 6.8), but it is now clear that these cannot be
considered as a special pair in the way that they behave in the bacterial system. Thus in
PSII the positive charge appears to be largely associated with one of these two chloro-
phylls; the significance of this difference from the bacterial system is not clear.

The water-splitting reaction is, together with its opposite number, the terminal oxidase
of the respiratory chain, one of the most intriguing reactions in bioenergetics. In air the Ey,
for the O,/2H,0 couple is +810mV (Section 5.9). Thus to abstract electrons from water
requires a redox centre, which is even more electropositive than this value and capable of
reacting spontaneously with water. The water-splitting centre contains four manganese
atoms, which are seen in the crystal structure to be arranged in the form of a Y-shape.
Unfortunately, the resolution of this structure is tantalizingly just insufficient to be able to
identify the amino acid side chains and other ligands to the four manganese atoms. Four
sequential events have been shown to be required for abstraction of 4~ from two mol-
ecules of water to yield O, and release 4H* into the lumen of the thylakoid. A possible
mechanism, involving the four oxidation states (traditionally called S states) commonly
described for the water splitting reaction is given in Fig. 6.9.

The electrons from the water-splitting reaction are not transferred to the Py directly, but
rather via a specific tyrosine residue side chain. In the crystal structure this side chain on
the D1 polypeptide could be located at a position 7 A from its closest approach to the Mn
cluster and around 12 A from the photochemically active chlorophyll. These distances are
sufficiently short so as to ensure rapid electron transfer. Loss of an electron to Py from this
tyrosine generates a radical that is a neutral species since a proton is also lost, probably to
a neighbouring histidine residue. The tyrosine residue, named Z* before its molecular
identification, partly through study of the properties of a PSII in which the critical tyrosine
had been changed to phenylalanine by site-directed mutagenesis, in turn regains an electron
from the Mn cluster. There is a tyrosine residue in the equivalent position on polypeptide
D2 but, although it can form a radical, its distance from the Mn cluster is thought to pre-
clude any role for it in electron transfer events.

The organization of the cofactors shown by the crystal structure is clearly consistent with
the pathway of electron flow from P to quinone being very similar to that in the bacterial
reaction centre (Plates F and G). The Qp site is believed to be the site of action of the
inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which blocks the activity of
PSII. The similarity to the bacterial reaction centre is strengthened by a mutant of the
latter, which is sensitive to DCMU and for which the EPR spectrum of bound UQ"™ has
similarities with that of PQ"™ bound to PSII.

The S. elongatus PSII structure reveals one molecule of a b-type cytochrome known as
cytochrome bsso, although PSII from other sources have been firmly thought, probably
incorrectly, to contain two of these molecules, which are not found in the bacterial reaction
centre. Cytochrome bssq has two transmembrane a-helices provided by two different, but
short polypeptides (Fig. 6.8). The haem group is sandwiched between these, with each
helix providing one histidine axial ligand to the Fe.
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Figure 6.9 The water-splitting reaction of photosystem IL.

Four quanta are required to abstract 4e™ from two H,O. In the dark, the water-
splitting centre is in state S1. The steps at which H,O binds are not known,
but the H* and O, release steps are thought to be as shown. The S4 state has
four positive charges due to the transfer of 4e™ into the photosystem. The water-
splitting centre contains Mn, but it is not clear how many electrons originate
from the Mn rather than an amino acid side chain. Ca®" is required for the tran-
sition from S3 to S4. Removal of Ca®* traps the S3 state, in which ESR indicates
that an electron has been lost from a histidine adjacent to a Mn atom.

The function of this cytochrome bssq is still not known. A common view has been that it
provides a path for electron flow from PQH, at the Qg site back to the P™. Such a back reac-
tion is what the bacterial reaction centre and PSII are designed to avoid, as it would dissipate
the energy captured from light as heat. The apparently wasteful proposed pathway (which
could not generate Ap) may be needed under conditions of high light and temperature when
electron flow from the water-splitting centre to P* might be inadequate to reduce the latter
sufficiently rapidly. P* is such a highly oxidizing species that it would cause damage to the
components of the thylakoid membrane if it persists for a significant period. Indeed, D1 is
damaged during normal conditions of illumination with the result that it is one of the fastest
turning-over polypeptides known in biology. However, the structure of PSII shows that the
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haem of cytochrome bssg is too far from any other cofactor to have the proposed role in
electron transfer back to P* unless a redox active B-carotene, which extends from bssq via
Chl; to the region of the P centre, participates in the proposed protective electron transfer
pathway.

6.4.3 Photosystem |

Reviews and further reading  Guergova et al. 2001, Jordan et al. 2001, Heathcote et al. 2002

The understanding of photosystem I has been considerably enhanced by the acquisition of
a high (2.5 A) resolution crystal structure for the protein isolated from the same thermo-
philic cyanobacterium (S. elongatus) used for the PSII structural studies. The key points to
emerge from the structure are shown in Fig. 6.10. It is very complex, with each monomeric
unit within an overall trimeric assembly comprising 12 polypeptides, bearing 90 molecules
of chlorophyll and 22 carotenoids, in addition to the six chlorophylls, two phylloquinones
and three Fe/S centres that make up the reaction centre itself. As in PSII and the purple bac-
terial reaction centre, there is again a twofold axis with each set of cofactors duplicated on
each side of the molecule. In contrast to the other systems, it currently appears that both
branches are active, although one of them probably operates at a faster rate than the other.

Note that an important difference between PSI and either the bacterial reaction centre or
PSII is that single electron delivery is required at the N-side of the membrane; there is no
requirement for one side to deliver two electrons sequentially to distinct quinone binding
sites. In common with PSII, two closely neighbouring chlorophyll molecules provide the
centre at which the P* species is assumed to form, but they are not organized in the same
juxtaposed special pair arrangement as seen for the bacterial reaction centre. Furthermore,
the unpaired electron of the P* species is associated with only one of the two chlorophyll
molecules (Fig. 6.10) and thus functionally the two chlorophylls, which are not chemically
identical, may not act as a unit in the manner of the special pair that operates in the bacter-
ial reaction centre.

Currently, the advantage of a functional pair of chlorophylls in the bacterial reaction centre
is not clear, given that the feature is agreed to be absent in PSII and its occurrence in PSl is
debated. The electron lost from the chlorophyll on the PsaB subunit (Fig. 6.10), to give the
P* species, passes to the Ay chlorophylls on either side of the twofold axis (Fig. 6.10). How
it gets there is not certain, but the chlorophylls that lie between the ‘pair’ of chlorophylls at
the P, centre and the two Ag chlorophylls seem likely to be involved, just as the analogous
molecules are in the bacterial reaction centre.

Kinetic studies have shown at least one of the A, chlorophylls to be reached by an electron
after about 10 ps. After about a further 100 ps, the electron has reached a Qy (also called Al)
centre, which is a phylloquinone (also known as vitamin K,) (Fig. 6.10). From there the
electron migrates to the cluster of three Fe/S centres, which are located at the N-side of the
complex. These in turn can reduce the water-soluble ferredoxin iron, which has an £, 5
of —530mV and so is extremely electronegative. The latter is the electron donor for sev-
eral reactions including FNR-catalysed reduction of NADP, mainly for the Calvin cycle,
and reduction of nitrite to ammonia for assimilation of nitrogen. The carotenoid band shift
(Section 6.3), which was first detected in chloroplasts, indicates that the electron is trans-
ferred across the membrane in less than 20 ns.
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Figure 6.10 Structural organization of photosystem I.

The model is based on the crystal structure of the protein from the cyanobac-
terium Synechococcus elongatus. There are 12 polypeptides, named in the Psa
series. PsaA and PsaB are the largest, each forming 11 transmembrane a-helices;
they have significant sequence similarity to each other. Note that PsaA and PsaB
are much larger than their core counterparts D1 and D2 in PSII (Fig. 6.8). These
two polypeptides bind 79, and the other eight transmembrane a-helical subunits
shown (they each have from one or two helices) 11 (i.e. there are in total 90
chlorophyll molecules that play a role in light-harvesting). The chlorophyll
molecules involved in light-driven electron transfer through the photosystem can
be divided into three groups of two. One of these is Py, loss of an electron from
which results in a cation radical being formed on the chlorophyll bound to the
PsaB subunit. The two chlorophylls in P;qq are not chemically identical; that on
PsaA is an epimer of the normal chlorophyll a. It is currently thought that the
electron can migrate down both sides of the reaction centre but at unequal rates.
It is not known whether the electron migrates to the Ay chlorophylls via the
chlorophylls that are adjacent to the P;y. Plastocyanin docks on to two short
helices, one provided by each of PsaA and PsaB, which run along the surface of
the membrane and thus connect two transmembrane a-helices. Note that the dia-
gram is only roughly to scale. Approximate distances are: P to Chl, 12 A; Chl to
(Chl)a,, 8A; Agto Qk, 94A; Qk to Fx, 14 A; Fx to Fa, 15A; Fa to Fb, 12A.
A small number of additional subunits (e.g. PsaH) are present in plant PSI. Note
that PSI is a trimer but only a monomer is shown.

At the lumenal side of the PSI the P* is reduced by plastocyanin, whose copper centre is
though to dock within 14 A, thus permitting direct electron transfer on an adequate
timescale. The redox potential of the P* species in PSI is estimated as +450 mV and is thus
appropriate to accept electrons from plastocyanin (£, about +250mV).
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An important difference between the core of PSI, and both PSII and the bacterial reac-
tion centre is that PSI is larger. Thus each of the two main subunits in PSI have eleven
helices rather than five and, in addition, there are several other transmembrane helices pro-
vided by the other subunits in PSI (Fig. 6.9). Although PSII does include more light-
harvesting pigments relative to the bacterial reaction centre, it is clear that an important
distinctive feature of PSI is that it comprises both a reaction centre and a set of light-har-
vesting antennae. However, the subunits CP43 and CP47 of PSII each with six helices, plus
D1 and D2, are together similar to the PsaA and PsaB subunits of PSI. As noted earlier
(Section 6.4.1) in a cyanobacterium, PSI can be surrounded by a ring of CP43’ subunits.

As discussed earlier (Section 6.3.1), green-sulfur bacteria have a reaction centre with
considerable resemblance to that of PSI with the intriguing difference that PsaA and PsaB
are replaced by two copies of a single core subunit. The bacterial analogue is a true homo-
dimer, which can be expected to have a twofold axis. This strongly suggests that electron
transfer may occur at equal rates down both sides of the bacterial reaction centre. This
supports the use of both branches in PSI.

An intriguing issue concerning photosynthesis is exactly how the reaction centres
evolved and when the two classes (I and II) of reaction centre diverged from one another.

6.4.4 Ap generation by the Z-scheme

A carotenoid shift response indicates that both the photosystems translocate charge across
the membrane (Figs 6.8 and 6.9). Evidence for the orientation of PSIl comes from the
observation that the protons liberated in the cleavage of H,O are initially released into
the lumen, indicating that oxidation of water occurs on the P-side of the membrane. Also,
aradical anion form of plastoquinone bound to the reaction centre must be located close to
N-side of the membrane, since it can be made accessible to impermeant electron acceptors
such as ferricyanide after brief trypsin treatment. Ferredoxin and ferredoxin-NADP™*-
reductase are accessible to added antibodies, whereas plastocyanin is not. These observa-
tions all suggest that PSI is oriented across the membrane as shown in Fig. 6.10.

The translocation of each electron from water to NADP* through the two photosystems
is equivalent to the translocation of two positive charges into the Jumen (Fig. 6.11). In add-
ition to this, proton translocation is normally associated with the bf complex. If this were to
function analogously to the closely related bc; complexes of mitochondria and purple
bacteria, it would be predicted that four protons would appear in the lumen for each pair of
electrons flowing from Qg to plastocyanin. At high light intensities some experimental
observations have suggested that only 2H* per 2¢™ are released, in which case the complex
would not contribute any movement of charge across the membrane (Fig. 6.11). If this is true,
then the bf complex must function differently from the bc; complex. However, most inves-
tigators now believe that the cytochrome bf complex follows the Q-cycle mechanism under
all usual conditions. A definite difference from the bc; complex is insensitivity to both
antimycin and myxothiazol. 2,5-Dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB) is
an inhibitor of the cytochrome bf complex, which acts at the Q,, site (i.e. on the lumenal
side of the membrane) and is thus equivalent to the locus of action of myxothiazol on the
cyt bey complex (Section 5.8.1).

The bf complex has the two b-type haems characteristic of both the mitochondrial and
purple bacterial be; complexes. They differ in E,, ;, similarly to their counterparts in the



6 PHOTOSYNTHETIC GENERATORS OF PROTONMOTIVE FORCE 181

H,0

+ NADP™ NADPH 1
ADP + P, ATP

Figure 6.11 Stoichiometry of charge translocation and generation of Ap
associated with electron transfer from water to NADP™,

The movement of the electrons through the two photosystems moves negative
charge from the P- to the N-phase. The other passage of electrons across the
membrane, from plastoquinol to plastocyanin will release four protons to
the P-phase, and cause uptake of two from the N-phase, thus moving two positive
charges per two electrons into the P-phase (this assumes that the Q-cycle mech-
anism applies to the cytochrome bf complex, see text). Thus, six positive charges
reach the P-phase for each 2¢~ passing from H,0 to NADP*, 6 H" are released
into the P-phase but only 5 H' are taken from the N-phase. This is because reduc-
tion of NADP™ requires 2¢™ but | HT. P/2¢” ratios depend on the H*/ATP ratio,
shown here as 3 (but see text and Chapter 7 for uncertainty over this stoichiometry).

cyt bc) complexes, where the haem on the N-side of the membrane has an E,, ; some
150 mV more positive than the other.

Figure 6.11 shows the overall proton movements occurring in non-cyclic electron trans-
port in the thylakoid. The overall stoichiometry is 6H*/2e™ (unless one believes that the
Q-cycle does not operate for the bf complex when the ratio is 4) delivered to the lumen. If
n protons must be translocated through the thylakoid ATP synthase to synthesize 1 ATP,
then 6/n ATP can be synthesized for each NADPH synthesized.

The value of # is a matter of uncertainty (Chapter 7) but its value should be considered
in the context that the Calvin cycle uses 1.5 ATP per NADPH. Thus if n = 4, there is an
exact matching of the synthesis of | NADPH and 1.5 ATP for each two electrons trans-
ferred from water to ferredoxin. However, as will be discussed in Chapter 7, there are reasons
to suppose that n = 4.6 in which case the yield of ATP would not be sufficient to match the
requirements of the Calvin cycle.

6.4.5 Cyclic electron transport and balancing the two photosystems

Reviews Bendall and Monasse 1995, Allen and Forsberg 2001, Haldrup ef al. 2001

The main fate of the NADPH produced by non-cyclic electron flow is for the Calvin cycle,
which fixes CO, in an overall process that requires 3 ATP for each 2 NADPH. Thus, as dis-
cussed above, there may be a shortfall of ATP. The situation is different in C4 plants where
between 5 and 6 ATP molecules are consumed per CO, fixed. One mechanism in which
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Figure 6.12 Physiological cyclic electron transport in thylakoeids — a plausible
scheme.

oxygen acts as an electron acceptor to make good this shortfall is described in Section
6.4.6, but an alternative strategy is cyclic electron transport, which occurs when electrons
are able to return from ferredoxin to PQ (Fig. 6.12). Cyclic electron transport can occur
(but like all cyclic processes is difficult to observe in the steady state) when thylakoids are
illuminated with 700 nm light such that only PSI is active. Under these conditions, ATP can
still be synthesized. Furthermore, there are cells in which only PSI appears to be active and
cyclic electron transport would seem obligatory. These include heterocysts of cyanobacteria,
which fix nitrogen and thus require an anaerobic environment, and the bundle-sheath cells of
some C,4 plants. However, measurement of quantum efficiencies of PSI and PSII in leaves
at ambient CO, suggests that cyclic phosphorylation is in general a minor contributor, but
may be important during an induction phase when leaves are illuminated.

Although the idea of cyclic electron flow has been accepted for some time, the pathway
is surprisingly not yet understood. A plausible scheme is shown in Fig. 6.12, involving a
ferredoxin/PQ oxidoreductase. Such an enzyme and its constituent polypeptides have not
been firmly identified (at the time of writing some researchers prefer a scheme in which elec-
trons are passed from ferredoxin to the cyt bf complex). It is possible that there is involve-
ment of polypeptides with sequence similarities to components of mitochondrial NADH
dehydrogenase (complex I) that are predicted from gene sequencing to occur in thylakoids.
Recall that mitochondrial complex I is also a quinone reductase (there is no convincing
evidence, or rational role, for an NADH dehydrogenase in thylakoids of green plants).
Whatever the uncertainty surrounding the molecular components involved in transfer of
electrons in cyclic electron transport from ferredoxin to PQ, it is known that antimycin
inhibits the process. The locus of this inhibition is not the cyt of complex (see Section
6.4.4). 1t should also be recalled that cyclic electron flow in the thylakoid has a close rela-
tive in the cyclic electron transfer system of green-sulfur bacteria (Section 6.4); in these
bacteria the general view is that ferredoxin transfers electrons to ubiquinone and not to the
cytochrome bc; complex. This argument supports the scheme shown in Fig. 6.12.

Figures 6.11 and 6.12 together show that, assuming a Q-cycle mechanism for the bf com-
plex, each turn of the cycle would result in four protons translocated per 2e™. The latter
stoichiometry is the same as for cyclic electron transport in green (or purple) bacteria.

What regulates the relative activities of the two photosystems and thus of cyclic and non-
cyclic electron transport? Some clue may come from the arrangement of the photosystems
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Figure 6.13 Phosphorylation of light-harvesting complexes may affect
their distribution between stacked (rich in PSII) and unstacked (rich in PSI)
regions of the thylakoid membrane.

in the thylakoid membrane. PSII can be found in the stacked regions of the thylakoids, whereas
PSI, which has to deal with the large ferredoxin substrate, is restricted to the unstacked regions
(Figs 1.6 and 6.13). Since the light-harvesting complexes, carotenoids and chlorophylls, trans-
fer energy to the photosystems by resonance energy transfer (Section 6.2.1), the effectiveness
of which decreases as the sixth power of the distance, the separation between light-harvesting
complexes and photosystems will be critical. Light-harvesting complexes can be phosphor-
ylated, and this is thought to cause them to be excluded from the stacked regions, thus decreas-
ing the energy transferred to PSIL. The extent of phosphorylation increases as the ratio
PQH,/PQ increases (implying that PSII is becoming more active than PSI), directing the
light-harvesting complexes towards PSI in the non-stacked regions and restoring the balance.

Whereas at one time an electrostatic repulsion of LHC II from the stacked regions was
thought to be the main consequence of phosphorylation, there is now evidence that the
phosphorylated form of LHC I has a specific affinity for the H-subunit of PSI (although this
is not present in S. elongatus; Fig. 6.10) and docks to it. If the phosphorylated form of LHC
11 has a lower affinity for PSII than the dephosphorylated form, the overall effect will be to
displace an equilibrium in favour of the mobile LHC II binding to PSI.
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The condition to which chloroplasts revert in the dark, in which LHC IT is predominantly
associated with photosystem 11, is often known as state I, whilst state II refers to the situation
in which at least some of the LHC I is considered to have migrated to the stroma lamellae
region enriched in photosystem L. The terminology of states I and II is not to be confused
with the description of mitochondrial respiratory states (Chapter 4). In the case of the
thylakoid, state I was originally defined as the condition in which PSI was overexcited (in
which case the thylakoid showed a relatively high fluorescence) and state II the condition
where PSII received excess excitation and fluorescence was relatively low. Changes of state
are thus induced by absorption of excess excitational energy by one of the two photosystems;
the changes occur reversibly over several minutes. State I correlates with direct preferential
excitation of PSI, whilst state II is where incident would preferentially excite PSII. Thus
transition to state II involves redirection of absorbed energy to PSI. As cyclic electron
transport generates ATP but not NADPH, it is often proposed that an ATP requirement of
a photosynthetic cell may be involved in controlling the transition to state I1.

£.4.6 Other electron donors and acceptors

The non-physiological electron acceptor ferricyanide allows the Hill reaction, a light-
dependent oxygen evolution in the absence of NADP*, to be observed. The 7 of
the Fe(CN)¢ ™ /Fe(CN)Z ™~ couple, +420mV, is sufficiently positive to accept electrons from
reduced plastocyanin. However, since plastocyanin is on the lumenal side of the
ferricyanide-impermeable membrane, the couple can only accept electrons from a donor on
the stromal side of the PSI complex. Thus oxygen evolution with ferricyanide as acceptor
requires the operation of both photosystems. However, if in addition to ferricyanide, a benzo-
quinone is also present, electrons can be transferred across the membrane from bulk phase
plastoquinol (or possibly the Qg site) to the external ferricyanide without the involvement of
PSI (Fig. 6.14).

Operation of PSI in isolation can be achieved by donating electrons from ascorbate via
DCPIP to plastocyanin. [llumination will then drive electrons through PSI to NADP™*; alter-
natively NADP* can be replaced by the oxidized form of the non-physiological
acceptor methyl viologen (Fig. 6.14). As would be predicted, either of these reactions can
occur in the presence of the PSII inhibitor, DCMU, and can be driven by light of 700 nm,
which, as explained earlier (Section 6.4), is incompetent to activate PSII. Figure 6.14 also
shows how another non-physiological electron carrier, PMS, can allow cyclic electron transfer
around PSI to occur. Because the reduced form of PMS carries two electrons plus a proton, this
form of cyclic electron transport generates a Ap and hence ATP synthesis can be observed.

Thylakoids also catalyse a process known as pseudocyclic electron transport and phos-
phorylation. Reduced ferredoxin (Fd) can react with oxygen to give superoxide:

4Fd,, + 40, > 4Fd , + 405 [6.2]

The subsequent activity of superoxide dismutase and added catalase in an in vitro experi-
ment results in the formation of 30,:

405" +4H" - 2H,0, + 20, (superoxide dismutase) [6.3]
2H,0, — 2H,0+0, (catalase) [6.4]
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Figure 6.14 Use of redox mediators to dissect the thylakoid electron
transport system.
Reaction shown at top left-hand side is the classic Hill reaction.

such that the overall reaction becomes:

4Fd,, + 4H' + 0, — 4Fd, +2H,0 [6.5]

If these reactions are compared with that for the normal electron flow through both
photosystems from H,O to Fd:

4Fd, +2H,0 — 4Fd, +4H" + O, [6.6]

red

It is apparent that the cycling of Fd between these two reactions results in no net oxygen
consumption or formation, allowing a pseudocyclic electron flow to proceed through both
photosystems, with the generation of a Ap and ATP synthesis.

The intact chloroplast does not contain catalase and any H,0, is reduced by ascorbate
rather than generating oxygen. Thus when Fd is oxidized in vivo by O,, one molecule of O,
will be consumed for each 4e™ originating from water. This overall reaction will lead to
ATP synthesis without the formation of NADPH. This is believed to occur in the intact cell
as an alternative to cyclic electon transport to make good any shortfall in ATP synthesis
(Section 6.4.5).
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In the absence of ferredoxin a similar reaction can be observed if methyl viologen is
added, since this dye also reacts with oxygen to give superoxide:

MV'+ 0, - MV?' + 05 [6.7]

If, however, superoxide dismutase and/or catalase are absent or inhibited, then net O, con-
sumption will be observed because formation of 4AMV* produces one O,, whilst oxidation
of 4MV™* consumes 40,. This is an example of the Mehler reaction. A variant is when DCMU
is present to inhibit PSII and electrons are donated to PSI from ascorbate via DCPIP and
plastocyanin. A light-dependent oxygen consumption is observed driven by the operation
of PSI alone.

6.4.7 The proton circuit

The steady-state Ap in thylakoids is, as discussed earlier (Section 4.2.4), present almost
exclusively as a ApH owing to the permeability of the thylakoid membrane to Mg?" and
CIl™. One important consequence of this is that electron transport can be uncoupled from
ATP synthesis by ammonium ions or other weak bases, which enter as neutral species,
increasing the internal pH as they protonate. Additional C1~ uptake occurs in response to
further proton pumping with the result that a massive accumulation of NH,Cl occurs and
the thylakoids burst.

Both the photosystems and the 5f complex contribute to the net translocation of protons
across the membrane. In the steady state, ApH can exceed 3 pH units, estimated from the
accumulation of radiolabelled amines or the quenching of 9-aminoacridine fluorescence.
The transient Ay decays too rapidly to be measured by radiolabelled anion distribution,
but can be followed from the decay of the carotenoid shift following single and flash-
activated turnover of the photosystems. The timescale of the electron transfer reactions
under these conditions is much shorter than for ion movements.

The chloroplast ATP synthase (Chapter 7) is essentially the sole consumer of Ap in the
thylakoid. ATP-dependent H*-uptake can be observed in the dark following activation of
the latent enzyme by an imposed Ap. It is important that, in the dark, this ATP synthase
does not wastefully hydrolyse ATP. However, it has recently been argued that some steady-
state membrane potential must exist in the thylakoid in order to drive the ATP synthase
(Chapter 7).

6.5 BACTERIORHODOPSIN AND HALORHODOPSIN

Reviews and further reading Haupts et al. 1999, Beja et al. 2000, Lanyi 2000,
Lanyi and Luecke 2001, Rouhani ez al. 2001

Bacteriorhodopsin is a protein with seven transmembrane a-helices (named A-G) connected
by short loops such that little of the protein protrudes from a membrane bilayer (Plate H).
Covalently attached via its aldehyde group (i.e. via a Schiff’s base) to the side chain of
a lysine on one of the helices, G, is a retinal molecule, which is approximately oriented
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transversely relative to the membrane. Bacteriorhodopsin was first discovered in the
archaebacterium Halobacterium salinarum (formerly halobium) where it acts as an ancil-
lary generator of Ap by capturing energy from light and using it to pump protons outward
across the cytoplasmic membrane; thus there is augmentation of the Ap generated by aero-
bic respiration under conditions of limiting oxygen.

The DNA sequence from an unnamed and uncultivated marine bacterium recently indicated
that an analogue of bacteriorhodopsin might be present in a eubacterium; this has been
confirmed by expression of the gene in E. coli, supplementation with the pigment retinal
and incorporation into phospholipid vesicles to show proton pumping. The exact physio-
logical role in the marine organism, which is common, is presently unclear but it is now
recognized that bacteriorhodopsin is probably widely distributed amongst marine eubacteria.

We are closer to a molecular description for the proton-pumping mechanism for bacterio-
rhodopsin than for any other pump, but, as we shall see, active transport is a subtle process,
depending on a carefully orchestrated series of sequential events within the protein. Unfor-
tunately, active transport in this case, and perhaps in all transporters, is not going to be
explained at the molecular level by a simple two- or three-state model of the system.

There are several reasons why bacteriorhodopsin has revealed more about an active
transport mechanism than any other protein. First, the events that follow the absorption of
light have been characterized in some detail by the methods of spectroscopy, in particular
fast recordings of the time dependence of the visible absorption spectrum of the retinal.
This has enabled the formulation of a photocycle involving at least seven species (Fig. 6.15).
Second, high-resolution structures have been obtained for the protein not only in its dark
state but also in states that are believed to correspond to discrete intermediates within the
photocycle. Third, expression systems have allowed extensive study of molecules carrying
specific mutations.

6.5.1 Structure of bacteriorhodopsin and sequence of proton
transfer events

A current description of the action of bacteriorhodopsin is as follows. In the dark bR state, the
N atom of the Schiff’s base (Figs 6.15 and 6.16) is protonated (established by resonance
Raman spectroscopy) and the carbon—carbon double bonds of the retinal are all in the #rans
geometry. The extracytoplasmic channel between the Schiff’s base N atom and the aqueous
phase on the P-side of the protein contains the side chains of several key amino acid residues
and water molecules (Fig. 6.16). The opposite intracytoplasmic channel appears to be both
narrower and lacking any well-defined water molecules in the dark-adapted bR state (Figs 6.15
and 6.16). A so-called 7 bulge distorts helix G; this means that instead of the normal H-bond-
ing pattern within the a-helix, two peptide bond carbonyls are H-bonded to water molecules.

Mutagenesis has strongly implicated two aspartate residues, D85 in the extracytoplasmic
and D96 in the intracytoplasmic channels as key participants in the pumping of protons.
Fourier transform infrared spectroscopy (FTIR) has indicated, using mutants in which each
of the two aspartates is separately replaced by aspargine, that in this dark state their respec-
tive pK, values are about 2.5 and 10, respectively. Thus the side chain of D85 is deproto-
nated, whilst that of D96 is protonated. Other kinds of experiment indicate that the pX, of
the Schiff’s base is around 12.
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Figure 6.15 The photocycle of bacteriorhodopsin with details of the proton
movements and some of the structural changes that accompany the transition
between each state.

Note that for simplicity the J state, a precursor to K that forms on a 550 fs timescale,
is not shown. It is also likely that there are other substates within the M inter-
mediate. M1/412 and M2/412 are sometimes called the early and late M states,
respectively. The numbers associated with each state are the absorption maxima
for each species; note that these differ slightly from one investigator to another.
More details of some of the photo-cycle intermediates and of the pK changes of
some side chains are given in Fig. 6.16 and in the text.

Illumination of the dark bR state of the molecule causes, demonstrated by many experi-
mental approaches, the following proton transfer events to occur in strict sequence (Plate H):

(a)

A proton migrates from the Schiff’s base to the side chain of D85.

(b) A proton is lost from the extraceltular channel to the medium. The exact residue releas-

(©)

ing this proton is unclear as glutamates E194 and E204 plus a water molecule appear
to act as a unit.

These events raise the following questions: (i) what has caused a change in pK val-
ues underlying step (a); (ii) what molecular events cause the protonation of aspartate
85 to be linked to the release of the proton from the surface of the protein; and (iii) can
we be sure that all the changes in protonation are due to migrating protons rather than
to movement of hydroxyl in the opposite direction?

The next step is a reprotonation of the Schiff’s base by transfer of a proton from D96.
This must require some change in pK in these groups and at the same time a pathway must
exist for the proton transfer. A problem here is that the structure of the dark bR protein
shows that these two groups are separated by 10 A without any obvious intervening
water molecules or side chains that could act as waystations for the proton (Fig. 6.16).
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[t is important to realize that, whilst an electron can migrate from one centre to another
on a timescale of milliseconds over distances of up to 14 A (Chapter 5), a proton can
only move unaided between 1 and 2 A on a comparable timescale. A further key point
here is to understand why the proton in step (a) does not simply return from D85 to
reprotonate the Schiff’s base.

(d) Next, a proton is obtained from the N-phase to reprotonate D96.

(e) Proton translocation is completed by transfer of a proton from D85 to the glutamate/
water cluster that was the donor to the extracellular aqueous phase in step (b). This means
that the now-unprotonated D85 can regain its favourable electrostatic interactions with
the Schiff’s base nitrogen atom.

The next issue is how to correlate these proton transfer steps with the photocycle. The
Schiff’s base nitrogen atom loses its proton [step (a)] coincident with the transition between
the spectroscopically identified L and M1 states. Step (b) proton release to the medium,
correlates with the M1 to M2 transition. Step (c), the reprotonation of the Schiff’s base,
detected by FTIR, corresponds to the transition between the M2 and N states. Step (d) cor-
responds to the N to O transition, and O to Br corresponds to step (e). It should be noted
that the protonation states of the Schiff’s base do not correlate with the geometric isomer-
ization of the retinal.

The bR state is all 7ans in the dark, but immediately following the absorption of light,
the K state, which does not involve proton translocation, is formed, with the formation of
the isomerized cis 13/14 bond, which persists until the O state is reached. The different
absorption spectra through the cycle clearly show that the retinal is in distinct environments
and/or conformations throughout the cycle, but exactly how each of these relate to the func-
tion of the protein is not clear. In a general sense, the photocycle and associated proton
pumping is driven by thermal relaxations of the retinal back from the cis state to the origi-
nal all-trans conformation. These relaxations will involve transfer of energy from the retinal
to the polypeptide chain, thus driving conformational movements (see below).

6.5 ¢ Relating structural changes to the mechanism of proton pumping
by bacteriorhodopsin

The above description of the activity of bacteriorhodopsin leaves many questions unan-
swered, some of which are raised above. It is clear that these questions will only be
answered by structural information for bacteriorhodopsin at various stages in the photocy-
cle. There are two approaches to meeting this requirement. The first is to study the struc-
ture, under illuminated conditions, of mutant proteins, which are blocked at certain points
of the photocycle. In this way, it is hoped that virtually all the molecules in a crystal will
acquire the same structure, which will be representative of a true structural intermediate in
the photocycle, i.e. it is assumed that the mutation has not induced the appearance of an
irrelevant structure. Two such illuminated mutant proteins in particular have been exam-
ined by X-ray crystallography; in one (D96N), aspartate 96 is changed to asparagine and,
in the other (E204Q), glutamate 204 is changed to glutamine. The first of these mutants is
highly defective at reprotonating the Schiff’s base nitrogen [step (c)] and the second is
unable to release a proton properly to the extracellular medium [step (b)]. Illumination of
both proteins indicates that the M state of the photocycle can be reached, but the structures
are not the same.
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Figure 6.16 Representation of some of the conformational changes in retinal
and the protein, together with proton movements in the bacteriorhodopsin
photo-cycle.

Structural information for M%;, and N states comes from X-ray crystallographic or
electron diffraction analysis of illuminated mutant proteins that are thought to
accumulate in these two states. The diagram for the M, is an extrapolation from
the dark bR and M3, states. Note that there is not a continuous movement of one
proton from the N-side of the membrane to the P-side. The first movement is from
the protonated Schiff’s base of the retinal to aspartate 85 and the second from the
P-side surface of the protein to the external aqueous medium. The exact origin of
this proton is not known for certain; it is shown here as the side chain of glutamate
204, but it may be shared between this side chain, that of glutamate 194 and sev-
eral water molecules. Note the movement of arginine 82 towards the P side (®).
The third step in proton transfer is from aspartate 96 to the Schiff’s base, the fourth
is the reprotonation of aspartate 96 by a proton originating in the cytoplasm (N-
side) and the final step is proton transfer from aspartate 85 to the glutamates
194/204-water cluster at the P-surface. These changes clearly involve the



6 PHOTOSYNTHETIC GENERATORS OF PROTONMOTIVE FORCE 191

Given that the reprotonation of the Schiff’s base is believed to occur after the release of
the proton to the outside (P-side), it is argued that the D96N mutant gives insight into the
structure of a slightly later M2 state than that for the E204Q. The D96N structure was
determined first and showed that significant movement of the residues around the Schiff’s
base and D85 had occurred together with loss of at least one bound water molecule from
this region (Fig. 6.16). Overall, the effect is that the environments of the Schiff’s base nitro-
gen and D85 have changed in order to lower the pK of the former and raise that of the
latter, explaining the reversal of the relative protonation states. The structure of the illumi-
nated D96N protein also shows that arginine 82 (R82) has moved towards the P-face of the
protein, implying that this might be responsible for promoting the dissociation of the pro-
ton from the surface. This view is confirmed by the structure of the E204Q mutant, which
shows the same movement of R82, even though the proton release to the medium is
blocked. Thus the R82 movement must be a contributory cause of the proton release to the
P phase rather than a consequence of it.

On the cytoplasmic side, the two illuminated mutant structures show quite distinct dif-
ferences from the dark structure. However, in each case, there is evidence for a developing
conformational change through movement of the F and G helices, and the beginning of the
appearance of water molecules between D96 and the Schiff’s base. This is envisaged as result-
ing from the relaxation of the deprotonated retinal, including the relay of movement of its
13-methyl group to a tryptophan residue. This, in turn, causes displacement of the peptide
carbonyl group of the unusual 7 bulge in helix G. The result is that the intracellular channel
has widened and the nitrogen of the Schiff’s base can now be regarded as having switched,
so that it is coupled to the cytoplasmic rather than the P-side of the membrane. Thus the
transition from M1 to M2 can be seen as crucial in the switching or gating mechanism that
controls proton access to/from this nitrogen atom; indeed, rotation of the C13—-C14 double
bond has at this stage turned the nitrogen atom of the Schiff’s base away from D85 and
0.7 A towards the cytoplasmic side of the protein. The proposal that the cytoplasmic
(N-side) channel opens is supported by bacteriorhodopsin carrying the mutation phenyl-
alanine-219 leucine (F219L); this accumulates in the N state upon illumination, arguably
because the small side chain at residue 219 permits the longer lifetime of the N intermediate.

Electron crystallographic studies have shown that this N state is characterized by a large
conformational change towards the cytoplasmic surface such that movements of helices E,
F and G have opened up access of D96 to the inflow of water molecules. This would have

rearrangement of water molecules, as schematically shown, and pK, changes,
which are indicated for the Schiff’s base, asp 85 and asp 96. The retinal molecule
probably passes through several different degrees of strain (twist) during the trans-
fer from the K to the N state, and the transitions from one to another, as well as the
isomerizaton back to the all-trans state that accompanies the N to O transition, will
all contribute to driving the sequence of conformational changes in the protein that
occur during the photocycle. The change in shape of the retinal pocket is shown to
reflect that the loss of thermal energy (strain) from the retinal drives all but the first
steps of the photocycle; the diagram should not be taken to mean that a single reti-
nal conformation is retained throughout the cycle. Some of the approximate pK,
values are shown for the key functional groups involved in proton translocation.
The proton translocation mechanism is not simple and, indeed, other side chains
apart from those shown play some role in the process (see text for further details).



192 BIOENERGETICS 3

the effect of lowering the pK, of residue 96 and promoting proton transfer to the Schiff’s
base. Unfortunately, the resolution of the electron crystallography method does not allow
one to see bound water molecules or amino acid side chain positions. Thus, it will be of
great interest to see a high-resolution structure of this state. In principle, the X-ray structure
of the illuminated D96N mutant should also show the helix repositionings that are charac-
teristic of the N state but only disorder was seen.

Another mutant that has been studied extensively by the electron diffraction method is
the triple mutant D96G/F219L/F217C. In this case the wider channel is open on the cyto-
plasmic side even in the dark state and it is argued to reflect fairly closely the structure of
the N state.

A complementary approach to use of illuminated mutant proteins for assessing the struc-
tures of the intermediates of the photocycle is to trap these intermediates for the wild-type
protein at very low temperatures. Success with this approach has been reported to date for
K, L and M intermediates. Whilst the K state shows the beginnings of conformational changes
that could lead to the M state discussed here, the L state structure has some features that are
not readily compatible with the present discussion; there may be technical problems at play.
On the other hand, the M state structure obtained in this way is broadly consistent with the
description given here,

The changes in water accessibility mean that by the time the N state is reached D96 has
transferred its proton to the Schiff’s base. Reprotonation of D96 occurs next. This probably
requires more water molecules to enter the channel between D96 and the cytoplasmic sur-
face of the protein, although this must be coupled to the subsequent restoration of the ori-
ginal high pK value of D96 so as to ensure its reprotonation. The structure of a D85S mutant
is believed to model the O state. This shows that the retinal has reisomerized to the all-trans
state; large-scale structural changes relative to the bR state are confined to an opening of
the channel leading to the P side, although increased hydration towards the N surface sug-
gests how D96 might have become reprotonated during the formation of the O state; retinal
reisomerization is presumed to be driven by the protonation of D96. R82 is still in its down-
ward pointing configuration (Figs 6.15 and 6.16), consistent with its return to its bR posi-
tion (Figs 6.15 and 6.16) requiring reformation of the carboxylate anion side chain on D85.

The final step in the transport process (Plate H) is the transfer of the proton from D85 to
the surface cluster of E194/E204 plus water. The return of the initial electrostatic environ-
ment around the Schiff’s base nitrogen and D85 will also mean that the side chain of R82 will
now return to its original position and the P-side channel become narrower. The conforma-
tional changes seen in the ‘O’ structure in this region are presumably critical to these events.

It is important to appreciate that the complexity of the mechanism of proton pumping by
bacteriorhodopsin means that several, not necessarily exclusive, hypotheses are still under
consideration for the basis of the key switch whereby the accessibility of the Schiff’s base
nitrogen changes. For example, in one scheme the switch is essentially dictated by the retinal
for which a change in curvature of the polyene chain would in turn move the retinylidene
nitrogen towards the cytoplasm. Such movement is envisaged as hindering the return of the
proton from D85 via the latter’s H-bond with T89. One reason for supporting this mech-
anism is that the triple mutant (D96G/F219L/F217C) will catalyse an attenuated rate of
proton translocation without the major conformational changes that are envisaged for the
wild-type protein, leaving reorientation of the retinal as the only plausible switch mech-
anism. According to this view, the protein conformational changes would serve to enhance
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the rate of vectorial proton movement. Eventually, the acquisition of very high resolution
crystal structures will establish whether or not sufficient changes in curvature occur at the
appropriate stages of the photocycle to substantiate this hypothesis, which has a different
basis than the view that underpins Figs 6.14 and 6.15.

6.5.3 Halorhodopsin

Review  Kolbe et al. 2000

Bacteriorhodopsin has a close relative called halorhodopsin, which acts as an inwardly
directed chloride pump. The high-resolution structure of this protein has shown that it is
remarkably similar to bacteriorthodopsin. There are important differences, especially the
absence of residues equivalent to the carboxylate side chains of D85 and D96 and that the
Schiff’s base nitrogen remains protonated throughout the photocycle. The crystal structure
of halorhodopsin in the dark state shows that a chloride ion is bound where the carboxylate
side chain of asp 85 is located in bacteriorhodopsin. Thus it is proposed that transport is ini-
tiated by a light-driven conformational change in the retinal, which results in movement of
the Schiff’s base nitrogen towards the cytoplasmic side of the membrane and drags the
chloride with it, so that the chloride is moved to the cytoplasmic side of the protein.
As with bacteriorhodopsin, no obvious route exists for ion movement between the Schiff’s
base nitrogen and the cytoplasm in the structure of the unilluminated protein. In due course,
therefore, it is expected that structures of photocycle intermediates, obtained by studying
mutant proteins or low-temperature species, will show an opening up of the channel to the
cytoplasmic side. It may also be possible to track the pathway of the chloride down this
route, something that cannot be done for the proton. Thus insight into the mechanism of
bacteriorhodopsin may also ensue from the studies of halorhodopsin, especially when it is
recalled that it is possible that some steps in the bacteriorhodopsin reaction may be
hydroxyl rather than proton migration.

In particular, comparison of halorhodopsin with bacteriorhodopsin suggests that the
deprotonation of the Schiff’s base in the latter may reflect movement of hydroxide towards
the nitrogen atom rather than of the proton away from this atom of the Schiff’s base. Indeed,
as it is very difficult to distinguish movement of protons in one direction from that of hydrox-
ides in the opposite, it cannot be rigorously excluded that bacteriorhodopsin is a hydroxide
pump. It is usual to postulate proton movement rather than of hydroxide because the former
has much faster mechanisms for moving through proteins. However, although we can be fairly
sure that protons flow through the ATP synthase (Chapter 7, Section 7.5.2) and are taken up
and released by the cytochrome bc complex (Chapter 5), there are many cases where we
cannot be so certain. The mitochondrial phosphate transporter (Chapter 8) is almost certainly
a hydroxide antiporter, rather than a proton symporter, as it belongs to a whole set of pro-
teins that are anion antiporters.
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Some of the senior figures in the history of oxidative phosphorylation in action. Racker assembles
the cold-labile F|-ATP synthase (negatively stained with phosphotungstate), while Mitchell juggles
protons and charges, Slater attempts to grasp the elusive squiggle (the non-existent chemical inter-
mediate that was anticipated before the advent of the chemiosmotic theory), and Boyer induces a
conformational strain which has proved to be more important in the ATP synthase itself rather than

in coupling electron transport to ATP synthesis



THE ATP SYNTHASE

7.1 INTRODUCTION

Reviews and further reading  Abrahams er al. 1994, Boyer 1997, Noji et al. 1997,
Nakamoto ef al. 1999, Stock et al. 2000, Walker 2000a, b; Arechaga and Jones 2001, Menz
et al. 2001, Tsunoda et al. 2001a, Yoshida et al. 2001

In contrast to the great variety of mechanisms found in different organisms for the respiratory
or photosynthetic generation of Ap, the major consumer of Ap, the ATP synthase, is highly
conserved. It is present in mitochondria, chloroplasts, both aerobic and photosynthetic bac-
teria, and even those bacteria that lack a functional respiratory chain and where the enzyme
generates Ap at the expense of hydrolysing ATP produced in glycolysis. For reasons that
will soon become clear, the H* -translocating ATP synthase is known as an F;.F-ATPase,
distinguishing it both from E,.E,-ATPases such as the (Na*/K*)-translocating ATPase in
eukaryotic plasma membranes, whose catalytic cycle involves a covalent attachment of the
phosphate from ATP, and also from the more recently described class of V (for vacuolar)
ATPases, which can pump protons across internal membranes (e.g. tonoplasts in plants and
synaptic vesicles in neurons).

The function of the ATP synthase is to utilize Ap to maintain the mass-action ratio for the
ATPase reaction 7-10 orders of magnitude away from equilibrium, or in the case of fermenta-
tive bacteria, such as S. facaelis, to utilize ATP to maintain Ap for the purpose of transport.
Although the function of the complex in all except this last case is to synthesize rather than
hydrolyse ATP, it is sometimes referred to as the proton-translocating ATPase.

7.2 F; AND Fo

The general features of the ATP synthase were deduced from early studies with submitochon-
drial particles (SMPs) (Section 1.3.1). These inside-out membrane vesicles catalyse either
ATP synthesis in the presence of a respiratory substrate or ATP hydrolysis in the absence
of such a substrate. Both respiration and ATP hydrolysis generate a Ap (with the positive,
P-phase, in the lumen of the vesicle) and H/ATP ratios can be determined, albeit imprecisely.
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(c)

(d)

Figure 7.1 The F, and F,.F, mitochondrial and E. coli ATP synthase visu-
alized by electron microscopy of sub-mitochondrial particle membranes or
purified enzyme preparations.
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(a) Electron micrograph of submitochondrial particles (magnification 175 000X)
shows F; molecules (arrow) on the surface. (b) Electron micrograph showing
particles from which F; has been removed by urea treatment; the particles have
greatly diminished ATPase activity. (c) Molecules of F; visualized by electron
microscopy after removal from submitochondrial particles. (d) The appearance
of urea-treated particles following reconstitution with Fy; the surface particles
are again evident and ATPase activity is restored to the membranes. Note that
{(a)—(d) were all visualized by negative staining. (Reproduced with permission
from G. Weissman and R. Claibome (eds) Cell Membranes: Biochemistry, Cell
Biology and Pathology HP Press, (1975).) (e) Cryo-electron microscopy (at much
higher magnification than (a)—(d)) of a negatively stained sample of E. coli F,.F,-
ATP synthase shown alongside an interpretation of the arrangement of the dif-
ferent subunits (cf. Fig. 7.2). Note the evidence for a second stalk to the left of
figure, connecting F, (top) to F; (bottom). (Adapted from Wilkens and Capaldi
(1998) Nature 393, 29.) () A projection by single particle imaging by electron
microscopy of the bovine heart mitochondrial ATP synthase. Note both the sec-
ond stalk and the collar, which is seemingly absent from the E. coli enzyme. The
three-dimensional structure of F; is superimposed. (Adapted with permission
from Karrasch and Walker (1999) J. Mol. Biol. 290, 379-384.)
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In good preparations of SMPs the rate of ATP hydrolysis can be stimulated by addition of
a protonophore to collapse Ap. Both the synthesis and hydrolysis of ATP by mitochondrial
membranes can be inhibited by several reagents, including oligomycin.

The ATP synthase can be visualized under the electron microscope in preparations of SMPs
that have been negatively stained with phosphotungstate. The complexes appear as roughly
spherical knobs projecting from the original matrix side of the membrane (Fig. 7.1). When
SMPs were washed with urea, chelating agents or low ionic strength media the knobs were
lost from the membrane. At the same time ATPase activity was solubilized from the SMPs.
This activity was not inhibited by oligomycin and was termed the F,-ATPase (‘fraction 1°).
Naturally, the soluble F; was incapable of ATP synthesis. The stripped SMP membranes had
lost ATP synthase and ATPase activity, but interestingly also behaved in an ‘uncoupled’ man-
ner, with no respiratory control with NADH as substrate and with evidence of a high proton
permeability. When these depleted SMPs were pretreated with oligomycin, some respiratory
control was reintroduced, and the proton permeability, estimated, for example, from the rate
of decay of a pH gradient after cessation of respiration, was reduced to the considerably
lower value seen with untreated SMPs.

These seminal observations suggested that oligomycin binds to and inhibits a component
in the membrane of depleted SMPs, which could conduct protons, and that in intact SMPs
the free passage of protons through this component was in some way controlled by F;. This
proton channel was termed F, (fraction oligomycin) and can be inhibited by oligomycin in
both depleted and untreated SMPs. Purification of the intact F;.F,-ATPase complex requires
detergents to maintain the solubility of the highly hydrophobic F.

These findings can be generalized to bacterial and thylakoid membranes, although
oligomycin, as well as another inhibitor of F, venturicidin, only inhibit the F|.F ,-ATPases
from mitochondria and a limited number of bacterial genera. In all energy-conserving mem-
branes, ATP is always hydrolysed or synthesized on the side of the membrane from which the
knobs project (the N-phase), while during ATP synthesis protons cross from the side which
lacks knobs (the P-phase; Fig. 1.1). Thus F; faces the mitochondrial matrix, the bacterial
cytoplasm and the chloroplast stroma.

7.3 THE SUBUNITS OF THE F,.Fo-ATPase

The most definitive information available is for the E. coli F|.F -ATP synthase. F, prepara-
tions have five types of polypeptide, usually known as «, B, v, 8 and &, whilst three further
polypeptide species, a, b and ¢, have been identified in F,. The genes for the E. coli
F|.F,-ATP synthase are in a single operon containing eight cistrons that correspond to the
eight polypeptides. The stoichiometry of the subunits of the E. coli F,.F,-ATPase is
a.by.co_y2.23.83.7.6.€. Uncertainty surrounds the stoichiometry of the ¢ subunits for several
reasons, including the difficulty of accurately assessing its stoichiometry from radiola-
belling of the enzyme in vivo; small experimental errors are sufficient to generate an uncer-
tainty in the range 9 to 12.

The estimated molecular weights of F, and F; are estimated to be 160kDa and 370 kDa,
respectively. Amino acid sequences of the five F; polypeptides are consistent with a hydro-
philic globular structure, whilst those of each of the F, polypeptides have hydrophobic
regions consistent with the presence of transmembrane «-helices.
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ATP synthases from other sources have very similar subunit structures, although that from
mitochondria is more complex, possessing extra subunits, the functions of which are gen-
erally unclear. There is not an exact correspondence between the roles of the smaller subunits
in the enzymes from different sources. Thus the E. coli 8-subunit is equivalent to the mito-
chondrial oligomycin-sensitivity conferring factor (OSCP), a subunit of F, that is required
for the mitochondrial F,.F to be sensitive to oligomycin. The mitochondrial §-subunit is
related to the e-subunit of the E. coli enzyme, while rather oddly the e-subunit in the mito-
chondrial enzyme has no counterpart in the bacterial ATP synthase. Figure 7.2 provides
a comparison of the overall organization of subunits in the enzymes from the two sources,
omitting, with one exception, the extra subunits of the mitochondrial enzyme for which little
information about location or function is known. The evidence for this organization will be
provided in the next sections. The exception is the inhibitor polypeptide for the mitochondrial
enzyme, which has no direct counterpart in the bacterial enzyme.

We shall return to the mode of action of this inhibitor later in this chapter.

7.4 THE STRUCTURE OF F,.F,

Further reading  Abrahams er al. 1994, Stock et al. 1999, Gibbons et al. 2000

In 1994, a 2.8 A structure of the - and B-chains and part of the y-chain for F; from bovine
heart mitochondria was obtained. This landmark achievement showed that the a- and
B-chains were arranged alternately around the y-chain, rather like an orange with six seg-
ments surrounding a central core. The part of the y-chain that could be seen in the structure
was mainly folded as two a-helices coiled around one another such that both the N- and the
C-terminals were at the same end of the central core of the structure (Fig. 7.3 and Plate I).
This can safely be deduced to be the side of the F; molecule, which, when part of the complete
F,.Fy, is the furthest distance away from the membrane bilayer, because the remainder of the
v-chain protrudes from the 333 assembly in the form of a stalk-like structure. The general
features of the protein folds in the each of the six a- and B-chains are broadly similar, but
there are significant differences in the detail that, as we shall discuss shortly (Section 7.6),
are very important for understanding the mechanism of the enzyme.

Much of the y-chain that protrudes from the «;8; core, along with the 8- and e-subunits,
was disordered in the original crystals, but a second crystal form later allowed the entire
structure to be obtained. Most of the remainder of the y-polypeptide has unexpectedly
proved to adopt a globular fold, comprising «-helices and B-sheets, which is often associated
with nucleotide binding in other proteins. No such binding is seen in the ATPase, but rather
this feature of the y-chain, together with the 8- and e-subunits that interact with vy in this
region, contributes to a foot-shaped structure that can interact with the F, part of the molecule
(Fig. 7.2 and Plates I and J). The overall length of the y-subunit from its C-terminus to its foot
is 114 A, while the length of the protruding part of y is 47 A, consistent with the dimensions
of the central stalk-like structure seen in the original electron micrographs (Fig. 7.1).

The foot-like structure at the base of the y-subunit has also been seen in a structure of
a form of the yeast mitochondrial ATP synthase in which the resolution (3.9 A) was too low
to discern much about side-chain locations. However, this structure had a remarkable
feature, the presence of a ring of 10 ¢ subunits from the F, sector, attached to this foot of the
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Figure 7.2 Schematic diagrams of current information about the overall
structure of F1.F,. (a) E. coli enzyme and (b) mitochondrial enzyme showing
the similarities, equivalencies and differences.

The diagrams are based on the X-ray diffraction data available for the a38;yde and
¢} subunit assemblies of the yeast and bovine heart mitochondrial enzymes. Loca-
tions of other subunits have been deduced by biochemical methods as discussed
in the text. Note that (i) OSCP in the mitochondrial enzyme is equivalent to the -
subunit in E. coli; (ii) that the mitochondrial £-subunit has no equivalent in bacteria;
and (iii) for the mitochondrial enzyme, the a and ¢ subunits are sometimes called
subunits 6 and 9, respectively. The locations of binding of principal inhibitors of the
ATP synthase are also shown. Nbf and DCCD bind to one of the three S-subunits,
aurovertin to two of the three B-chains and efrapeptin binds in the central cavity
between the three a- and three B-subunits into which both the C- and N-terminal
ends of the coiled coil y-subunit penetrate. The exact sites of ventruricidin and
oligomycin binding within F, are not known but very low concentrations of DCCD
specifically react (i.e. no reaction with B-subunit under such conditions) with an
aspartate or glutarate residue (D61 in the E. coli enzyme) on the ¢ subunit. Only one
B-subunit is represented as catalysing ATP synthesis but as discussed in the text all
three play this role. The diagram shows a postulated route of proton flow through the
F, sector. It is envisaged (see text) that the protons flow part way across the mem-
brane through the a subunit before binding to the carboxylate side chain of the key
¢ subunit aspartate residue that reacts with DCCD; this residue is also implicated by
inactivation of the enzyme following its mutation to asparagine. This protonation
releases an attraction between the carboxylate form of the aspartate and the posi-
tively charged side chain of arginine 210, causing rotation of the set of ¢ subunits in
the sense shown (going behind the plane of the paper). Nine to 12 copies of the ¢
subunit are shown (there is uncertainty over the exact stoichiometry — see text). The
last step in a 912 step process results in discharge of the proton through a different
part of the a subunit. Thus 9-12 protons passing through the entire ¢ subunit assem-
bly would cause a rotation of 360°. Note that, in the case of the mitochondrial
enzyme, there are 10 ¢ polypeptides and thus movement of 10 protons would cause
the 360° rotation. Whereas the b subunit is thought to be dimeric in E. coll, it is curi-
ously argued to be monomeric in mitochondria. The inhibitor protein is a dimer,
which has a coiled coil structure that is believed to be able to bind simultaneously to
two F; molecules on the same membrane. The binding site on F; for the inhibitor
molecule is shown as close to the DELSEED region (cf. Fig. 7.3). The rotation of
the y-chain is shown as clockwise for ATP synthesis when viewed from the mem-
brane side.
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F, molecule (Plate J). Each ¢ subunit is folded as two transmembrane «-helices
connected by a loop, which is believed to interact with the foot region. This requires that the
N and C termini of each ¢ subunit are located at the P-side of the membrane. There is bio-
chemical evidence for this orientation. As explained earlier, the stoichiometry of the
¢ subunit has proved difficult to obtain by biochemical methods, but it had been assumed that
the number of copies per ATP synthase molecule would be invariant irrespective of the source
of the enzyme. Remarkably, evidence is emerging from structural studies that contradicts this
expectation. The ¢ subunit of the thylakoid enzyme has been shown to form rings containing
14 polypeptides, while a very stable ¢ subunit preparation from a sodium translocating ATP
synthase (as found in P. modestum, see Section 5.15.8) has a ring of 11 ¢ subunits. A possible
important basis for this variation in ¢ subunit stoichiometry is discussed later (Section 7.6).

Until this structural information became available, there had been a growing belief, based
on biochemical and genetical studies, that each ring contained 12 ¢ subunits. This conclusion
was reached mainly on the basis of work with the E. coli enzyme but re-evaluation and new
experiments in light of the structural data now indicate that the ring in this bacterium may
contain 10 ¢ subunits. It is wise to sound a note of caution at this point. It is possible that
the ¢ polypeptide can rearrange itself. Thus, unlikely as it may seem, it is just possible that
the loss of the a and b subunits from the yeast enzyme has been accompanied by the loss of
some (two?) ¢ subunits and a shrinking of the ring size to 10. Variation, or otherwise, of
¢ subunit ring size will only be established for sure when crystal structures of complete F,.F,
molecules from different sources are obtained.

To date, X-ray diffraction studies have not provided any direct information about either
the structure or the locations of one of the F| subunits, OSCP in mitochondria, é in bacteria
(although there is an NMR structure for the isolated E. coli §-subunit) or the a and b subunits
of F,. However, 8/OSCP can be confidently positioned in the dimple (Fig. 7.2) at the ‘top’
of the a38; assembly on the basis of immuno-electron microscopy experiments. There is
evidence from cross-linking that the b subunit, part of which is indicated by NMR studies
to be a coiled coil dimer in E. coli, but possibly organized as a monomer for the mitochon-
drial enzyme (Fig. 7.2), extends from the membrane and contacts OSCP (8) (Fig. 7.2). This
means that there is a second stalk connecting F, to F|, and indeed this has been seen in higher
resolution electron micrographs of F1.F, as shown in Fig. 7.1; the higher resolution data also
indicate a central stalk length of 45 A, consistent with the length of the central stalk estimated
from crystallographic and earlier electron microscopy observations. There is biochemical
evidence that the remainder of the each b subunit is folded as one transmembrane a-helix
in the membrane.

Finally, it has proved difficult to deduce the organization of the a subunit by biochemical
or genetic means. Currently, it is thought to be folded into five transmembrane a-helices with
short connecting loops and thus entirely confined to the bilayer. Biochemical and genetic
data place the a and b subunits on the outside of the ring of ¢ subunits, the interior of which
is presumably filled with phospholipids in the membrane. The a and b subunits must make
asymmetric interactions with the ring of ¢ subunits, owing to the different stoichiometries
and the lack of symmetrical sequence repeats in a and b. Having established the main over-
all structural features of the F|.F, enzyme in Fig. 7.2, we shall consider next what has been
discerned from biochemical experiments about the enzymology of ATP synthases before
returning to see how these can be correlated in a satisfying way with a more detailed analysis
of the structure.
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Figure 7.3 Selected important features of the organization of the a-, 3- and
y-chains in the F, part of the ATP synthase.

The first crystal structure of the enzyme was obtained from a solution containing
ADP and the non-hydrolysable analogue of ATP known as AMP-PNP. The three
B-chains were called Bg, Bpp and B1p, depending upon whether they respectively
had no ligand, bound ADP or bound AMP-PNP. The a-chains, which each had
a bound AMP-PNP were named ag, app or atp, depending on which type of
B-chain was their neighbour, according to an arbitrary convention concerning
the direction in which neighbour was defined. The alternate organization of the
a- and B-chains (Fig. 7.2) means that a cross-section through the molecule will
show the B in juxtaposition to app (a) and Bpp to ag (b). Comparison of (a) and
(b) shows that, whereas the conformation of the a-chains is essentially identical,
the Bg has considerable differences from Brp, including the disruption of some
B-sheet structure adjacent to the P-loop region, which interacts with the terminal
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phosphates on ATP (see text), and the interaction between the conserved
DELSEED region and a short (residues 73—90) a-helix of the central -y-subunit
with its N and C termini between one (of three) pair of a- and B-subunits. (The
three B-chains are not structurally identical.) This would break as -y moves to
another B-chain. Four out of six (-barrels that hold the three « and three 8
chains together are shown in (a) and (b). Another notable feature is the hydropho-
bic sleeve that may allow rotation of y within the central cavity in the core of the
a3f33 assembly. Adapted with permission from Abrahams et al. (1994).

There is a final component of the mitochondrial ATP synthase, the inhibitor protein. It is
a dimer in its active form. Its structure has been solved by NMR and X-ray diffraction, and
found to be an unusual coiled coil, sufficiently elongated to be able to bind to two adjacent
F; molecules. A stoichiometry of one inhibitor polypeptide per F; is sufficient for inhibition
and it is thought to bind to the C-terminal region of a S-subunit of F;, although this has not
been demonstrated by crystallography.
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7.5 ENZYMOLOGY OF ATP SYNTHASE

7.5.1 Studies with inhibitors show that enzyme is a co-operative unit and
implicate B-chains as the site for formation or hydrolysis of ATP

The complex subunit structure of the ATP synthase initially raised questions as to which
subunit carried the active site and the extent to which the enzyme exhibited co-operativity.
Apart from oligomycin, one of the earliest inhibitors discovered was DCCD (dicyclohexyl-
carbodiimide), which at an extremely low concentration will specifically label the ¢ sub-
unit of ATP synthase in mitochondrial, thylakoid or bacterial membranes. In common with
oligomycin it also blocks the proton conductance of F,,. Unlike oligomycin, or venturicidin,
DCCD inhibits all ATP synthases. DCCD reacts covalently with the carboxylate side chain
of a conserved aspartate (or often a glutamate) that is part of one of the transmembrane
helices in the ¢ subunit.

It is generally thought that this carboxylate side chain plays a key role in the translocation
of protons (or Na* for the P modestum enzyme, Section 5.15.8) by F,. A key observation
in this respect is that the reaction with DCCD is blocked by the presence of Na™ in the sodium-
translocating P, modestum enzyme (Section 5.15.8), suggesting that the translocated ion comes
into close proximity to the carboxylate side chain. Incorporation of approximately one
DCCD molecule per assembly of ten or more ¢ subunits is sufficient to block the activity of
the ATP synthase completely, strongly suggesting that the assembly of ¢ subunits works co-
operatively and not independently. The exact binding site for oligomycin is not known for
certain but is clearly amongst the F, subunits. At first sight, therefore, it is odd that the
OSCP protein is at a considerable distance from the F, part of the enzyme (Fig. 7.2); it is
clearly not the oligomycin-binding protein as is often thought. We shall return later to a
possible explanation for the separation of OSCP from the site of oligomycin (Section 7.6).

Several inhibitors of F; are known (Fig. 7.2). Perhaps most instructive is the reagent
Nbf-Cl, which reacts specifically with the hydroxyl group of one tyrosine residue of one
B-chain to inactivate the enzyme completely. This observation implicates the 8-chain as the
catalytic site and also establishes that three separate active sites on the three B-subunits
cannot function independently. The reason for the inhibitory action of Nbf-Cl has proved to
be steric hindrance caused by the bulky modifying group. The Nbf group from Nbf-Cl can
undergo an intramolecular shift within a 8-chain from its initial attachment at Tyry;; to Lys;¢»,
indicating that the residues must be adjacent. The enzyme remains inactive. This was
notable, since Lysg; is found at a sequence motif -Gly-X-X-X-X-Gly-Lys- (this is commonly
called the P loop or Walker A motif), which is found in many ATP-utilizing enzymes and
participates in binding of phosphate groups. In accord with this, P; will protect F, against
the initial labeling by Nbf-Cl.

At higher concentrations than are needed for reaction with the ¢ subunit, DCCD will react
with just one glutamate side chain in one 8-subunit of the enzyme. As with modification with
Nbf, activity of the enzyme is completely lost, pointing again to co-operativity between the
B-chains. Two other inhibitors, both naturally occurring, aurovertin and efrapeptin, also bound
to F at a stoichiometry of less than 3 mol per mol enzyme, again suggestive of co-operativity.
In at least some cases, the asymmetric interaction of the y-chain with the «;3; assembly
explains these stoichiometries. However, this cannot be the whole story, as a form of the
enzyme that possesses only the ;35 assembly also binds only 1 mol of Nbfto give complete
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inhibition. This suggests that there is an element of intrinsic or easily induced asymmetry
within the three «- and B-chains.

The role of B-chains as the locus of catalytic sites was also implicated by an approach
known as affinity labelling in which derivatives of ATP or ADP carrying a chemically reactive
group were found to incorporate specifically into B-chains. In other experiments, the B-chains
were also shown to bind adenine nucleotides, which could be exchanged with unbound radio-
labelled nucleotides in solution. This property is expected for ligands at an active site. In con-
trast, the a-chains were each found to contain an ATP or ADP that could not be exchanged,;
the function of these tightly bound nucleotides is obscure but they can safely be concluded
to be bound to non-catalytic sites.

Mechanistic enzymological experiments establish co-operative
features and that affinity of ATP synthase for ATP is

attenuated by protonmotive force; the binding change

model of ATP synthase

ATP hydrolysis is more easily studied than ATP synthesis, although, of course, no direct
information on the mechanism of coupling to proton translocation can be obtained by using
the F; form of the enzyme, which is easier to handle than the complete F_.F; enzyme.

The hydrolysis of ATP involves breakage of the bond between the bridging oxygen and
the y-phosphorus atom and thus an oxygen on the liberated P; comes from water (Fig. 7.4).
This can be shown by carrying out the hydrolysis in H,'®0 and quantifying the label
appearing in P;. Under some conditions, the hydrolysis of ATP by SMPs results in more 20
incorporation into P; than can be accounted for by ATP hydrolysis alone. One explanation
for this is that P;, produced at the active site with one 30 by hydrolysis of ATP, can rotate
within the active site before being released. If the ATP hydrolysis reaction is reversible, and
if the rate of release of products from the catalytic site is slow relative to the rate of resyn-
thesis of ATP, then the P; reincorporated into ATP will lose '°O rather than '30. Subsequent
ATP hydrolysis will lead to further incorporation of 80 into P;, which will ultimately be
released to the medium. Most surprisingly, this extra incorporation of '*0 was not abolished
when Ap was dissipated by a protonophore.

The occurrence of this exchange in the absence of a Ap was one of the first pieces of
evidence that the protonmotive force was not directly used to condense ADP and P;. In sub-
sequent experiments, the analogous exchange reaction was studied with the F, fragment, but
with the difference that the substrate ATP was labelled on its y oxygens with '®O and the
deficit of 180 in the product phosphate was analysed. This procedure was more sensitive.
When the hydrolysis of extremely low concentrations of ATP (about 10~8m) was studied,
the loss of '80 label from product P; was more than expected from the hydrolysis reaction,
again indicating that exchange had occurred within a catalytic site. This provided further
evidence that the hydrolysis of ATP to ADP and P; by the soluble F; was to some extent
reversible even with no input of energy from Ap (Fig. 7.4). This conclusion could be
reinforced by similar experiments in which loss of '30 originally in P; was observed in
ATP synthesized in steady-state oxidative phosphorylation. More complex experiments, in
which these exchange reactions were studied with variable substrate concentrations, indicate
that interactions occur between more than one catalytic site in the ATP synthase.
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An equilibrium constant is equal to the ratio of the forward and reverse rate constants.
Since the K’ for ATP hydrolysis in free solution is approximately 10°m (Section 3.2.1), the
reverse reaction should be undetectably slow. F; therefore appears to alter the equilibrium
constant for ATP hydrolysis to make the rate of the reverse reaction significant. How can
this occur without offending against the first law of thermodynamics, since we appear to be
making ATP with no energy input? The answer is that we are not making free ATP, but
rather ATP bound to F,. If that ATP is very firmly bound, then considerable energy will
have to be used to release the ATP into solution. Consider the AG values associated with
the following steps:

1. ADPg.. = ADPyoing AG,
2. Pi free ™ Pi bound AGZ
3. ADPbound + Pi bound = ATPbound AG3
4, ATPypung = ATPje AG,

The overall reaction is the sum of these steps:
ADPje. + Pifiee = ATPpig, SAG = +40kJmol *

* Typical value for the mitochondrial matrix.

What is being observed in the 80 exchange reaction is not the overall reaction, but
reaction 3, which occurs with a AG close to zero. Nearly all the input of +40kJmol ! is
required for the final step, the removal of very tightly bound ATP from the catalytic site.
As we shall see below, it is the conformational change driven by the protonmotive force
(see above), which releases the bound ATP. Confirmation of this model has come from
measurements of the dissociation constant for the Fi.enzyme.ATP complex, where a value
of about 10™1?m was obtained.

With very low concentrations of ATP (<107 '%m) labelled with *2P on the y-phosphate,
hydrolysis proceeds very slowly. If, however, a higher concentration of cold ATP is sub-
sequently added in a chase experiment, the rate of hydrolysis of the already bound
ATP-y*P considerably increases. It appears that the higher concentration of ATP occupies
one or more lower affinity ATP binding sites on different B-subunits of the enzyme and that
this causes a conformational change, allowing release of the products at an accelerated rate.
Thus there are site-to-site interactions, perhaps mediated through subunit interfaces. This
negative co-operativity of binding, but positive co-operativity of catalysis (), explains
why the 80 exchange experiment discussed above must be performed with F, at very low
ATP concentrations: at higher concentrations of ATP, the ADP formed would be released
rather than remaining to allow the reverse reaction (and thus %0 exchanges) to occur. It is
notable that mutations in the a-chain of the E. coli enzyme attenuate such co-operativity
and impair «f3 interface interactions.

The study of ATP hydrolysis by soluble Fy is of value to the extent that it provides infor-
mation about ATP synthesis by the membrane-bound F;.F,-ATP synthase. The 0 exchange
experiment discussed above can also be observed with the intact F|.F, complex in situ in
SMPs in the absence of Ap. However, for reasons that are not clear, it is no longer necessary
to use a very low ATP concentration in order to see the exchange.

If the molecular basis of ATP synthesis is the reverse of the F; hydrolysis discussed
above, it follows that the major AG changes are associated with the binding of ADP and
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P; and/or the release of ATP, and that these are the steps which must in some way be cou-
pled to Ap through a conformational change. A crucial experiment using SMPs involved
loading the very high affinity ATP binding site on F; in the absence of a Ap and then initi-
ating respiration. The generated Ap caused a release of this tightly bound ATP, clearly
demonstrating that Ap decreases the binding affinity of ATP. The change in binding affinity
has to be dramatic: from a value of about 10~ 2M in the absence of Ap to a sufficiently loose
binding such that ATP can dissociate in the presence of the normal N-phase concentra-
tion of the nucleotide. Experiments with a bacterial vesicle system and SMPs have sug-
gested that, during ATP synthesis, the binding of ATP to a catalytic site has a dissociation
constant in the range 107® to 107°m, a change of 10° to 107 induced by the protonmotive
force.

The combination of the co-operative properties and the evidence for bound ATP forma-
tion from ADP and P; at an active site led to the formulation of the binding change mecha-
nism in which each B-subunit would be in a different conformation at any given instant, the
three conformations reflecting different affinities for ATP, ADP and P;. Thus the three
catalytic sites for nucleotide exist in O (open), L (loose) and T (tight) conformations and
protonmotive force-induced conformational change causes a T-site with bound ATP to
become an O-site, and thus release its bound ATP, while at the same time causes a second
site to change from a L-site, with loosely bound ADP and P;, to a T-site, where the substrates
are tightly bound, allowing bound ATP to be formed (Fig. 7.5). Thus each of these catalytic
sites has at any instant a distinct conformation, but all the sites pass sequentially through
the same set of at least three conformations.

It should be noted that unlike bacteriorhodopsin (Section 6.5) whose reaction mechanism
involves proton flux through the catalytic site (i.e. the Schiff’s base of the retinal), evidence
is against a direct involvement of the translocated protons in the ATP synthesis reaction
itself. Thus the proton flow through the F,, is envisaged as driving conformational changes
at a distance in the F, part of the enzyme. Evidence for this view includes: (a) the reversible
nature of the ATP = ADP + P, reaction even at the active site of isolated F,, which cannot
be linked to proton translocation; (b) the thinness of the central stalk connecting F, to F,
argues against it providing a proton conducting pathway; (¢) the enzyme from P. modestum
uses Na™ instead of H™ but the specificity for Na lies in the F, part of the enzyme, making
it improbable that any part of F, conducts H* or Na*. The properties of this cation trans-
locating P modestum enzyme also strongly imply that protons rather than hydroxides
normally pass through the ATP synthase.

The stereochemistry of ATP hydrolysis can be investigated by isotopic labelling, We
know from the '®0 exchange experiment that it is the bond between the y-P and oxygen
that is broken because '*O from H,'30 is incorporated into P, rather than ADP. The attack
of water on the y-phosphate could be similar to a classic SN, reaction at a saturated carbon
atom with the phosphate inverting its configuration (Fig. 7.6). This cannot be tested with
ATP itself, since the y-phosphate is not a chiral centre; however, an ATP analogue, Fig. 7.6,
does have such a centre and is a substrate for F. Using this analogue together with H,!’0
confirms this inversion. In contrast to F, which does not form a phosphoenzyme interme-
diate, an E{.E,-ATPase such as the Na*/K*-ATPase, which does form such an intermediate,
retains the stereochemistry of the terminal phosphate. In the latter enzyme, two inversions
corresponding to phosphorylation and dephosphorylation steps occur leading to net reten-
tion of configuration.
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Figure 7.5 The three-site alternating binding site mechanism for ATP
synthase.

This diagram shows an anticlockwise rotation of the +y-chain, looking from
below F, and towards the bilayer, that is associated with ATP synthesis. It is
envisaged that the - and 8-chains are held stationary by a stator. Starting from
the top left, the scheme shows binding of ADP and P; to an empty site (Bg),
whilst ADP and P; are already bound at a second site, tentatively but not defi-
nitely correlated with the Bpp subunit seen in the crystal structure; tightly bound
ATP is at the third site, tentatively Brp. (Note the sites are shown at interface
regions where they have been located by crystallography but features of those
sites in the structure, see Fig. 7.3, do not allow definite correlation of AMP-PNP
bound with the tight ATP site during ATP synthesis.) Rotation of y would cause
a conformational change in B1p such that ATP is released and the conformation
would change towards Bg. Concomitantly, the original Bg is transforming
towards Bpp and the initial Bpp to Brp. Thus in the middle diagram (right-hand
side) the structure has returned to the original (top left) conformation except that
three conformations have migrated round the ring of «- and B-subunits. Repeat
of these steps releases a further two ATP molecules and returns the structural
arrangement to the original (top left). This scheme is an oversimplification as an
additional B-chain conformation has recently been observed (Menz et al. 2001),
which corresponds to a half-closed state of the B¢ conformation.
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Figure 7.6 Stereochemistry of ATP hydrolysis.

As shown, adenosine 5'-(3-thiotriphosphate), stereospecifically labelled with
80 in the y-position was hydrolysed in H,'70 to give a chiral '%!"180 P, product.
The configuration of the product showed that hydrolysis had proceeded with
inversion at the y phosphorus atom. The crystal structure of the mitochondrial
enzyme shows that the attacking water molecule is polarized by the side chain
of B-subunit glutamate 188, and the developing negative charge on a putative
pentaco-ordinate transition state stabilized by B-chain lysine 162, together with
arginines 189 (B-chain) and 373 (a-chain). A critical difference between the
catalytic 8- and non-catalytic a-chains is that the latter lack a residue correspon-
ding to the glutamate.

7.6 RELATING THE STRUCTURE TO FUNCTION FOR
ATP SYNTHASE

Reviews sud turther rauding Krulwich 1995, Ferguson 2000, Hutcheon ef al. 2001,
Kaim 2001, Yasuda et al. 2001, Capaldi and Aggeler 2002

Close inspection of the crystal structure of F; allows one to correlate structure with func-
tion. The crystals of the enzyme were obtained in the presence of a non-hydrolysable ana-
logue of ATP (AMP-PNP, which has an NH instead of an oxygen atom between the 8 and
v phosphates). One of the three B-chains has this ligand, and thus is termed B1p; one has
ADP bound (Bpp) and the other has no bound ligand (Bg), thus correlating with the binding
change model (Fig. 7.5). The B-chain folds into three domains. At the N terminus, located
furthest from the membrane, is a six-stranded B-barrel, which links to the same structure
in adjacent a-subunits so as to contribute to the stability of the ring of alternating - and
[3-subunits.

The central domain, comprising a nine-stranded B-sheet and nine associated a-helices,
contains the nucleotide binding site. The Walker A motif is found in a P loop that joins one
helix to one B-sheet (Fig. 7.3), while the glutamate whose carboxylate reacts with DCCD
is suitably positioned to polarize a water molecule for attack on the y phosphate of ATP
in the ATP hydrolysis direction. The third domain, closest to the membrane, comprises a
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C-terminal bundle of six a-helices. The adenine nucleotide sites on the B-chains are each
close to an interface with an a-subunit. The a-subunits have very similar structural features
to the B, but a key difference is that the adenine nucleotide sites, each close to an interface
with a B-subunit, are all fully enclosed, consistent with the non-exchangeability of the
ligands; the absence of a glutamate or other suitable residue in a crucial catalytic position
also suggests that these sites do not participate in catalysis.

The differences in conformations of B-subunit occur in the central and C-terminal
domains (Fig. 7.3). Conformational differences in the latter region result in significantly
different interactions of the three B-chains with the central y-subunit. This subunit is organized
within the core of the a5 structure such that both the N- and C-termini of the polypeptide
are oriented towards the top of the a38; unit. The C-terminus extends into the SB-barrel
region made up from all six a- and B-subunits. The N- and C-terminal parts of the chain
are coiled around one another. In addition, there is in this region another short stretch
of a-helix (18 amino acid residues). There is no three-fold repeating symmetry in the
v-chain and so it is inevitable that different contacts are made between y and the three
B-chains. A probably crucial interaction is that between the 18 residue helix on y and
a short stretch of the B-chain on the B1p subunit, known as the DELSEED sequence (the
letters represent the one letter amino acid code), which is conserved between ATP
synthases from different sources. This interaction between y and B1p can be regarded as
a ‘catch’.

As explained in Section 7.5, the alternating site mechanism envisages that each of the
three B-chains adopts at least three conformations sequentially, such that a site with ATP
bound is conformationally driven to release ATP and become a loose site (Fig. 7.5). The
engagement of the catch with any one B-subunit at a time could be a crucial event in trig-
gering these conformational changes. One way in which this could be achieved is for the
y-chain to move in a single direction sequentially between the three B-chains; this would
correspond to a rotation of the y-chain, but to be effective, something would have to stop
the whole a33;y assembly moving together with no relative movement of y from one 3 to
another. This ‘something’ could be the second stalk, which could act as a stator (Figs 7.1
and 7.2). Another feature of the structure strengthened the possibility of rotation. At the top
of the a3 35y assembly (i.e. furthest from the membrane bilayer), the several 8-sheets provide
what is in effect a hydrophobic sleeve, which could allow the y-subunit to rotate within the
core of the a3 35 assembly. (It is worth noting at this point that there is experimental evidence
from exchanges of radioisotopically labelled subunits for movement of 7y relative to w33
subunits in a preparation of E. coli F;. Quite how this can occur without a stator to fix a3f3;
relative to -y is not clear unless 8 alone can contribute to stopping «;3; moving with y.)

The combination of the biochemical and structural data led to the design of a sophisti-
cated experiment that demonstrated directly the rotation of the y-subunit relative to the
a335 assembly (Fig. 7.7). An enzyme from a bacterial source that could be prepared as an
@333y complex was used, having first removed all the naturally occurring cysteine residues
and inserted one in the y-subunit at a position distant from the «3f3; core. In addition, the
B-chains had at their N terminus a polyhistidine tag that is usually added to proteins by
genetic engineering for purification purposes. The tag enabled the protein to be anchored
to a microscope slide that was coated with nickel ions that bind strongly to polyhistidine.
The single introduced cysteine was used for attachment of a long actin filament (much bigger
than the enzyme!) to which a fluorescent label had been added.
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Figure 7.7 [Experimental demonstration of the rotation of the ATPase.
The anticlockwise rotation of y driven by ATP hydrolysis refers to looking down
from the membrane towards the F; molecule. In each case (a) and (b), the enzyme
was immobilized on a microscope slide, coated with Ni, via polyhistidine tags
attached to the N terminii of the three 8-chains by recombinant DNA methodology.
In (a) a fluorescently labelled actin molecule actin filament (1-4 um in length
and therefore out of scale in the diagram) carrrying a fluorophore was attached
via a streptavidin linker, which was bound via a covalent bond to the thiol of a
cysteine introduced at the end of the y-chain most distant from the a;8; assem-
bly. In (b) a gold bead, diameter 40 nm and thus longer than the o and 8 chains,
was linked via bovine serum albumin and streptavidin via the same engineered
cysteine of the y-chain as in (a). The gold bead, being smaller than the actin fil-
ament, permitted higher speed rotation, owing to less viscous drag. A maximum
rotation of 130 revolutions per second would correlate with an ATP hydrolysis
rate of 390 per second, similar to k., for the enzyme. The use of the gold bead
allowed the steps in the rotation to be split into 90° and 30° substeps. Videos of
the rotation can be seen at www.res.titech.ac.jp/seibutu/main_html

Having assembled this modified ATPase, it was viewed under a fluorescent microscope
and ATP plus magnesium added. The actin filament was observed to rotate in one direction
only with a 120° stepping action (Fig. 7.7). The rotation could be correlated with the exchange
in position of vy relative to the three different S-subunits as each in turn passed through the
different conformations and hydrolysed a molecule of ATP. At saturating concentrations of
ATP, the full speed of rotation is estimated as 130 revolutions per second. In a development
of this approach, the e-subunit was similarly labelled and also found to rotate. Later studies
using very high speed imaging have shown that a 120° step comprises 90° and 30° sub-
steps, each taking only a fraction of a millisecond. ATP binding may drive the 90° step,
while the 30° substep is probably connected to release of a hydrolysis product.

Whilst strongly supporting a rotary mode of catalysis for the F|.F, enzyme, this type of
experiment prompted further experiments, in particular those designed to show whether the
ring of ¢ subunits also rotate. One approach to this question has been to label the complete
F,.F, enzyme with actin on a ¢ subunit, whilst anchoring the 8-chains as before to a micro-
scope slide. Although such an approach has given evidence for rotation, it is technically
very difficult and thus an independent line of confirmation has been sought. This has been
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done by cross-linking the g-subunit to both y and ¢ subunits within the E. coli enzyme and
demonstrating that the enzyme is still capable of ATP synthesis when it is in the cytoplas-
mic membrane. If it is accepted that y and & rotate during ATP synthesis (but note that
strictly speaking this has not been experimentally demonstrated), then the failure of the
cross-link to the ¢ subunit to stop ATP synthesis means that the ¢ subunit must also rotate
in synchrony with y and ¢. The notion that the ¢ ring assembly functions as a co-operative
unit had been expected from the stoichiometry (one) of DCCD binding to each ¢ subunit
assembly (see Section 7.5.1).

The next issues to address are what causes the ¢ ring-y assembly to move and what stops
the a33; assembly moving with it? The answer to the latter question is thought to be that
the a, b and OSCP (8 in bacteria) subunits form a stator that holds the ;35 assembly effec-
tively in place as 7y rotates between the three 8-subunits. What exactly stops the ab assembly
rotating in the bilayer along with the ¢ subunit assembly is not clear. Experimental evidence
that ¢ does move relative to a and b has come from experiments in which the cross-links
between a or b and ¢ subunits were studied. The formation of such cross-links themselves
indicate proximity between the a subunit and at least one b or ¢ subunit.

Exchange of ¢ subunits at the interface of the c ring with the dimer of b subunits in the
E. coli enzyme has supported rotation of the ¢ ring relative to the b subunit. Proximity of
subunit a to one ¢ subunit renders the latter resistant to a certain radiochemical labelling
reaction relative to the other ¢ subunits in the same ring in the E. coli enzyme. Thus chem-
ical cross-linking of the a and ¢ subunits gives a product with little radioactivity. However,
if after the labelling the enzyme is allowed to hydrolyse ATP, subsequent cross-linking
gives radiolabelled product, indicating that the ¢ subunit that was initially adjacent to a and
thus protected against labelling has exchanged with another ¢ subunit. Although this does
not directly demonstrate rotation of the ¢ ring relative to a, the observation is supportive of
such a mechanism.

The proposal of a, b plus OSCP (8) as the stator would also explain why the OSCP pro-
tein is not the site of oligomycin binding; the latter is in F,, some way distant from OSCP
(Fig. 7.2). Breakage of the link between b and the 385 part of Fy, as a result of loss of OSCP,
should allow the a;8; unit to function and undergo conformational changes independently
of oligomycin residing in the F, part of the enzyme. Similarly, one can explain why blockade
of the F, proton channel by either oligomycin or DCCD drastically attenuates the high affinity
binding of ATP to F,.F|; a necessary conformational change would be blocked if OSCP was
interacting, via subunit b, with an inhibited F,, which therefore could not itself undergo an
obligatory reciprocal conformational change that would normally occur upon high-affinity
ATP binding tens of angstroms distant in F;.

Having demonstrated that the ¢y assembly rotates, the next point to be addressed is how
the rotation can couple the movement of protons through F, to the synthesis of ATP? Or to
put it another way, what is the mechanism whereby movement of protons causes the rota-
tion? Here there is considerable uncertainty. A model that has gained popularity, but which
has only limited supporting evidence, envisages that the DCCD-reactive carboxyl group on
¢ subunits is located approximately in the middle of the bilayer and the carboxyl group
on one of these subunits can make an interaction with an essential arginine (residue 210
in the E. coli enzyme) of the a subunit (Fig. 7.2). A proton arriving from the periplasm
via a channel that provides a path only to this depth in the membrane, could bind to
the carboxylate group and thus relieve a previous electrostatic interaction between the
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negative carboxylate side chain and the positively charged arginine. This would cause a
rotation of the ¢ subunit assembly such that the fixed arginine side chain would now gain a
carboxylate anion partner from another ¢ subunit. The previously protonated carboxyl
group of the ¢ subunit would subsequently at some stage in the rotation of the ring come
into alignment with a channel leading to the cytoplasm and then discharge its proton.
A complete rotation would bring this particular carboxylate back into interaction with the
arginine of subunit a; the number of protons translocated per 360° rotation would clearly
correspond to the number of ¢ subunits in the ring.

For obvious reasons the above mechanism for linking proton movement to rotation is
often termed the two-channel model. A variation on this theme is the one-channel model,
which places the carboxyl group of the ¢ subunit much nearer the N-side of the membrane.
Thus, once the protonated (or sodium-liganded) carboxylate had moved away from its
interaction with the arginine of subunit a, it would be able to discharge its bound cation
more or less directly into the N phase.

This one-channel model is supported by experiments on the sodium translocating ATP
synthase from P. modestum in which radiolabelled Na ions bound in the F, can be measured.
Far fewer are found than predicted by the two-channel model discussed above in which one
might reasonably expect several protonated (or sodium-bound) ¢ subunits between receiving
a proton from the periplasmic channel and discharging it to the cytoplasm (i.¢. at any one
time several protons or sodium ions might be expected to be bound in F,). The ability to
measure bound sodium (there is no corresponding approach for protons because tritium [*H]
can exchange into many sites, e.g. peptide bonds, in proteins) may prove to be a very advan-
tageous feature of the P. modestum enzyme for mechanistic studies on F,. For example,
such studies indicate that, in the absence of a Ay, the F, component can enter an idling mode
and allow sodium ions to exchange across the membrane. This could be achieved by brown-
ian motion of the ¢ ring, allowing key sites alternate access to the two sides of the membrane
without complete rotations. The presence of Ay stopped the exchange reaction, presumably
by imposing a single direction of rotation on the ¢ ring and thus unidirectional flow of Na™
ions through it. Understanding the basis of this change is at the heart of the fundamental
problem as to how the Ap (and perhaps, see below, especially Ays) generates torque in the
rotor components of F,,.

A rather different model for the rotation of the ¢ subunit rotation derives from NMR
studies of the conformation of the isolated ¢ subunit in solution. It has been found that pro-
tonation of the key carboxylate group causes the C-terminal «-helix to rotate by 140°
around its helix axis. The structure of the ¢ ring in the yeast enzyme structure shows that
the C-terminal helices form an outer ring surrounding the N-terminal helices. It is possible
that the 140° rotation of this outer helix drives the rotation of the ¢ ring. This mechanism
still requires proton access pathways to and from the carboxylate.

One complete rotation of a ring of ¢ subunits is envisaged to cause a complete rotation of
v within the 335 unit and thus the formation of three molecules of ATP. An important param-
eter for understanding the ATP synthase is the H*/ATP ratio. This is a matter of experimen-
tal uncertainty (Chapter 4). Most current models for the action of the ¢ ring assembly suppose
that a complete 360° turn will require the passage of a number of protons equal to the num-
ber of ¢ subunits. Thus, for the mitochondrial enzyme with 10 ¢ subunits, translocation of 10
protons would generate three ATP molecules, giving an H*/ATP ratio of 3.3. Thus such a
rotational mechanism of ATP synthesis leads to the generally unanticipated consequence that
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the H*/ATP ratio for the F,.F, enzyme need not be an integer. A value of 3.3 would not be
inconsistent with the difficult and indirect approaches that have otherwise been used to assess
this important ratio (Chapter 4). Clearly, if we had rigorous independent experimental evi-
dence that the ratio was exactly 3, then the model we are discussing here for ¢ subunit assem-
bly rotation could not be correct, at least in all its details.

A further development is that the size of the ¢ subunit ring appears to vary according to
the source of the enzyme. Thus, in thylakoids, it appears to have 14 polypetides from elec-
tron and atomic force microscopy studies; the corollary is the H*/ATP ratio for this enzyme
is predicted to be higher, 4.6 approx. There is, indeed, some experimental basis for sup-
posing that this ratio is higher for the thylakoid enzyme (Chapters 4 and 6). Variation of the
¢ subunit ring size is not easy to accept given the high sequence similarity between c rings
from different sources but at present the experimental evidence does support the variation.
Indeed the ¢ ring size for the enzyme from P. modestum 1s estimated to be 11 by the exper-
imental approach used with the thylakoid enzyme. An interesting aside here is the problem
of alkaliphilic bacteria in which the Ap is very small because of the larger pH gradient,
alkaline on the P (external) side. An unusually high H*/ATP, and large number of ¢ sub-
units, might explain how these organisms function.

The presence of 12 ¢ subunits in Fi.F, has been intuitively attractive as this would
permit a symmetrical relationship relative to the «33; assembly. Furthermore, for the reasons
outlined above, movement of 12 protons through this assembly might be consistent with an
HT/ATP ratio for the enzyme of 4, a value for which, however, there is experimental support
for thylakoids but not for mitochondria. Contrary to intuition, symmetry matching between the
¢ subunit assembly of F, and the «33; assembly might be a disadvantageous feature. The sym-
metry mismatching that ensues from the ¢10, c11 or ¢c14 structures may help facilitate rotation
by avoiding relative conformations with symmetry that may represent energy minima.

A long-standing tenet of the chemiosmotic mechanism is that the ApH and Ay
components of the protonmotive force are equivalent. Recently, it has been argued that
this is not true and that a certain minimum A is needed in order to generate the torque for
rotation of the cey part of the F,.F, molecule. This is one of the reasons why it is now argued
that the classic acid bath experiment (Chapter 4) did not demonstrate ATP synthesis driven
solely by Apl, contrary to the interpretation that has lasted over 30 years! If true, it follows
that, in the steady-state, thylakoids cannot function in ATP synthesis with ApH as the sole
component of Ap. It will be very important for the understanding of the AT synthase to
ascertain whether indeed Ay and ApH values of the same magnitude are not mechanistically
equivalent for the ATP synthase, or indeed any other consumer of Ap (Fig. 1.8). Irrespective
of this point, we can be rather certain that the final understanding of the ATP synthase will
need a structure of the entire F,.F, complex, probably in several conformations, as well as
more biophysical experiments on its properties as a remarkable rotary motor.

Finally, however the rotation in the <y-subunit is driven, the problem remains as to how
this rotation drives conformation transitions in the three B-subunits in order to drive the
binding change mechanism. The DELSEED region appears from the structure to be impor-
tant but significant mutation in this region does not have major deleterious effect. However,
three residues, a his-gly-gly sequence, close to the P-loop region have distinct dihedral
angles in the different B-subunits and may form an important hinge for permitting confor-
mational transitions between the different S-subunits. Consistent with this interpretation,
mutation of all three of these residues is very inhibitory.
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7.7 NON-THERMODYNAMIC REGULATION
OF THE ATP SYNTHASE

Further reading Perez and Ferguson 1990, Tsunoda ef al. 2001b

The ATP synthases from various sources are regulated in several ways. The mammalian
mitochondrial enzyme has an additional subunit known as the inhibitor protein. The binding
of one molecule to a B-subunit is sufficient to block ATP hydrolysis in the absence of a Ap.
The inhibition is removed in the presence of a Ap, and thus the inhibitor protein may act to
prevent unwanted ATP hydrolysis by mitochondria under conditions such as anoxia when
the ATP synthase would otherwise reverse. It is possible that the latter conditions cause the
mitochondrial matrix to become more acidic, a condition that is known to promote binding
of the inhibitor protein to F,.

The regulation in bacteria is less well understood. In the case of P. denitrificans and many
other organisms in which respiration and hence oxidative phosphorylation is obligatory,
ATP hydrolysis and an ATP-P; exchange reaction are both very feeble in the absence (and
even presence) of a Ap. There is no evidence that these bacteria possess separate inhibitor
proteins. However, for the E. coli enzyme there is evidence that the e-subunit might confer
this unidirectional behaviour by acting like a ratchet. It appears to take up two very differ-
ent conformations. In one of these, the C-terminal domain extends towards the F| part and
allows the enzyme only to synthesize ATP. An interaction of this domain with one «f pair
might be broken only by rotation of vy relative to the a33; assembly in the direction associ-
ated with ATP synthesis; this would be a ratchet-like action.

In thylakoids an essential requirement is to avoid ATP hydrolysis in the dark. In the light,
activation of the ATP synthase follows exposure of a disulphide bridge in the y-subunit and
its reduction by a thioredoxin. This bridge is near the interface with F, and can be modelled
into the mitochondrial enzyme structure. The thioredoxin is reduced in turn by ferredoxin
and the activity of photosystem I. In the dark, ATP synthase relaxes back into an inactive
state because reduced ferredoxin and thioredoxin are no longer formed and the disulfide
bridge, formed between cysteines six residues apart in the sequence, regenerates under the
more oxidizing conditions. Indeed, it has been possible to induce this thiol sensitivity into
an F|.F, enzyme from a non-photosynthetic source by incorporating the two cysteine
residues by recombinant DNA methodology.

PROTON TRANSLOCATION BY OTHER ATPases AND
PYROPHOSPHATASES

Arechaga and Jones 2001 (Drozdowicz and Rae 2001, Gruber et al. 2001)

The F;.F,-ATPase is related to the V.V ~-ATPase that is a proton pump involved in acidifi-
cation of the interior of vacuoles and structures such as secretory granules in chromaffin
cells. Although the organization of the polypeptides is a little different, and in particular
individual ¢ subunits appear to be fused into dimeric units, each forming four transmem-
brane a-helices, there is little doubt that this enzyme also works by a rotary mechanism.
An important point about this class of enzyme is that the H™/ATP ratio is often predicted
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to be <2 so that the available AG of the ATP hydrolysis can maintain very large pH gradients
(up to 5 units) across its membrane. If we follow the argument about linking the rotation of
a set of » ¢ subunits to the translocation of n protons by F,.F;-ATPase, then it is predicted
that some V-type ATPases will have a small number of ¢ subunits (e.g. two protons per ATP
would require six conventional F, ¢ subunits or three copies of the V-type dimeric ¢ subunit).
It remains to be seen if this prediction will be verified.

Archaebacteria have an A .A[-ATP synthase, which from sequence comparisons is
effectively a hybrid of the F- and V-type enzymes. Finally, there are proton translocating
pyrophosphatases. These are also often found as inwardly directed proton pumps on vac-
uolar membranes. However, they are also found in the cytoplasmic membranes of some
bacteria, e.g. Rhodospirillum rubrum, where they may function as pyrophosphate syn-
thases. These enzymes are much simpler than the ATP synthase. A single polypeptide with
between 14 and 16 transmembrane helices is all that is required. Thus, in this case, phos-
phoanhydride bond formation/cleavage is seemingly not associated with a rotary machine.
This focuses attention on the intriguing question as to how the rotary type of ATPase
evolved.



Distinct carriers in the mitochondrial inner membrane exchange phosphate for hydroxyl, phosphate for malate, and malate for citrate (plus a proton)



METABOLITE AND
ION TRANSPORT

8.1 INTRODUCTION

Mitochondria and bacteria continuously exchange metabolites and end products with the cell
cytoplasm or external environment. At the same time the membranes maintain a high Ap
for ATP synthesis. Since most metabolites are charged and/or weak acids, it follows that
their distribution will be affected by Ay or ApH (Chapter 3). In practice, transport mecha-
nisms are not only designed to operate under the constraints of a high Ay and/or ApH gra-
dient, but may also exploit these gradients to drive the accumulation of substrates or
the expulsion of products across the membrane. Some of the more common strategies
(Fig. 8.1) are:

(a) Proton symport with a neutral species leading to an accumulation driven by the full Ap,
¢.g. the lac permease of E. coli.

(b) Electroneutral proton symport or hydroxyl antiport leading to an accumulation driven
by ApH alone, e.g. the mitochondrial P; /OH™ exchanger.

(¢) Electrical uniport of a cation, driven by A, e.g. mitochondrial Ca?* accumulation.

(d) Electroneutral or electrogenic exchange of two metabolites, e.g. the mitochondrial
ATP*/ADP?" antiporter. This is a common device to allow the entry of a polyanionic
species such as citrate’™ or malate?”, which would be effectively excluded from the
mitochondrial matrix owing to the high negative membrane potential if it attempted to
enter the mitochondrion by a uniport mechanism.

(e) Electroneutral antiport of an ion or metabolite with protons, e.g. the mitochondrial
Na'/H"* antiporter, which expels any excess Na™ which leaks into the matrix in response
to the membrane potential.

Mitochondria and bacteria have very distinctive transport properties and these will be
considered separately.
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Figure 8.1 Strategies for ion and metabolite transport across energy-
transducing membranes.

The mitochondrial Ca* uniporter (a) accumulates Ca®™ in the matrix in response
to Ays; the bacterial lactose transporter (b) utilizes the full Ap to accumulate
the sugar. Two mitochondrial antiporters (c,d) differ in that the adenine
nucleotide transporter displays charge imbalance and utilizes Ay to drive ADP
uptake and ATP expulsion, while the electroneutral Na*/H™ antiporter is driven
by ApH.

8.2 MITOCHONDRIAL CATION TRANSPORTERS

&.2.1 Mitochondrial monovalent cation transporters

Moviews wad fusber rowine Mitchell and Moyle 1969b, Nicholls et al. 1972, Li et al.
1992, Kowaltowski et al. 2001

The 150 mV membrane potential implies that the slightest leakage of Na* or K* across the
inner mitochondrial membrane would lead to an osmotic explosion of the mitochondrion
as the cation accumulates in the matrix down its electrochemical gradient. As originally
demonstrated by Mitchell, there has to be a mechanism to counter this. Mitochondria
possess a transporter capable of exchanging either K* or Na™ for H*. Since mitochondria
operate with a ApH of about —0.5, equivalent to a three-fold gradient of H* out/in, this
exchange is capable of lowering the matrix K* or Na* to about 30% of the concentration
in the cytoplasm and can control matrix volume. Passive swelling experiments of the type
detailed in Chapter 2 show that Na*/H™ activity is much higher than K*/H™" exchange.
A transporter has been partially characterized as an 82 kDa protein.
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An electrical monovalent cation uniport showing similar pharmacology to the plasma
membrane ATP-sensitive K* channel (i.e. inhibition by sulfonyl ureas such as gliben-
clamide) has been identified in the inner mitochondrial membrane. Since a K* uniport leads
to matrix swelling and an electroneutral exchanger to contraction, the two together would
provide a means of osmotic regulation of matrix volume. Specifically, lowered cytoplasmic
ATP levels would activate the uniport and increase the steady-state volume of the matrix
compartment. This in turn could control the activity of matrix enzymes such as NAD™-
linked dehydrogenases, whose ability to transfer NADH to complex I can be viscosity-limited
when the matrix is condensed. As in the case of Ca?* transport discussed below, ion cycling
comes at an energetic cost and this K*-cycle is driven by the inward flux of protons through
the K*/H™* exchanger.

8.2.2 Mitochondrial Ca?* transport

Reviews and further reading  Nicholls and Akerman 1982, Brand 1985, Rottenberg and
Marbach 1990, Gunter ef al. 1994, 2000, Jung ef al. 1995

Mitochondria from vertebrate sources accumulate Ca’* by a uniport mechanism when
exposed to Ca®* concentrations in excess of 0.5-1 um. As little as 1 pmol mg ™! of the glyco-
protein stain ruthenium red can inhibit the uniporter, indicating that its abundance in the
mitochondrial inner membrane is minute, consistent with the failure to date to identify or
clone the protein. At equilibrium the Ca?" uniporter would develop a concentration gradi-
ent across the inner membrane of no less than 10° (ten-fold for each 30 mV of Ay, equation
3.40). That this does not occur in practice is due to the presence of an independent efflux
pathway, which in most mitochondria operates as a Ca?*/nNa™ antiport. Its stoichiometry
is controversial, being either electroneutral, Ca?"/2Na" or electrogenic, Ca?t/3Na*.

Na'/Ca®* exchange is found in mitochondria from most tissues, including heart, brain
and brown adipose tissue. The Na*/Ca?* exchanger can be inhibited by the drug CGP-37157
and by tetraphenylphosphonium, TPP™. This last clearly complicates experiments where
TPP* is used simultaneously to monitor A¢s. Liver mitochondria have a Na™-independent
Ca?*/2H™ antiporter. Either mechanism drives the efflux of Ca?* from the matrix, the Na*-
coupled pathway requiring the additional intervention of the Na*/H™* exchanger introduced
above (Fig. 8.2a). The existence of the independent efflux pathway can be demonstrated
most simply by the selective inhibition of the uptake pathway by ruthenium red once
steady-state conditions have been obtained. As the inhibitor does not affect the efflux path-
way, a net efflux of Ca?* from the matrix occurs. The uniporter may also be inhibited by
other multivalent cations, such as Mg?* and lanthanides.

The apparently symmetrical cycling of Ca?* across the inner membrane is driven by the
proton circuit (Fig. 8.2a) and might therefore be thought of as an energy-dissipating
‘uncoupling ’ process. In practice, the rate of Ca?™ cycling is restricted by the relatively low
activity of the efflux pathway, such that no more than a few percent of the resting state 4
respiration is used to maintain Ca?* cycling. As will now be discussed, the distinctive
dependencies of the uptake and efflux pathways on cytoplasmic and matrix Ca>* concen-
tration, respectively, allow the mitochondria to act as sinks of extramitochondrial Ca?* and
also to regulate the activity of matrix Ca®*-activated enzymes.
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Figure 8.2 Ca®" cycling and accumulation across the inner membrane of
heart mitochondria.

(a) Steady-state cycling of Ca’*: a circuit of protons (via respiratory chain and
Na'/H™ antiporter) drives a sodium circuit (via the Na*/H* antiporter and the
2Na*/Ca’* antiporter), which in turn drives a calcium circuit (via the Na™/Ca?*
antiporter and Ca®* uniporter). (b) Net accumulation of Ca®": massive amounts
of Ca?* can be accumulated in paraliel with P;; the two form an osmoticaily inac-
tive but rapidly dissociable calcium phosphate ‘gel’. (c) The concept of the
‘set-point’ at which uptake and efflux balance. If the calcium phosphate ‘gel’ is
formed in the matrix, matrix free Ca?*, and hence the activity of the efflux path-
way, is independent of total matrix Ca®*. If extramitochondrial Ca?* is above the
set-point, the mitochondria will load with Ca?* (i); conversely, mitochondria
release Ca?* when the extramitochondrial Ca®* is below this value (ii). Hence
mitochondria can act as perfect buffers of extramitochondrial free Ca?* during
multiple Ca?* additions (d).
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8.2.3 Ca?* accumulation by isolated mitochondria

Reviews and further reading  Zoccarato and Nicholls 1982, Sparagna ef al. 1995

The ability of mitochondria to accumulate Ca®>* from media containing >0.5 um [Ca®*] is
truly spectacular. Under appropriate conditions in excess of 1 wmol of Ca?* per mg mito-
chondrial protein can be sequestered within the matrix with no deterioration of bioenergetic
integrity, equivalent to a concentration of total Ca?* approaching 1m! Such accumulation
requires the presence of P;, which is taken up in parallel (Fig. 8.2b). Ca?* entry lowers Ay,
allowing more protons to be expelled by the respiratory chain. If this were the only process,
Ca** accumulation would soon stop as A is converted to ApH (Section 4.2.6). However,
in the presence of external P;, the increasing ApH causes P; to enter the matrix via the
phosphate transporter, which effectively exchanges H,PO, for OH™ (see Section 8.5).
Phosphate transport serves two functions in this context: first, it neutralizes the increase in
internal pH; and, second, it complexes with the accumulated Ca®* to form a calcium phos-
phate ‘gel’, which is not a conventional precipitate, since it instantly dissociates when Ay
is collapsed, allowing Ca* to be released via the uniporter and P, via the phosphate trans-
porter. Nevertheless, the ‘gel” is osmotically inactive, preventing osmotic swelling as ion
accumulation proceeds (Fig. 8.2b).

The activity of the Ca®* uniporter increases as the second power of the free Ca?* in the
cytoplasm. When the extramitochondrial Ca?*, [Ca?*],, is high enough, the conductance of
the uniporter is sufficient for the total respiratory capacity of most mammalian mitochon-
dria to be entirely devoted to the accumulation of the cation. A rapid low-capacity Ca®*
sequestration pathway in liver mitochondria has been described and termed RAM (rapid
accumulation mode); however, the nature of the charge-neutralizing process in this process
is unclear.

Accumulation will continue until the mitochondrion succeeds in lowering [Ca®*]. to a
level at which the rate of uptake and efflux balance. When the mitochondrial matrix con-
tains >10 nmol Ca”*per mg protein in the presence of physiological concentrations of P,
the efflux pathway becomes independent of the matrix Ca’* content, apparently since the
free Ca?* in the matrix is essentially buffered by the formation of the calcium phosphate
‘gel’. The value of [Ca®*], at which this kinetic balance occurs has been termed the ‘set-
point”’ and varies from 0.3 to 1 um depending on incubation conditions (Fig. 8.2¢). Isolated
mitochondria in the presence of P; seek to lower [Ca®*], to the set-point and thus appear to
act as perfect ‘buffers’ of [Ca?*].. The mitochondrion in the cell can thus serve as a tem-
porary store of Ca?" under conditions of elevated local Ca?*.

There is considerable uncertainty as to the true range of values for the free matrix Ca?*
concentration. Under conditions of minimal Ca?* loading when [Ca®"], is below the set-
point, the activities of the Ca?*-activated enzymes in the matrix are consistent with a
matrix free Ca?* in the range 0.5-2 um, i.e. a negligible concentration gradient exists
across the inner membrane (Section 8.2.4). Similar low values are obtained using the
fluorescent Ca®*-indicator rhod-2, which by virtue of its positive charge appears to load
within the mitochondrial matrices of intact cells when presented as the esterified precursor
rhod-2AM. However, the range of this indicator is restricted by virtue of its high affinity for
Ca’*. Using matrix-targeted aequorins, which monitor free Ca2* by chemiluminescence
(Section 9.3), values from 10 to 100 um are monitored transiently in cells under conditions
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of mitochondrial Ca?>* loading. Finally, the Ca*>"-phosphate complex only forms in the
test-tube when the Ca?" concentration is several millimolar. Since mitochondrial dysfunc-
tion has been linked to Ca?* overload (Section 8.2.5), resolution of this uncertainty is
important. Some consequences of mitochondrial Ca?* transport for the cell will be dis-
cussed in Chapter 9.

8.2.4 Mitochondrial Ca?* transport and the regulation of mitochondrial
metabolism

Review  Hansford 1994

The activities of three matrix enzymes can be regulated by free matrix Ca®>* concentrations
in the range 0.1-1 um:

(a) Pyruvate dehydrogenase phosphatase removes P; from the inactive, phosphorylated
form of the pyruvate dehydrogenase complex, thus allowing the ¥, of the complex to
increase.

(b) The K, for isocitrate of NAD *-linked isocitrate dehydrogenase is decreased by Ca?*,
allowing a given flux through the citric acid cycle to be achieved at a decreased sub-
strate concentration.

(¢) The affinity for substrate of 2-oxoglutarate dehydrogenase (OGDH) is also increased
by Ca?" over this concentration range.

There are a number of conditions where a hormonal response requiring an increased ATP
demand results in an increase cytoplasmic free Ca*, which is relayed, via steady state
cycling (Fig. 8.2a), into an increased matrix free Ca** (Fig. 8.2). This in turn will increase
citric acid cycle activity and thus NAD™ reduction to minimize the drop in Ap, which would
otherwise accompany the increased ATP turnover. Broadly speaking, this aspect of mito-
chondrial Ca®" transport is more significant in non-excitable cells whose cytoplasmic Ca**
does not undergo large excursions, whereas Ca’* buffering may be more relevant in
excitable cells, particularly neurons, where ion channels can induce dramatic acute eleva-
tions in cytoplasmic Ca?" (Section 9.3).

8.2.5 The mitochondrial permeability transition

Reviews  Crompton ef al. 1988, Bernardi et al. 1998, Halestrap et al. 1998, Crompton 1999

The ability of mitochondria to accumulate Ca?" (Section 8.2.3) is large but not infinite.
When the limit is exceeded, there is a dramatic collapse of Ap, release of the accumulated
Ca?", swelling of the matrix (revealed by a decrease in light-scattering, Section 2.5) and
rupture of the outer membrane. This is the mitochondrial permeability transition (MPT).
By determining the minimum molecular weight of solutes that continue to provide osmotic
support, it was possible to determine that a pore had appeared in the inner membrane,
which was non-selectively permeable to solutes up to about 1.5 kDa. Naturally the presence
of such a pore is not compatible with the retention of Ap. The first suggestion that the MPT
might be more than a non-specific membrane rupture came with the discovery that the onset
of the MPT could be prevented by the immunosuppressive drug cyclosporin A (CsA), which
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is, incidentally, an inhibitor of the Ca?*-dependent phosphatase calcineurin. In the present
context, CsA binds to a protein termed cyclophilin D (CyP-D) localized in the mitochondrial
matrix. CyP-D has the ability to catalyse the isomerization of proline residues in proteins
and can thus have a profound effect on protein structure.

A number of observations implicate the adenine nucleotide translocator (ANT; Section
8.5) in the MPT. First, the Ca®" loading required to induce the transition is decreased by
atractylate, which stabilizes the ‘c’ (cytoplasmic) conformation of the translocator but
increased by the ‘m’ {(matrix) conformation-stabilizing bongkrekate. Secondly, the MPT is
most readily observed with isolated mitochondria incubated in the absence of adenine
nucleotides — indeed, in the presence of physiological concentrations of ADP or ATP, high
total Ca?* loads are required to induce the transition. It has been proposed that ANT and
CyP-D can form a complex that is prevented by CsA. An affinity column with bound CyP-
D fusion protein was found to retain ANT; interestingly, the outer membrane porin VDAC
(voltage-dependent anion channel; Section 1.3.1) was also present, and may thus be an
additional component of the permeability transition pore at contact sites between the inner
and outer membranes.

Oxidative stress is a major factor in MPT induction; thus acetoacetate, which oxidizes
NADH in liver mitochondria, or t-butyl hydroperoxide, which oxidizes GSH, each facilitate
the transition. However, while the MPT is observed at high matrix Ca®* loads, its induction
does not appear to correlate directly with matrix free Ca®*, [Ca?*],, since it is potentiated
by elevated phosphate concentrations, which should lower [Ca?*],, by formation of the
calcium phosphate complex.

The physiological (or pathological) role of the MPT will be discussed in the cellular
context in Chapter 9.

8.3 MITOCHONDRIAL METABOLITE TRANSPORTERS

Reviews  Palmieri e al. 1996, 2000

The genomic revolution has led to the characterization to date of at least 25 distinct inner
mitochondrial membrane transporters. Those that have been cloned show a number of
characteristic features: a recurrent amino acid motif repeating about every 100 amino acids,
six putative transmembrane a-helices and a molecular weight in the range of 30—40kDa
{300—400 amino acids). Key members of the family are listed in Table 8.1.

The metabolites transported across the inner membrane are predominantly anionic and
their transporters are often referred to as anion transporters. The range of transporters
expressed in the inner mitochondrial membrane varies from tissue to tissue. All mitochon-
dria possess the adenine nucleotide and phosphate transporters, which are responsible for
the uptake of ADP + P; and the release of ATP to the cytoplasm. Virtually all mitochondria
oxidize pyruvate and so possess the pyruvate carrier. However, there is a tissue-specific
expression of the other carriers listed in Table 8.1, which correlates with the range of meta-
bolic pathways present in the cell. Thus the liver with its plethora of metabolic pathways
has mitochondrial transport pathways for most of the citric acid cycle intermediates, for a
number of amino acids, and for carnitine and its fatty acyl ester. The more specialized
metabolic role played by mitochondria in the heart is reflected in the more restricted variety
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Table 8.1 Representative mitochondrial inner membrane
transporters. A/B = antiport

Transporter Mechanism

Phosphate P,;7/OH~

Pyruvate pyr /OH™
Dicarboxylate malate?”/Pi’~
Tricarboxylate citrate’™ + H™/malate? ™
Carnitine/acylcarnitine carn*/acylcarn™
Adenine nucleotide ADP37/ATP*~
2-Oxoglutarate 20G?™ /mal®~
Glutamate glu”/OH™

Uncoupling protein I (UCP1)  H™ or CI™ uniport

of carriers, while the mitochondria of a highly specialized tissue such as brown fat can only
transport the metabolites acyl-carnitine, succinate and pyruvate.

8.3.1 The ammonium swelling technique for the detection of
mitochondrial anion carriers

This technique is of historic interest, since it provided the first demonstration of the major
metabolite carriers and their functioning as linked systems of antiporters. When non-
respiring mitochondria are suspended in an isotonic solution of the ammonium salt of a
bilayer-permeant weak acid such as acetic, the mitochondria undergo very rapid osmotic
swelling, followed as a decrease in the light scattered as the matrix refractive index decreases
to that of the medium (Section 2.5). Swelling can occur because NHJ crosses as the neutral
NHj; and acetate™ crosses as the protonated acetic acid, both passive diffusions leading to
the NH; and CH;COO™ concentrations in the matrix becoming equal to those in the sus-
pending medium. There is therefore no charge or pH imbalance during transport (Fig. 8.3)
and massive swelling can occur as the matrix expands to regain osmotic equilibrium with
the suspending medium.

In the case of ammonium phosphate, swelling is again observed, indicating that the
phosphate anion crosses as the neutral species: which can be visualized as a HY : H,PO;
symport or the indistinguishable P; /OH ™ antiport (Fig. 8.3). However, when mitochondria
are suspended in isotonic ammonium malate, no swelling occurs until a low concentration
of P; is added, since malate permeates the inner membrane on a carrier protein in exchange
for P;. Phosphate can thus cycle across the membrane between the malate and phosphate
carriers. The situation with a tricarboxylic acid such as citrate is still more complex: low
concentrations of both phosphate and malate are required, since the citrate—isocitrate
carrier exchanges with malate, which in turn exchanges with P; (Fig. 8.3).

Careful examination of the stoichiometries in Fig. 8.3 reveals that the net accumulation
of H,PO; is accompanied by the entry of one proton; that malate uptake is accompanied
by two protons and that three protons enter with each citrate. In thermodynamic terms this
means that the phosphate gradient in/out can in theory equal the proton concentration
gradient out/in (membrane potential has no effect), that the malate gradient can equal the
square of the proton concentration gradient and that citrate or isocitrate can be accumulated
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Figure 8.3 Ammonium swelling and mitochondrial metabolite carriers.
The swelling technique is described in Section 2.5.

up to the cube of the proton concentration gradient. Conversely, these transporters prevent
ApH from increasing much above 0.5 units in an intact cell by redistributing the anions to
dissipate any increased gradient.

8.3.2 The structure and function of mitochondrial anion transporters

Review  Palmieri ef al. 2000

With the notable exception of the adenine nucleotide transporter and the brown fat uncoupling
protein UCP1 (Sections 4.6.1 and 8.6), the low abundance of the metabolite transporters in
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mitochondria has hindered their structural characterization. Thus by 2000 the only trans-
porters that had been characterized by classic protein identification and purification, in add-
ition to UCP1 and the three isoforms of the ANT, were the citrate and phosphate transporters.
In contrast, the genomic approach has revealed no less than 35 sequences in the yeast
S. cerevisiae genome that encode putative mitochondrial carriers. Overexpression of these
gene products in E. coli, followed by purification and reconstitution has helped to establish
their function, while examination of sequence homology with the mammalian genome has
indicated the occurrence of homologues for many of these putative carriers in mammalian
mitochondria.

By 2000, seven yeast mitochondrial transporters and their corresponding S. cerevisiae
genes had been identified. These included the succinate—fumarate carrier, which catalyses
the antiport of succinate for fumarate in yeast mitochondria, allowing succinate generated
in the cytoplasm from isocitrate by the glyoxylate cycle under some growth conditions to
enter the mitochondrion in exchange for fumarate. The yeast ornithine carrier catalyses
neutral ornithine transport in exchange for a proton, and allows ornithine synthesized in the
matrix to be exported to the cytoplasm, driven by Ap, for conversion to arginine and
polyamines. The omithine carrier from rat liver mitochondria also transports lysine, argi-
nine and citrulline by an electroneutral antiport mechanism. The exchange of cytoplasmic
ornithine for matrix citrulline is essential for the urea cycle.

Fatty acids are activated to acylCoA on the outer mitochondrial membrane and con-
verted to acylcarnitines via carnitine N-acyltransferase 1. Acylcarnitines of various chain
lengths enter via the carnitine carrier in exchange for carnitine liberated by carnitine
N-acyltransferase 11, which regenerates acylCoA for 8-oxidation and liberates the carnitine
required for the exchanger. The carrier is not specific for the acyl chain length and will
transport acetylcarnitine and short- and long-chain acylcarnitines. Yeast expresses a short-
chain acylcarnitine/carnitine antiporter required for the import of acetylcarnitine gener-
ated in peroxisomes. The mammalian transporter has presumably evolved to transport
longer chain acylcarnitines with high efficiency.

The dicarboxylate carrier allows the net export of citric acid cycle intermediates from the
matrix for gluconeogenesis. The carrier catalyses the electroneutral exchange of malate?~
or succinate?” for HPOZ ; however, the low abundance of the dicarboxylate carrier
precluded sequence determination from purified protein. Since the yeast and mammalian
carriers are too divergent to allow direct sequence comparison, an intermediate comparison
with C. elegans (a worm) was carried out. The sequence of this carrier was then compared
with candidate partial sequences identified in the mouse. Synthetic oligonucleotides based
on these sequences were used to amplify rat and human full-length ¢cDNAs. The carrier is
most abundant in liver and kidney, consistent with its role in gluconeogenesis, but is also
present in heart and brain mitochondria. There is no yeast homologue for the mammalian
2-oxoglutarate transporter, which exchanges the oxodicarboxylic acid for malate as an elec-
troneutral exchange of dianionic species. Together with the electrogenic glutamate—
aspartate transporter, the 2-oxoglutarate transporter is a component of the malate—
aspartate shuttle (Section 8.4).

The tricarboxylate carrier exchanges citrate®~ or isocitrate®~ for malate?”~ and is impor-
tant for the export of the tricarboxylic acids for fatty acid synthesis. The carrier catalyses an
electroneutral exchange, since it cotransports a proton together with citrate (Table 8.1). The
carrier, which can be inhibited by 1,2,3-benzyltricarboxylate, has been cloned and sequenced.
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The glutamate™ /OH ™ exchanger is present in liver and kidney mitochondria and provides
an alternative to the glutamate—aspartate carrier for the transport of glutamate. Because
pyruvate is a monocarboxylic acid, it could be argued that it would cross bilayer regions
without the need for a carrier, following the precedent of acetate. However, cyanohydroxy-
cinnamate inhibits pyruvate transport specifically indicating that a carrier protein is involved,
and this has been confirmed by the subsequent purification and functional reconstitution of
the pyruvate carrier.

8.4 THE TRANSFER OF ELECTRONS FROM CYTOPLASMIC
NADH TO THE RESPIRATORY CHAIN

NADH, which is produced in the cytoplasm of mammalian cells, for example, by glycolysis,
does not have direct access to complex I, whose NADH binding site is located on the inner
face of the inner membrane. The inner membrane is impermeable to NADH and two strat-
egies are employed to transfer the electrons to the respiratory chain (Fig. 8.4).

The 2-oxoglutarate and glutamate—aspartate carriers coexist in many mitochondria. One
function of these carriers is as components of the malate—aspartate shuttle (Fig. 8.4), a device
allowing the oxidation of cytoplasmic NADH by the respiratory chain. A thermodynamic
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Figure 8.4 The oxidation of cytoplasmic NADH by mitochondria.

(a) The glutamate—aspartate shuttle: (i) cytoplasmic NADH is oxidized by
cytoplasmic malate dehydrogenase; (ii) malate enters matrix in exchange for
2-oxoglutarate; (iii) malate is reoxidized in the matrix by malate dehydrogenase,
generating matrix NADH; (iv) matrix oxaloacetate transaminates with glutamate
to form aspartate and 2-oxoglutarate (which exchanges out of the matrix);
(v) 2-oxoglutarate transaminates in the cytoplasm with transported aspartate to
regenerate cytoplasmic oxaloacetate and to give cytoplasmic glutamate, which
(vi) re-enters the matrix by proton symport in exchange with aspartate. (b) The s,n-
glycerophosphate shuttle for the oxidation of cytoplasmic NADH: (i) cytoplasmic
s,n-glycerophosphate dehydrogenase (NAD?*-linked); and (ii) inner membrane
s,n-glycerophosphate dehydrogenase (flavoprotein-linked).
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problem posed by this process is that the cytoplasmic NAD*/NADH couple is considerably
more oxidized (i.e. less reducing) than the equivalent matrix couple. The thermodynamic
impasse for the import of electrons is overcome by the electrical imbalance of the glutamate—
aspartate carrier, which exchanges glutamate™ plus a proton for aspartate™ and is, therefore,
driven in the direction of glutamate uptake and aspartate expulsion when a Ay exists across
the membrane.

The s,n-glycerophosphate shuttle provides an alternative means for the oxidation of cyto-
plasmic NADH (Fig. 8.4). This makes use of the two s,n-glycerophosphate dehydrogenases
present in most cells, a cytoplasmic NADH-coupled enzyme reducing dihydroxyacetone
phosphate to s,n-glycerophosphate and an enzyme on the outer face of the inner mitochon-
drial membrane reoxidizing this and feeding electrons directly to UQ. In this case the direc-
tionality is induced by feeding electrons to the quinone pool at a potential close to zero
millivolts (Section 5.7). Yeast mitochondria, which lack the glutamate/aspartate shuttle
(Section 8.3.2), oxidize cytoplasmic NADH by an NADH-dehydrogenase on the outer face
of the inner membrane as in plant mitochondria (Fig. 5.20).

8.5 THE PHOSPHATE AND ADENINE NUCLEOTIDE
TRANSPORTERS

Further reading  Heimpel ef al. 2001

The phosphate carrier catalyses the electroneutral transport of H,PO,, either in exchange
for OH™ or by symport with a proton, the two being functionally indistinguishable. The car-
rier is inhibited by mercurial reagents such as p-mercuribenzoate and mersalyl, and also by
N-ethylmaleimide, although none of the inhibitors is completely specific. The phosphate
carrier is extremely active. Because of the proton symport, the distribution of P; across the
membrane is influenced by ApH. Two isoforms of the phosphate transporter (A and B) exist
in mammals, encoded by the same gene but generated by alternative splicing of two exons.
Isoform A, found in heart and skeletal muscle, has a higher catalytic activity and affinity for
phosphate than the more generally expressed B isoform.

In bacteria and chloroplasts, the ATP synthase produces the ATP in the same compartment
in which it is utilized, but mitochondria synthesize ATP in the matrix and then export the
nucleotide to the cytoplasm. Two carriers are involved: the phosphate carrier for the uptake
of P, and the adenine nucleotide transporter for the uptake of ADP and export of ATP
(Fig. 8.5). The adenine nucleotide carrier catalyses the 1:1 exchange of ADP*~ for ATP*~
across the inner membrane, but does not transport AMP or adenosine. The total pool size of
adenine nucleotides in the matrix (i.e. ATP + ADP + AMP) does not change, as the uptake
of a cytoplasmic nucleotide is automatically compensated by the efflux of a nucleotide
from the matrix. Thus even if mitochondria are suspended in a nucleotide-free medium (as
they are during preparation), no loss of nucleotide normally occurs.

A number of inhibitors are specific for the translocator. Atractyloside, a glucoside iso-
lated from the Mediterranean thistle, Atractylis gummifera, is a competitive inhibitor of
adenine nucleotide binding and transport. The closely related carboxyatractylate binds
more firmly (K4 10~ 8m) and cannot be displaced by adenine nucleotides. Bongkrekic acid
is produced by Pseudomonas cocvenenans and derives its name from its discovery as a
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Figure 8.5 The adenine nucleotide translocator (ANT).

The translocator undergoes a conformational change between the C-state, in
which the nucleotide binding site faces the cytoplasm and the translocator binds
the inhibitor carboxyatractylate, and the M-state, where the binding site is
exposed to the matrix and the translocator binds bongkrekic acid. This type of
conformational changes is known as a ‘rocking bananas’ mechanism. ANT is
electrogenic, allowing the entry of ADP?>~ and export of ATP*™. Together with the
phosphate transporter, a cycle of ADP + P; entry and ATP exit utilizes an addi-

tional proton. This energy is not lost but allows AG, in the cytoplasm to exceed

that in the matrix (Section 3.6.2). Note that P; /OH™ antiport is energetically
equivalent t0, and experimentally indistinguishable from, H" : P; symport.

toxin in contaminated samples of the coconut food product bongkrek. It is an uncompetitive
inhibitor of the translocator.

The polypeptide of the adenine nucleotide carrier was initially identified by its ability
to bind [*’S]carboxyatractylate with sufficient affinity to survive solubilization of the
membrane with the non-ionic detergent Triton X100 and subsequent purification. A second
approach involved the use of photoaffinity analogues of adenine nucleotides, which are
competitive inhibitors of transport and bind to the catalytic site of the carrier in the dark.
In ultraviolet (UV) light they lose N, to form highly reactive nitrene-free radicals, which
attach covalently to the nearest amino acids of the polypeptide to which they are bound, i.e.
the translocator. The primary sequence of the bovine T1 isoform of the 30 kDa protein was
initially determined by peptide sequencing, and revealed a tripartite structure formed from
three closely related 100 amino acid repeats, each of which may fold into two transmembrane
a-helices. A similar structure has been subsequently deduced for each of the mitochondrial
transporters, indicating their membership of a single family. The even number of trans-
membrane segments means that the N- and C-terminals are on the same side of the inner mem-
brane, and these are found to be on the P-face of the membrane. Three isoforms of the adenine
nucleotide translocator have been described in mammals (ANT1, ANT2 and ANT3). They
are expressed differently in various tissues, but the significance of this distribution is unclear.

In the model of the translocator proposed by Klingenberg, the carrier would function as
a 60 kDa dimer with just one nucleotide binding site. The transport path would follow the
central two-fold axis. The dimer would exist in two states differing in the orientation of this
single nucleotide binding site (Fig. 8.5), which can either be accessible from the cytosol
(C-state) when it can bind carboxyatractylate (one molecule per dimer), or from the matrix
(M-state) when bongkrekic acid can bind. As these two inhibitors have completely different
structures, it indicates that the properties of the nucleotide binding site must differ in the
two orientations. The two inhibitors bind sufficiently tightly for the carrier to be fixed in a
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C- or M-state. Binding of adenine nucleotide is less tight because, it is argued, intrinsic
binding energy is realized to drive conformational changes in the relatively fluid dimeric
protein in order to facilitate transport. These changes do not occur following the much
stronger binding of the inhibitors that are not transported.

Note that the model proposes that slight conformational changes make the substrate binding
site alternatively accessible from either side of the membrane (Fig. 8.5). Direct experimental
evidence for such a conformational change has come from monitoring the accessibility of
lysine residues to the hydrophilic reagent pyridoxyl-5-phosphate when added to either the
cytoplasmic or matrix face of the membrane: distinct sets of residues are exposed in the
M- and C-conformations. This model for the translocator and related transporters has been
graphically termed the ‘rocking bananas’ model. Formation and breakage of salt bridges,
particularly involving conserved arginines, between helices are believed to be important in
this mechanism. The ability now to express the translocator in E. coli will permit analysis
of the roles of such positively charged residues by mutagenesis.

§.5.1 Interrelations between the ATP synthase, phosphate carrier and
adenine nucleotide carrier

The complete system for mitochondrial ATP synthesis and export requires the ATP synthase,
ANT and phosphate carrier. While ANT transports ADP and ATP symmetrically when there
is no membrane potential, under normal respiring conditions uptake of ADP and efflux of
ATP are preferred, corresponding to the physiological direction of the exchange. The reason
for this asymmetry lies with the relative charges on the two nucleotides. ATP is transported
as ATP*~; ADP is transported as ADP3~. The resulting charge imbalance means that the
equilibrium of the exchange is displaced ten-fold for each 60 mV of membrane potential.
The combined effect of the phosphate carrier and adenine nucleotide carrier is to cause the
influx of one additional proton per ATP synthesized (Fig. 8.5). Note that, although the add-
itional proton apparently enters with P;, this is an electroneutral process and the charge of
the additional proton is used to drive the exchange of ADP>~ for ATP*".

The thermodynamic consequences of this are considerable. First, at least four protons
appear to be used to synthesize a cytoplasmic ATP but one less for a matrix ATP. Thus, up
to 25% of the Gibbs energy of the eukaryotic cytosolic ATP/ADP + P; pool comes, not
from the ATP synthase itself, but from the subsequent transport. Thus isolated mitochon-
dria can maintain a AG of up to 64 kJ mol~! in contrast to a value of less than 50kJ mol ™!
for submitochondrial particles.

%.6 THE UNCOUPLING PROTEIN FAMILY

oviews and furibes readings  Enerback et al. 1997, Arsenijevic et al. 2000, Echtay
et al. 2000, Bouillaud et al. 2001, Pecqueur ez al. 2001

The prototypic uncoupling protein, UCP1, expressed in brown adipose tissue has the clear
thermogenic role of allowing respiration to proceed in the absence of stoichiometric ATP syn-
thesis (Section 4.6.1). Thus mice with a knockout of the ucpl gene have difficulty coping
with low ambient temperatures. The protein is a 32 kDa polypeptide with six transmembrane
segments with both N- and C-termini located in the intermembrane space and a triplicated
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structure similar to that found in mitochondrial anion transporters. The C-terminal domain
shares a nine amino acid sequence with ANT and the DNA binding domain of
several transcription factors, and this has been proposed to represent the purine nucleotide
binding site of the uncoupling protein. UCP1 has rather low transport activity, which accounts
for its presence as a major inner membrane protein in thermogenic brown adipose tissue
mitochondria; however, site-directed mutagenesis at any of the three matrix loops converts
the protein into a high-conductance non-selective pore, reminiscent of the permeability tran-
sition pore (Section 8.2.5).

The mechanism of UCPI has been the subject of some debate. Models must incorporate
the observation that both protons (or hydroxyls) and chloride are transported by the protein
in a purine nucleotide-sensitive manner and that proton, but not chloride, conductance is
activated by fatty acids. The simplest model is one in which the fatty acids facilitate the deliv-
ery of protons to the transport site. Interestingly, the purified, reconstituted UCP1 displays the
nucleotide-sensitive but fatty acid-insensitive C1~ conductance characteristic of the in situ
protein, yet no significant fatty acid-dependent proton conductance. This is restored by the
addition of ubiquinone (but hardly by ubiquinol), suggesting that the oxidized coenzyme may
facilitate proton delivery to the transporter.

An alternative mechanism proposes that UCP1 acts as a non-selective anion channel
allowing the fatty acid anion to be transported out of the mitochondrion, completing a putative
dissipative cycle including the entry of the protonated fatty acid, i.e. a classical protonophore
mechanism (Section 2.3.5). Such a mechanism can be demonstrated with a range of anion
transporters in the presence of high, probably non-physiological, levels of fatty acids.
However, UCP1 is extremely sensitive to nanomolar fatty acid concentrations and also
retains activity (in the absence of GDP) in the strict absence of fatty acids.

In 1997 two genes with about 70% sequence identity to UCP1 were found, proposed as
candidate uncoupling proteins and named UCP2 and UCP3. Later two further genes were
identified in brain, but showing substantially less sequence similarity to UCP1. These two
latter were termed UCP4 and BMCP1 (brain mitochondrial carrier protein 1, sometimes
referred to as UCPS). It is, of course, not sufficient simply to propose a function for a pro-
tein on the basis of a sequence homology, and it was necessary to investigate whether these
proteins did actually possess proton translocating activity. It must be emphasized that the
normal levels of expression of these candidate uncoupling proteins are far lower than
UCPI.

UCP?2 has a broad tissue distribution with highest concentration in spleen mitochondria,
although even here its expression level is only 1% of that for UCP1 in brown fat. UCP2 is
induced in a variety of stress conditions. The UCP2 knockout mouse does not display
enhanced cold-sensitivity or obesity (which might have been predicted if the protein was a
significant contributor to basal metabolic rate). However, the mice show an interestingly
increased resistance to infection, which was correlated with an increased generation of
reactive oxygen species by macrophages, consistent with the hypothesis that candidate
UCPs may be involved in the control of membrane potential, and hence reactive oxygen
species generation, in view of the high Ag-dependency of superoxide generation (Chapter
5). Retinoids activate proton conductance of yeast mitochondria expressing UCP2.

UCP3 is primarily expressed in skeletal muscle and exists in long- and short-form
transcripts, the latter lacking the sixth transmembrane domain. UCP3 (and UCP2) increase
in muscle during starvation, although no change in mitochondrial proton conductance can
be detected.
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Expression of candidate UCPs in yeast has yielded confusing results, owing to the diffi-
culty of distinguishing a genuine proton conductance from a non-selective increase in
membrane proton permeability due to overexpression of a foreign protein disturbing the
lipid bilayer. Additionally, a negative result could be a consequence of incorrect insertion or
post-translational modification of the protein. An additional complication is the acute control
of the protein; thus, even UCP1 is latent until nucleotides are removed or fatty acids added,
and it cannot automatically be assumed that the novel UCPs have the same regulatory
mechanism as UCP1, namely inhibition of conductance by GDP and activation by fatty
acid. However, recently it has been reported that high levels of exogenously generated
superoxide reveals a ‘classical” GDP-sensitive, fatty acid-activated proton conductance in
mitochondria naturally expressing UCP2 (kidney or spleen) or UCP3 (skeletal muscle) but
not in mitochondria lacking these isoforms.

UCP4 is expressed in brain. A marginal depolarization was detected in mammalian cells
transfected with UCP constructs. Even low levels of BCMP1 (UCPS5) expression in yeast
lead to a large increase in proton conductance; however, both UCPS and UCP4 have limited
sequence homology to UCPI; indeed, the sequence is as homologous to the oxoglutarate
transporter as it is to UCPI.

Finally, it must be borne in mind that liver mitochondria lack detectable levels of UCPs
and yet have a typical non-ohmic proton leak (Section 4.6.2). Thus this inherent property
of the mitochondrial inner membrane cannot be solely due to the presence of one or more
of the candidate UCPs.

8.7 BACTERIAL TRANSPORT

Review  White 2001

Bacteria survive in environments, which are far more variable, and usually more hostile,
than anything experienced by a mitochondrion. As a consequence they have developed a
variety of mechanisms for the transport of metabolites, such as amino acids and sugars,
from the external medium where such molecules occur at very low concentrations to the
cytoplasm where the concentrations must be considerably higher to sustain metabolism.
The origins of the chemiosmotic theory lay in Mitchell’s desire to explain such ‘active
transport’ in bacteria, and there is now extensive evidence that many such transport pro-
cesses are directly driven by Ap. However, there are also active transport processes that are
powered by a Na* electrochemical gradient or by the direct hydrolysis of ATP, while a
fourth class relies upon phosphoenol-pyruvate as immediate energy source. Finally, there
are examples of anion exchange reactions, e.g. hexosephosphate—phosphate antiports. We
shall consider each of these in turn.

8.7.1 Proton symport and antiport systems

Reviews and further reading  Marger and Saier 1993, Fu er al. 2000, Green et al. 2000,
Sahin er al. 2000, Williams 2000, Kaback et al. 2001, Kelly and Thomas 2001, Sahin and
Kaback 2001

The first evidence that active transport across a bacterial cytoplasmic membrane could
be linked to Ap was obtained for lactose uptake by E. coli. This was known to involve the
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product of the lac Y gene, which is traditionally known as the lactose (lac) permease and
whose expression is inducible. The key experimental observation was that addition of lac-
tose to an anaerobic and lightly buffered suspension of cells, in which Jac Y expression was
induced, resulted in the pH of the external medium showing a small alkaline shift. The pH
change is not seen if lac Y expression was not induced. These experiments, which were anal-
ogous to the oxygen pulse experiment for detecting respiration-driven proton translocation
(Chapter 4), thus indicated that lactose entered the cells in symport with one or more pro-
tons. Quantification is difficult but all available evidence is that the stoichiometry is
1H*/lactose. As lactose is uncharged this means that the lactose;,/lactose,,, gradient at equi-
librium is maintained by Ap and can attain a value of about 3000 at the usual values of Ap.

The purified /ac permease protein has been inserted in phospholipid bilayers and shown
to catalyse the expected symport. Such experiments demonstrated that the single poly-
peptide chain was sufficient for the movement of both the H" and the lactose. To drive accu-
mulation an artificial Ap (interior alkaline and negative) was generated across the vesicle
membrane by transferring a suspension of vesicles held in the presence of valinomycin and
high K* into a medium at slightly more acidic pH containing radiolabelled lactose and low
K* (Fig. 8.6). A Ap of the correct polarity would be instaneously established (K* efflux
generates the Ady) and the uptake of lactose could be assessed by rapid filtration of the vesi-
cles. In principle this experiment would work best if all the lactose/proton symporter mole-
cules were to insert into the vesicles with the same orientation as they have in intact cells. In
practice uniform orientation can be very difficult to achieve, but in this case carriers with the
opposite orientation will be inert because they are not exposed to the appropriate Ap.

The lactose : proton symporter has probably been more extensively examined, by a whole
armoury of biochemical techniques, than any other transporter. This has given some insight
into how symport might operate. There is little doubt that the single polypeptide LacY,
which has 417 amino acids, functions as a monomer and folds into 12 transmembrane
a-helices with only relatively short loops between them. The exact boundaries of these helices
and their relative spatial positions cannot be determined with certainty in the absence of a
crystal structure but a variety of biochemical approaches suggest that a rough plan of the
protein is as shown in Fig. 8.7. Thus helices 4, 5, 7, 8, 9 and 10 are thought to provide a
central channel through which transport is argued to occur.

Extensive site-directed mutagenesis studies, and other biochemical approaches, have
identified only six amino-acid side chains that are essential for active transport. These
include glu 126 on helix 4 and arg 144 on helix 5, which can be deduced to form a salt
bridge and therefore to be spatially adjacent; they are believed to play a key role in binding
lactose. Four other residues, glu 269 (helix 8), arg 302 (helix 9), together with his 322 and
glu 325 (helix 10) have been deduced to be in close proximity, facing inward into a pore
between several of the helices as shown in Fig. 8.7, and implicated in proton translocation
steps.

Particular emphasis in understanding the mechanism of the lactose transporter has been
placed on the properties of the protein when glu 325 has been replaced by certain neutral
residues. These are defective in all translocation modes that involve net proton movement
but catalyse exchange reactions at least as well as the wild-type protein. The scheme shown
in Fig. 8.8 allows us to interpret the properties of the protein carrying amino acid alter-
ations at postion 325. Exchange of lactose between the inside and the outside of the cell
could occur using steps 2, 3 and 4; these steps involve no uptake or release of protons at
either side of the membrane. Thus the continuation of exchange when glu 325 is absent, but
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Figure 8.6 Reconstitution of the lactose symporter from E. coli.

The lac transporter is purified from cells in which it is overexpressed by selective
solubilization of cytoplasmic membranes with octylglucoside followed by ion-
exchange chromatography. Identification of the permease throughout the original
purification was aided by covalent attachment of a radiolabelled and highly
specific photoaffinity label. Unilamellar vesicles (sometimes called proteolipo-
somes) containing permease polypeptide are prepared by dilution of octylgluco-
side in the presence of phospholipids, freezing and subsequent sonication. Uptake
of lactose can be studied by first incubating the vesicles in 50mm potassium
phosphate (pH 7.5), addition of valinomycin and then dilution into sodium phos-
phate, pH 7.5, containing ['*C]lactose. A A, negative inside is thus generated
and the resulting uptake of lactose can be determined at various times by rapid
dilution of the vesicles followed by immediate filtration. The radioactivity retained
within the vesicles trapped on the filter can then be determined. Such experiments
showed that the turnover number and K, for lactose were similar to the values
observed with cytoplasmic membranes, establishing that the purified protein was
in an unperturbed state. In a variation of the experiment, **Rb™ can be included
in the lumen of the vesicles and its efflux, which is stimulated by the presence of
lactose, monitored in parallel with the uptake of ['*C]lactose. Such studies indicate
the movement of 1Rb™ per lactose, consistent, for reasons of charge balance, with
a stoichiometry of 1H* moving per lactose.

not of any transport mode involving the net movements of protons, can be taken as a clue
that this residue plays a central role in the proton translocation process.

A complete translocation cycle requires that the protein can undergo a conformational
transition (step 6, Fig. 8.8) in the absence of either the bound proton or lactose; the absence
of glu 325 is argued to prevent the crucial deprotonation step 5 (Fig. 8.8). Further informa-
tion about the current view on the roles of other essential amino acid residues is given in
Fig. 8.7 and its legend. A full understanding of the lactose : proton symporter, or any other
similar transporter will eventually need the combination of information of the type outlined
here with a high resolution structure. Studies on bacteriorhodospin (Chapter 6) suggest that
the scheme outlined here (Fig. 8.8) will prove to be a considerable oversimplification.

In E. coli a range of other sugars, including arabinose, xylose and galactose, are trans-
ported in symport with protons, while other bacterial species will have comparable sys-
tems. Surprisingly, although the proteins from these three transport systems of E. coli
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Figure 8.7 A model for the transmembrane helix packing of the lactose:
proton symporter. (a) Side view. (b) View from cytoplasm.

The 12 a-helix model for the secondary structure (reproduced with permission
from Kaback et al. (2001) Nature. Mol. Cell. Biol. Reviews 2, 610-620) of the
lactose : proton symporter (also known as lac permease) based on the hydropathy
profile of the amino acid sequence and supported by circular dichroism studies
(indicating high a-helical content), antibody binding, fusions of the /ac Y gene
with the gene (phoA) for a periplasmic alkaline phosphatase, cross-linking and
spectroscopic techniques. The latter two approaches in particular provided 100
distance constraints that were used for the model. The positions of six residues
that are generally found to be irreplaceable for proper function (i.e. accumulation
of lactose against its concentration gradient involving protonation or deproto-
nation events) are shown: glu 126 (helix 4); arg 144 (helix 5); glu 269 (helix 8);
arg 302 (helix 9); his 322 (helix 10); and glu 325 (helix 10). The disaccharide lac-
tose molecule, approximately 9 A in length, is envisaged as moving, one sugar
ring before the second, through a channel provided by many of the helices with
glu 126 and arg 144 providing ligands at the initial (exterior-facing or P-side)
binding site. Although a considerable body of evidence supports the model
shown in the figure, there are other studies on the lactose : proton symporter that
suggest that not all six residues shown here are absolutely indispensible for some
activity of the protein (e.g. replacement of his 322 by different residues does not
always completely block activity). It may be that, under certain conditions, the
absence of a centrally important residue can be partially compensated by another
residue. It has also been argued that transmembrane helix 2 plays a more impor-
tant role than would be envisaged on the basis of this model (see e.g. Green et al.
(2000) for further details of alternative models of the protein).

resemble each other in sequence, they differ from the lactose symporter very significantly,
with the exception they too are proposed to form 12 transmembrane helices. The sequences
of the arabinose, xylose and galactose symporters have a remarkable similarity to several
sugar transport proteins from eukaryotic cells, for example, the glucose transporter from the
cytoplasmic membranes of liver cells. The latter is a passive transporter and thus an intri-
guing challenge now is to identify the features of the bacterial proteins that confer on them
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Figure 8.8 A six-step model for lactose : proton symport activity.

Transport can be envisaged as commencing at the outer surface (P-side) of the
membrane with the protein having neither substrate, proton or lactose, bound.
Proton binding contributes to a charge-pairing between glu 269 and his 322,
which is followed by lactose binding to a site oriented towards the P-side of the
membrane (step 2). This must be followed by reorientation of this single site
(cf. discussion of the adenine nucleotide translocator) such that it now faces the
N-side of the membrane. This, step 3, is envisaged to involve the concomitant
transfer of the proton from the glu 269/his 322 pair to glu 325. In step 4 the lactose
is released to the cytoplasm followed by transfer of the proton to the cytoplasm
in step 5. Step 6 is the reorientation of the sugar binding site in the unloaded
transport protein. The properties of mutant proteins, in particular variants at
residue 325 (see text), suggest that the relative order of lactose and proton bind-
ing and release must be as shown; exchange of internal for external lactose is
possible by following steps 2, 3 and 4, and then the reverse. Even if further work
should show that there is not a compulsory order of proton and lactose bind-
ing/release at the two surfaces, a mutant protein that can catalyse exchange but
not net transport of lactose must be unable to access step 6. Conversion of this
active transporter into a facilated diffusion protein would require that steps 1-6
could be completed with no uptake or release of a proton.

the capacity to transport the sugars in symport with a proton. Very many bacterial trans-
porters possess 12 transmembrane helices and belong to the ‘major superfamily of trans-
membrane facilitators’ (MSF).

The components of Ap can, in principle, drive the uptake of any type of nutrient molecule
(Fig. 8.1). In the case of a positively charged molecule, for example, lysine at neutral pH,
a possible mechanism would be a uniport driven by Ay and the logarithm of the equilibrium
accumulation ratio would be a function of A¢. If a proton were to be cotransported with
lysine, then both ApH and Ays would contribute to the driving force and the equilibrium
distribution would be a function of (ApH + 2A¢). A monoanionic species in symport with
one proton would be driven only by ApH. However, as Ap in most species of bacteria is
usually predominantly present as Ay, such a symport is improbable. On the other hand,
symport of an anion with 2H* would allow an equilibrium to be attained which would
be proportional to (2ApH + Ads). These should be seen as illustrations because there is no
a priori reason why other proton stoichiometries should be excluded.

Great efforts have been made to obtain crystals of a proton symporter or antiporter in
order to elucidate the coupling mechansim. At the time of writing the most success had
been obtained with the sodium/proton antiporter of the E. coli membrane, known as NhaA.
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Two-dimensional crystals of NhaA have allowed a structure with 7 A resolution in the
plane and 14 A perpendicular to the plane to be obtained. As expected for proton sym-
porters and antiporters of the MSF superfamily in general, there are 12 transmembrane
a-helices. However, contrary to expectation from work on the lactose : proton symporter,
these are not organized into two groups of six with an approximate two-fold symmetry
relationship between them. Rather there is one compact bundie of six helices but the other
six helices are arranged in approximately linear fashion. The implication of this organiza-
tion for ion-coupled transport is not clear at present.

The only high-resolution structure available for a bacterial cytoplasmic membrane trans-
porter is that for the protein that facilitates the passage of glycerol across the E. coli mem-
brane. This is not an active transporter and does not comprise 12 transmembrane a-helices
being a member of the aquaporin family, which has ten such helices. Nevertheless, it gives
a first insight into how a hydrophilic molecule can pass through the bilayer.

A variant on the 12 transmembrane helical transporter, as exemplified by the E. coli
lactose : proton symporter, has been discovered recently because a group of proton symporters
have two additional subunits. One is a second subunit that comprises four transmembrane
a-helices, while in Gram-negative bacteria the third is a water-soluble periplasmic protein.
The latter is often called an extracytoplasmic solute-binding receptor and belongs to a class
of proteins more widely found in a class of transporters in which ATP hydrolysis directly
powers transport across the bacterial cytoplasmic membrane (see Section 8.7.4). In fact it
had been assumed that such receptors were not found in association with proton-driven
symporters. The new class of such symporters is known as TRAP (tripartite ATP-independent
periplasmic) transporters; one of the best characterized is that for C4-dicarboxylates (e.g.
malate) in R. capsulatus.

The advantage conferred on a transport system by having the periplasmic receptor pro-
tein has been difficult to identify even for the long-established ATP-dependent transporters
(Section 8.7.4). In Gram-positive bacteria this type of receptor protein is anchored to the
external face (P-side) of the cytoplasmic membrane.

8.7.2 Ap driven transport across the bacterial outer membrane

Reviews and further reading Ferguson ef al. 1998, Buchanan et al. 1999, Koronakis
et al. 2000, Putman et al. 2000, Sharff et al. 2001

The outer membranes of Gram-negative bacteria contain large receptor molecules that par-
ticipate in the active transport of iron—siderophore complexes and vitamin B,,. Remarkably,
the energy for this active transport is provided by the Ap across the adjacent cytoplasmic
membrane. The precise details of how this is done are not yet clear, but it is believed that
the outer membrane receptor interacts at its periplasmic side with a cytoplasmic membrane
protein complex made up of three proteins known as TonB, ExbB and ExbD, at least one
of which presumably undergoes a conformational change in response to protons flowing
through it from the periplasm and thus back into the cytoplasm. The crystal structure of
one outer membrane receptor, FepA, shows that, at its periplasmic surface, there is a glob-
ular domain that folds into the major B-barrel structural feature of the protein and thus
blocks access from the interior of the barrel into the periplasm. The globular domain also
provides two loops for potential ligand binding and interaction with the TonB-ExbB-ExbD
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complex. Thus Ap-dependent conformational change in the latter complex could in turn
drive a conformational change in the globular domain of FepA and thus permit ligand, e.g.
vitamin B,,, entry into the periplasm. This would thus achieve the coupling of Ap across
the cytoplasmic membrane to a transport process across the outer membrane. Similar prin-
ciples apply to two other outer membrane transporters of known structure, FhuA and TolC.
The latter has a spectacularly long a-helical structure, which spans the periplasm from the
outer membrane to the cytoplasmic membrane.

8.7.3 Sodium symport systems

Review  Hise ef al. 2000

Protons were once thought to be the only cations to move in symport with sugars and amino
acids into E. coli. It is now known that melibiose and proline transport both occur in symport
with Na*, driven by the Na™* electrochemical gradient Afiy,+ (note that the term ‘sodium
motive force’ is not in general use). Unlike P modestum (Section 5.15.7), there is no
primary Na* pump. Instead Afiy,+ is maintained by an electroneutral Na*/H" exchanger
in the cytoplasmic membrane, which equilibrates the Na* and H* concentration gradients.
Ay is, of course, a delocalized parameter and so the Ay generated by proton pumping will
be a component of Afty,+.

There are now many instances where the role of a Na* circuit has been established
for various species of bacteria including some pathogens. In some cases, e.g. active trans-
port into alkaliphilic bacteria, this can be rationalized on the basis that Ap is too small to
drive active transport. It is not clear why E. coli should use both proton and sodium sym-
ports, but nor is it appreciated why methane synthesis (Section 5.15.6) seemingly involves
both Na* and H* translocation.

8.7.4 Transport driven directly by ATP hydrolysis

Reviews  Hung er al. 1998, Holland and Blight 1999, Putman et a/. 2000, Chang and
Roth 2001, Higgins and Linton 2001, Sharff e al. 2001

This mode of transport will be illustrated by reference to two types of system.

The concentration of K* in the bacterial cytoplasm is generally much higher than in the
surrounding medium; this gradient of K* has to be actively maintained, and its mechanism
has been studied in depth for E. coli. Doubtless related systems operate in other genera.
One of the K* uptake systems in £. coli is known as Kdp and is induced when the external
K™ is very low. Three gene products, KdpA, KdpB and KdpC, have been identified as hav-
ing characteristics of integral membrane proteins and together they constitute a K*-
dependent ATPase. The KdpA protein is thought to be responsible for the initial binding of
K™ at the periplasmic surface. The site of ATP hydrolysis resides on the KdpB protein; an
acyl-phosphate intermediate forms, in contrast to the F,.F,-ATP synthase, but similar to
mammalian E|.E, ion pumps such as the Na*/K*-ATPase. Indeed, there are significant
regions of sequence similarity between the latter and the KdpB protein. It is not known
whether the Kdp system catalyses electrogenic import of K* or whether K* entry might be in
exchange for another ion. A second major K* transport system in E.coli is the constitutive
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TrkA system. This has a lower affinity than Kdp and its energetics have not been fully elu-
cidated. It appears to require both ATP hydrolysis and the presence of a protonmotive force
for activity but, as the latter drives the synthesis of ATP, it is conceivable that Ap is not
directly involved. In principle K* uptake could be via a uniport in response to Ay but this
seems not to be a mechanism that has been adopted.

A major group of transport systems in Gram-negative bacteria involve water-soluble pro-
teins in the periplasm that first bind the transport substrate after it enters from the external
medium through the porin of the outer membrane. The substrates handled in this way, at
least for enteric bacteria such as E. coli and Salmonella typhimurium, include P;, SO,
ribose, maltose and histidine. The periplasmic binding proteins have a high affinity for their
substrates; their specificity is known from a series of high-resolution X-ray diffraction
structures to be conferred by a set of hydrogen bonds, which interact with the substrate. If
the contents of the periplasm are released, for example, by exposing the cells to an osmotic
shock, transport is greatly inhibited.

Genetic analysis of many of these transport systems has shown that three or four other
polypeptides are involved in addition to the periplasmic binding protein. The histidine and
maltose uptake systems serve as examples (Fig. 8.9). Two of these additional polypeptides,
known as M and Q for histidine and F and G for maltose, are membrane-spanning on the
basis of their high content of hydrophobic amino acids and appear to recognize a substrate
even in the absence of the periplasmic binding protein. Thus a mutant lacking the periplas-
mic binding protein still transports maltose, albeit with very low affinity.

A third protein P (histidine) or K (maltose) has a sequence consistent with its attachment
via Q(F) and/or P(G) to the inner surface of the cytoplasmic membrane. P and related
polypeptides of other systems have a regions of sequence, including the Gly-X-X-X-X-
Gly-Lys- motif seen in F{.F-ATP synthases (Section 7.5.1) but in addition a signature
motif Leu-Ser-Gly-Gly-Gln, that indicate the presence of an ATP-binding motif or cassette
(hence the proteins are considered members of the ABC family of transporters). The ABC
cassette is now known to be part of a nucleotide binding domain (NBD) in which ATP
hydrolysis occurs. Several crystal structures have now been obtained for the NBD parts of
these ABC transporters, whilst for the MsbA protein from E. coli (see legend to Fig. 8.9),
a structure at moderate resolution has been obtained for the entire molecule.

The involvement of ATP hydrolysis in the functioning of ABC transporters has been
confirmed with a reconstituted histidine transport system and also with a strain of £. coli in
which ATP hydrolysis with a stoichiometry of about 2ATP/molecule transported could be
demonstrated to be associated with transport of maltose. This high stoichiometry (remem-
ber that 2ATP are equivalent to about 6H" translocated) could account for the very high
accumulation ratios, up to 10°, that are achieved by these transport systems. Indeed, if a
dianion, e.g. sulfate or phosphate at pH values above 7, were to be taken up by a chemios-
motic mechanism, then up to four protons would need to move in symport at a cytoplasmic
membrane potential of 180 mV to achieve accumulation ratios of this order.

Thermodynamic considerations neither account for the occurrence of periplasmic bind-
ing proteins in the ATP-dependent transport systems nor their absence from proton symport
systems. Any advantage to be gained from the avid binding of the substrate would be bal-
anced by the need of the membrane-bound components to abstract the substrate from its
binding site. This is an unresolved issue, but a factor to be taken into consideration is that
analogous ATP-dependent transport systems have recently been identified in Gram-positive
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Figure 8.9 Diagrammatic representation of two bacterial transport systems,
for histidine in S. typhimurium and maltose in E. coli, that involve periplas-
mic binding proteins and comparison with two related proteins from
mammalian systems.

Both the histidine (a) and maltose (b) systems involve four polypeptides and it is
speculated that the polypeptide responsible for hydrolysis of ATP (P in histidine
system and K in maltose transporter) may be present in two copies for each copy
of the other subunits. Analysis of other systems, ¢.g. that for ribose in £. coli shows
that the subunit equivalent to P or K is larger and contains two ATP binding
domains. The multidrug resistance protein (c) and the product of the gene in which
a defect gives rise to cystic fibrosis, known as the CFTR protein (d), have compa-
rable ATP-binding domains as the bacterial transport systems but are made up of a
single polypeptide, approximately equivalent to fusing two copies of P with one
each of Q and M of the histidine system, and lack an equivalent of the periplasmic
binding proteins. CFTR also has a fifth domain known as R, which has a regulatory
role. A 4.5 A structure of the homodimeric multidrug resistance transporter homo-
logue MsbA from E. coli shows the protein has 12 transmembrane «-helices,
which form a chamber that opens out and is surrounded on the N-side of the mem-
brane by the two nucleotide binding domains where the sequence motifs charac-
teristic of an ABC protein are found (Chang and Roth 2001). Higgins and Linton
(2001) discuss how this structure might relate to ATP-dependent transport.

organisms that do not have a periplasm. In these instances the equivalent to the periplasmic
binding protein appears to be anchored to the cytoplasmic membrane. By analogy it seems
likely that in Gram-negative organisms the binding protein functions to deliver the bound
substrate to the membrane-spanning components of the system.

Interest in the bacterial ATP- and periplasmic-binding protein-dependent transport systems
has been significantly enhanced by the finding that there are considerable similarities with
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Figure 8.10 Schematic representation of the phosphotransferase system
(PTS) for mannitol in E. coli.

In this case the mannitol specific enzyme [1I™*" accepts phosphate on to a histidine
residue from which it moves to a cysteine residue (a thus far rare example of a
phosphocysteine catalytic intermediate in biology) before transfer to the incom-
ing mannitol. As mentioned in the text, in other PTS transport systems, e.g. for
glucose in E. coli, a separate enzyme 111 catalyses transfer of phosphate from HPr
to the enzyme 118", Sequence analysis of the enzyme II™* shows that a cytoplas-
mic domain is in effect a fused type IIl enzyme. The N-terminal region contains
the mannitol-binding domain. The enzyme II molecules (excluding where
appropriate fused enzyme III domains) all have of the order of 650 amino acids,
between 350 and 380 of which could fold to form transmembrane a-helices.
There may be extensive regions of relatively hydrophilic polypeptide that extend
from the bilayer. Such proteins must presumably fold to give a hydrophilic
central channel in which phosphorylation occurs.

many mammalian proteins. Prominent amongst these is the multidrug resistance (MDR)
protein, which is an ATP-dependent system of low specificity that exports drugs from cells
and thus causes problems in certain drug treatments. A second gene product with resem-
blance to the bacterial ABC transporters is called the CFTR (cystic fibrosis transmembrane
regulator) protein; a common mutation leads to a mistargeting of this protein with the con-
sequence that cystic fibrosis develops. The comparison with the bacterial proteins initially
suggested to some investigators that CFTR would be part of an ATP-dependent transport
system. It is now accepted to be a chloride channel. The ATP binding site is present to permit
a regulatory role, analogous to that exerted by GTP and GDP binding to G-proteins.The
channel is opened maximally as a result of both phosphorylation of the protein and occu-
pancy of two ABC sites by ATP. Slow hydrolysis of the latter (analogous to GTPase activity
of G proteins) promotes closing of the channel. To complete the connection between the
bacterial and mammalian systems, there is evidence for analogues of MDR in bacteria, for
example, in a Streptomyces species that produces antibiotics to which it is resistant.

8.7.5 Transport driven by phosphoryl transfer from phosphoenolpyruvate

Reviews and further reading Postma ez al. 1993, Rohwer et al. 2000

The fourth general class of transport mechanism is the phosphotransferase system (often
abbreviated to PTS), which catalyses the transport of several hexose and hexitol sugars,
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e.g. glucose and mannitol, in many different bacterial genera, including E. coli and
Staphylococcus aureus. A distinctive feature of this system (Fig. 8.10) is that an integral
membrane polypeptide, specific for a particular sugar, and generally called enzyme II,
binds the sugar from the external surface and phosphorylates it to give, e.g. glucose-6-phos-
phate, which is released into the cytoplasm. This has often been called a group translocation
mechanism because substrates and products have to approach and leave the catalytic site of
enzyme Il along defined pathways (i.e. glucose should not have access to this site from the
cytoplasm).

The ultimate source of the phosphate group for the phosphorylation is cytoplasmic phos-
phoenolpyruvate (PEP), which first transfers its phosphate to the N-1 nitrogen of a histidine
residue in a soluble protein known as H-Pr. This transfer is catalysed by enzyme 1, a water-
soluble cytoplasmic protein that has no sugar specificity. Subsequently the phosphate group
is transferred from H-Pr to a histidine residue on enzyme II, either by the catalytic activity
of enzyme Il itself or as a result of the activity of yet another enzyme known as enzyme III.
It is known from crystallographic studies on soluble proteins that the incorporation of a
phosphate group can cause conformational changes. Thus it is conceivable that phosphory-
lation of enzyme II could lead to a key conformational change that would prevent a sugar
bound from the external media from returning there.

Under physiological conditions, the AG for PEP hydrolysis is more negative than for
ATP hydroysis and is sufficient for phospho transfer to histidine. The driving force for
transport is considerable; it has been calculated that at equal concentrations of pyruvate and
PEP the equilibrium intracellular concentration of a phosphorylated sugar would reach
approximately 100 m at 10 ®m external sugar. Such equilibration is apparently not achieved,
indicating the requirement for tight control of these transport systems. Another energetic
facet is that the bacterial cell expends one PEP molecule for the acquisition of an intra-
cellular phosphorylated sugar. Other active transport processes (e.g. energy-consuming
proton symports) are followed by intracellular phosphorylation at the expense of ATP. The
conversion of PEP to pyruvate in the pyruvate kinase reaction yields only one molecule of
ATP, in a reaction with a large negative Gibbs energy change under cellular conditions, and
thus it is energetically advantageous to harness more fully the energy associated with PEP
hydrolysis to drive both the transport and phosphorylation events.

8.7.6 Transport driven by anion exchange

There is evidence, especially for the Gram-positive organism Streptococcus lactis, that
transport can occur by anion exchange systems analogous, at least in principle, to those
found in the inner mitochondrial membrane (Section 8.4). The system identified is concerned
with the uptake of glucose-6-phosphate (G6P) into the cell. In one mode 2 G6P~ anions
move into the cell in exchange for the export of I G6P? ™. This apparently curious exchange
is therefore electroneutral and is equivalent to the net entry of one G6P?>~ and 2H ", and so
is thermodynamically equivalent to a 2H": G6P?~ symport with ApH acting as the sole
driving force. The exchange system can also operate by moving two H,PO, anions out and
one G6P?~ in. The exchange is electroneutral and the advantage to the cell is that growth
on G6P provides too little carbon and too much phosphorus and therefore extrusion of excess
phosphate in exchange for G6P is favourable. As presently understood, these exchange sys-
tems do not involve electrogenic movement of molecules across membranes.
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Figure 8.11 Generation of Ap by anion exchange in Oxalobacter formigenes.
The cycle of influx, decarboxylation and efflux effectively constitutes a proton
pump with a stoichiometry of 1H* per turnover. If the H*/ATP ratio for the ATP
synthase is three, then the maximum stoichiometry of ATP synthesis would be
one for each three oxalate molecules decarboxylated.

8.7.7 Generation of Ap by transport

Reviews and further reading  Smith ef al. 1993, Konings et al. 1995, Glass et al. 2000

Although transport processes are usually consumers of Ap, some species of bacteria have
evolved strategies for coupling the export of end products of metabolism to the generation
of Ap. For example, in fermenting bacteria, there is evidence that under some conditions
the monovalent lactate anion leaves the cells together (i.e. in symport) with more than one
proton, thus generating Ap. The driving force for this is the movement of lactate from a
high concentration in the cell to a lower external concentration.

A different type of exchange system that generates Ap has recently been described. In
the anaerobe Oxalobacter formigenes, oxalate is taken up as a dianion. Once in the cell, it
is decarboxylated:

(COOH)}™ + H* = HCOO™ + CO, [8.1]

Formate as a monoanion exits from the cell in exchange for the oxalate, with the overall
effect that the exchange is responsible for generating a membrane potential, positive out-
side (Fig. 8.11). There is also a tendency for a ApH to develop, alkaline inside, owing to the
consumption of a proton during the decarboxylation reaction. This mechanism requires
that the CO, leaves the cell in the gaseous form. If it were to be hydrated to HCO5 and
exported as such from the cell, no A¢ would be generated. In line with this requirement
it would be expected that carbonic anhydrase activity is very low or absent in these cells.

The mucosal pathogen Ureaplasmsa urealyticum provides a most unusual final example.
This organism contains very high levels of urease and thus generates large amounts of
ammonium cations in the cytoplasm as a result of the hydrolysis of urea. The cytoplasmic
membrane contains transporters that catalyse efflux of ammonium from the cell. This gen-
erates Ay, positive outside, which provides a driving force for the F;.F -ATP synthase that
is known to be present from the complete genome sequence of the organism. This scheme
supposes that the uncharged urea molecule enters the cell via facilitated diffusion and that
the other product of urease action, carbon dioxide, leaves the cell as the uncharged gas.
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Figure 8.12 Schematic representation of a flagellum from an enteric
bacterium.

The Mot complex, probably forming an 8-12 subunit circlet around the motor, is
involved in transforming the protonmotive force into mechanical rotation. The
MotA protein is a proton channel. Morphological features such as rings, rod, etc.
are indicated. The S and M rings probably constitute the rotor; the switch complex
controls the rotational direction. The filament is much longer (circa 10 um) than
shown here. A channel through which the extracellular protein subunits travel to
reach their site of assembly is shown in dotted outline. HAP = hook associated
protein. The stator and motor components have not been firmly identified.

8.8 TRANSPORT (MOVEMENT) OF BACTERIAL CELLS

Reviews and further reading  Berry and Armitage 1999, Kojima and Blair 2001

Many, but by no means all, species of bacteria are motile, usually as a consequence of the
rotation of one or more helical flagella that extend from the surface of the cell (Fig. 8.12).
The basal body of a flagellum is embedded in the cytoplasmic membrane, traverses the
periplasm, the peptidoglycan and outer membrane, and connects to a filament that extends
into the external phase. Movement of the filament, which propels the cell at several body
lengths per second, is driven by a ‘motor’ embedded in the cytoplasmic membrane. The motor
rotates at up to 3000 rpm about an axis perpendicular to the plane of the membrane and is
usually driven by the protonmotive force, although a Na* electrochemical gradient is used
in some organisms where sodium circuits are generally important, e.g. Vibrio species.

The bacterial flagellum was the first rotary electric motor identified in nature; it has been
followed by the ATP synthase (Chapter 7). The molecular mechanism of torque generation
by flagella is unknown. One hypothesis envisages that protons are channelled on to the
rotor from outside the cell. Such proton movement through the MotA/MotB components of
the stator may involve a conserved aspartate in MotB which binds protons (cf. F. a subunit,
Chapter 7). (Interestingly, there may be a structural similarity between MotA/MotB and the
ExbB/ExbD (Section 8.7.2) that transmits Ap to the outer membrane.) The rotor would then
move, either under the effect of some force on the charged protons, or simply as conse-
quence of thermal fluctuations. The protons would then be allowed to pass into the
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cytoplasm, completing the motor cycle, only after the rotor has moved a certain distance in
the correct direction.

This could (compare hypotheses for ATP synthase rotation Chapter 7) involve protonation
of (or binding of Na™ ions to) a rotor component, causing repulsion from positive charges
on a stator component. The latter, including the MotA and MotB proteins, is firmly anchored
to the peptidoglycan layer in the cell wall. The availability of this rigid structure, which can
anchor the stator, contrasts with the problem of identifying the stator in the membranes that
contain ATP synthase (Chapter 7). At any given protonmotive force, the higher the number
of protons translocated per rotation, the greater will be the torque. This proton stoichiometry
is not known with certainty but calculated values are in the range 3001000 with the
efficiency varying from close to 100% at high load to 10% at low loads.

The flagelia do not rotate continuously. The rotational movement of the external filament
can be interrupted (or briefly stopped) and its direction reversed (i.e. clockwise or counter-
clockwise). The direction and duration of rotation is controlled by a sensory system so that
the direction of swimming is biased towards nutrients but away from toxic molecules and
other disadvantageous environments. The mechanism of this control is beyond the scope of
this book.

TRANSPORT OF MACROMOLECULES ACROSS
BACTERIAL MEMBRANES

Berks et al. 2000, Manting and Driessen 2000

Bacteria synthesize all of their proteins in the cytoplasm but the destination of some of the
proteins may be the periplasm, the outer membrane or even the external medium. In these
cases the newly synthesized polypeptide must be transported across the cytoplasmic mem-
brane. Such transport appears in general to require firstly the participation of the sec gene
products, secondly the retention by the polypeptides of a relatively unfolded state for which
ATP may be required, and thirdly a leader or signal sequence of approximately 20-25
amino acids at the N-terminus of the polypeptide. The signal sequence is not conserved
between proteins, but some features are always found, including the presence of several
positively charged residues at the N-terminus and a hydrophobic sequence in the middle.

The connection with the subject matter of this book is that there is good evidence that Ap
is involved in driving the translocation of nascent polypeptides across the cytoplasmic mem-
brane. How this is done remains a matter of conjecture; a general electrophoretic effect is
improbable because the charge on the leader sequence is of the wrong polarity and both Ay
and ApH are competent. It has, however, been suggested that the positive N-terminal end
of the leader sequence may be anchored to the cytoplasmic side of the membrane by the Ay;
however, it is evident that the membrane potential only acts across the membrane dielectric.
Molecules that are confined to one side of the membrane are not affected by the membrane
potential. Thus any such anchoring of the positively charged N-terminus of the leader
sequence would probably have to be driven indirectly via an effect of membrane potential
on a transmembrane protein.

Perhaps a more plausible possibility is that one of the components of the sec system, the
Sec Y/EC, proteins, may act as a proton-polypeptide antiport system. In this context,
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protein movement within the secretory apparatus could be the basis of the dependence on
Ap. In simple terms we could imagine an exaggerated ‘breathing” movement of a channel-
type protein in the membrane being responsible for squeezing the polypeptide across the
membrane. The precedent for the mechanical movement of proteins driven by the proton-
motive force is set by the flagella system and the ATP synthase.

It used to be considered axiomatic that proteins were translocated across membranes in
an unfolded state. However, it has now been discovered that certain proteins, especially those
containing complex redox cofactors, such as the MGD-Mo, are transported to the periplasm
as folded proteins with such cofactors already bound. The transport system is known as Tat,
twin arginine transporter, in recognition of the presence of two sequential arginine residues
in the targeting sequences of proteins that are destined to be transported by this system. This
Tat system turns out to be closely related to a longer known system, called the ApH trans-
porter, which functions to import some proteins into the lumen of thylakoids. As the name
suggests, the latter system is powered by ApH, which (recall Chapters 3 and 4), is the dom-
inant component of Ap in thylakoid membranes. By analogy, therefore, and in view of the
absence of any evidence for an ATPase activity being associated with the Tat system, it is
very likely that the Tat system is driven by the Ap across the cytoplasm membrane. Quite
how the movement of protons back into the cell through the Tat complex, or the thylakoid
ApH transporter, drives movement of a folded polypeptide in the opposite direction is a
mystery.

The import of proteins into mitochondria poses related problems and is addressed in
Chapter 9.



MITOCHONDRIA
INTHE CELL

9.1 INTRODUCTION

Of the 34 000 publications since Bioenergetics 2 that can be retrieved with the keyword
‘mitochondria’, the greatest growth has been in the application of bioenergetic principles to
understanding the physiological or pathophysiological role of mitochondria in intact cells.
This chapter will focus on four major topics of current interest: (i) the monitoring of mito-
chondrial membrane bioenergetics and ATP synthesis in intact cells; (ii) mitochondria and
cellular Ca®* homeostasis; (iii) mitochondria and oxidative stress; and (iv) mitochondria
and the control of apoptotic and necrotic cell death. Each topic relies on the basic bioenergetic
principles developed by studies of isolated mitochondria, but is complicated first by the
much greater complexity of the cell compared with the isolated mitochondrion and second
by the relative inaccessibility of the organelle, which is separated from the observer by a
plasma membrane and a cytoplasm (Fig. 9.1).

The bioenergetic behaviour of the mitochondrion in the intact cell is governed by: (i) the
supply of substrate from the cytoplasm; (ii) the turnover of ATP by cytoplasmic and plasma
membrane energy-requiring processes; (iii) the ionic environment of the cytoplasm, particu-
larly in relation to Ca?*; and (iv) the redox state of the cell. Alterations in these parameters
occur in response to changed energy demand, particularly in excitable cells such as those
in muscle and brain. The bioenergetics of the in situ mitochondria can be influenced by a
wide variety of cellular stimuli, including plasma ion channel activation, hormonal signalling
and oxidative stress — the generation and/or inefficient detoxification of reactive oxygen
and nitrogen species such as superoxide, hydrogen peroxide, hydroxyl ion, nitric oxide or
peroxynitrite — with possible pathological consequences. Since all of these parameters are
dependent on mitochondrial A¢s (which will be referred to as Ay, in this chapter to distin-
guish it from the plasma membrane potential A¢;), we shall first consider how to monitor
this component. There has been a general tendency to ignore the ApH component of Ap on
the assumption that the pH gradient across the inner membrane is small in the presence of
high concentrations of mitochondrially permeant anions in the cell.
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Figure 9.1 Schematic representation of some of the factors influencing
mitochondrial function in the intact cell.

(a) The mitochondrial membrane potential (A, is not the only transmembrane
potential in the cell; (b) the plasma membrane potential (Ays,) is also critical for
excitable cell function in controlling the activity of ion channels (c¢) and must
also be taken into account for most estimations of mitochondrial membrane
potential. Cytoplasmic Ca?* (e) is a key regulator of cell and mitochondrial
function, and is regulated not only by uptake into the mitochondrion, but also
by the balance between entry into the cell and extrusion by ion pumps (d), and
transport into and out of endoplasmic reticulum (f). Cytoplasmic metabolism,
e.g. glycolysis (g), must be taken into account for substrate supply to the mito-
chondrion. (h) In cell pathology, the generation of reactive oxygen species both
by mitochondrial and cytoplasmic pathways plays a major role, as does the
release of pro-apoptotic cytochrome ¢ in apoptosis (i) whether via a specific
Bax/Bid-associated channel in the outer membrane (j) or through non-selective
rupture of the outer membrane by activation of the permeability transition pore
(k), which may be associated with the outer membrane porin,VDAC (1) and the
adenine nucleotide transporter (m). Techniques are now available to cope with
this increased complexity.
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9 1 1 Some pitfalls in cellular bioenergetics

The isolated mitochondrion is a relatively simple preparation in that substrates, inhibitors
and ionophores can be added to the preparation with confidence as to their site of action.
With intact cells great care must be taken to ensure that an agent: (i) has access to the mito-
chondrion; (ii) does not affect the mitochondrion in a way that differs from its action on the
isolated organelle; and (iii) does not affect other cellular systems.

The plasma membrane of most cells is generally only sufficiently permeable to glucose
and pyruvate—lactate to allow these substrates to be used as sole energy source for the cell.
Access by substrates such as succinate or adenine nucleotides usually indicates that the
plasma membrane has been permeabilized. Not all mitochondrial inhibitors can permeate
across the plasma membrane; for example, atractyloside cannot access the ANT in intact
cells whereas bongkrekic acid appears to permeate. Protonophores cannot be used in the
same way as for isolated mitochondria: firstly, they insert in all membranes, affecting
the transplasma membrane ApH and short-circuiting other membranes with H -translo-
cating ATPases (lysosomes, synaptic vesicles, chromaffin granules etc.). Importantly,
protonophore addition dramatically depletes cytoplasmic ATP, not only by preventing
oxidative phosphorylation, but also by allowing the ATP synthase to reverse and hydrolyse
glycolytically generated ATP. The latter can be prevented by using the combination of
protonophore and oligomycin, as long as glycolysis is kinetically competent to supply the
cell’s ATP.

Potassium uniport ionophores such as valinomycin hyperpolarize the plasma membrane
by clamping the plasma membrane potential, Ay, close to the K* diffusion potential
(equation 3.41), but at the same time depolarize the mitochondria, since the cytoplasm and
matrix each contain ~100mm K*. The K*/H" exchanger nigericin (Chapter 2) on the
other hand can be used in cells to decrease mitochondrial ApH and hyperpolarize the inner
membrane.

Finally, the compartmentation within the cell means that whole-cell measurements of
ATP/ADP ratios, glutathione reduction state, etc. do not accurately reflect values in the
matrix. However, one approach that is underutilized in whole-cell bioenergetics, and that is
accessible as long as cells can be obtained in suspension, is the oxygen electrode, which
can obtain more precise information on the bioenergetic status of the in situ mitochondria
than more ‘high-tech’ approaches such as fluorescent monitoring of Adr,,.

MONITORING Ay, AND ATP SYNTHESIS IN INTACT CELLS

By Nicholls and Budd 2000, Nicholls and Ward 2000, Buckman and Reynolds
2001

As discussed in Chapter 4, virtually all techniques for monitoring Ay across the inner mito-
chondrial membrane utilize membrane-permeant cations, which distribute across the
membrane according to their Nernst equilibria (equation 3.40). The challenge at the
cellular level is how to estimate the concentration gradient between matrix and cytoplasm.
Since the probes permeate across the lipid bilayer, rather than through specific transport
proteins, they show no membrane selectivity. If allowed to equilibrate with a concentration
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[R*]oy in the medium, the concentrations of probe in the cytoplasm and matrix will be
respectively:

{ Mg
(&), = [r] 10" o1
My
[R* ]mm = [R+ lym x 10 ( 60 ) [9.2]
Combining these equations:
{ A+, )
R, = (R <0l @ [9.3]

Note that, when equilibrated with a fixed extracellular concentration of probe, the concen-
tration in the matrix will be equally affected by changes in Ay, and Ay,

Studies with isolated mitochondria in suspension often make deliberate use of fluorescent
dye aggregation and consequent quenching, which occurs above a critical concentration in
the matrix; thus the total fluorescence of the mitochondrial suspension in a cuvette will
change as probe is accumulated and quenched in the matrix, allowing changes in matrix
accumulation to be monitored continuously without the need to separate mitochondria
from the incubation medium (see Section 4.2.3).

Studies with intact cells may be performed under loading conditions, which are either
above or below the threshold at which matrix quenching occurs. It is absolutely essential to
realize the difference between these alternative experimental designs, since much confusion
in the literature has resulted from inappropriate attention to loading conditions. The three
techniques most commonly used for these experiments are flow cytometry, confocal imaging
at single mitochondrial resolution and non-confocal imaging at single-cell resolution. The
two first must be performed in non-quench mode, while with single-cell imaging there is an
option of either mode.

#.2 1 Monitoring in situ mitochondrial membrane potential in
non-quench mode

devivwn Rottenberg and Wu 1998, Nicholls and Ward 2000

The threshold concentration for aggregation of most fluorescent membrane potential
probes is in the range 1-100 M and must be determined empirically. With cells in suspension
this is most easily done by decreasing the external probe concentration until addition of
protonophore no longer produces an increase in total fluorescence in the cuvette. With cells
attached to coverslips and imaged by digital fluorescence microscopy, probe loading can be
decreased until protonophore addition no longer produces a transient increase in single-cell
fluorescence owing to release of probe into the cytoplasm from the quenched matrix.
Non-quench mode is used for flow cytometry, where the fluorescence of single cells is
determined as they pass through the exciting beam. Flow cytometry is used when one
wishes to compare Ay, in two populations of cells, or to determine the heterogeneity
of potentials in a population in which, for example, some cells are undergoing apoptosis.
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Figure 9.2 Flow cytometry to monitor the range of mitochondrial membrane
potentials in lymphocyte populations from 20-month-old mice.
Lymphocytes were equilibrated with 0.6 nm DiOC¢(3) followed by no further
treatment, 50 um of the protonophore CCCP or 3 um cyclosporin A, an inhibitor
or the permeability transition, as indicated. Note that the probe concentration
avoids matrix quenching, and that the mitochondria within the lymphocytes
show a suboptimal A, which is enhanced by the calcineurin and PTP inhibitor
cyclosporin A (CSA). Data adapted from Mather and Rottenberg (2000).

The fluorescence will be proportional to the total probe accumulated within the cytoplasm
and matrix of the cell, and will of course be responsive to changes in either plasma or mito-
chondrial potential. It is extremely important not to exceed the quench threshold at which
the mitochondrial fluorescence ceases to be proportional to the accumulated dye. For the
commonly used DiOCgy(3), this means loading cells with no more than 1 nm probe. Unfortu-
nately, many studies have been performed at excessive concentrations of this probe (up to
40nm, when the whole-cell signal is almost totally insensitive to changes in Ay, while
retaining sensitivity to Ays,). Figure 9.2 shows an experiment where the probe is employed
at the appropriate concentration to monitor the range of potentials in a lymphocyte population.
Non-quench mode is also used when single mitochondria, or clusters of mitochondria,
are to be imaged by confocal microscopy or high-resolution non-confocal microscopy of
cells with thin membrane processes, such as neurons. The ratio of fluorescence intensity
between the mitochondria and adjacent mitochondria-free cytoplasm can in theory be put
into the Nernst equation to derive A¢s,. In practice, the resolution of the confocal micro-
scope is insufficient to image just the mitochondrial matrix and the actual intensity in the
matrix is diluted by inclusion of cristae and blurring of the image. Nevertheless, qualitative
real-time changes in Ay, in individual mitochondria can be detected by this technique.

9.2.2 Monitoring in situ mitochondrial membrane potential in quench mode

Reviews  Nicholls and Ward 2000, Ward et al. 2000

As discussed above, the redistribution of a membrane potential probe across the inner
membrane of isolated mitochondria in response to changes in Ay can be monitored in a
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cuvette without resolving or separating the individual organelles, if the probe is loaded at a
concentration sufficient to cause matrix quenching. An analogous approach can be taken
with the mitochondria inside a single cell, with a low resolution, non-confocal digital
imager capable of integrating the total fluorescence from the cell without requiring the
ability to resolve the individual mitochondria. The additional complication, however, is that
the ‘cuvette’ is now the cell plasma membrane, which is also permeant to the probe. Two
biophysical principles govern the signal obtained under these circumstances. Firstly, the
probe is non-selectively permeant across both plasma and mitochondrial inner membranes
{since it crosses via lipid bilayer regions) and seeks to achieve a Nernst equilibrium across
both membranes (equation 9.3). However, because of the vastly greater surface to volume
ratio of the inner membrane/matrix compared with the plasma membrane/cytoplasm, the
probe re-equilibrates much more rapidly between matrix and cytoplasm than between cyto-
plasm and external medium. Secondly, the probe appears to retain its full fluorescence
efficiency in the matrix until the quench threshold is attained, but the excess is non-fluorescent.
A simple mathematical model incorporating these principles aids interpretation of single-
cell signals obtained from cells in quench mode (see Fig. 9.3) and allows changes in plasma
and mitochondrial membrane potentials to be resolved, and their approximate magnitudes
to be estimated. For the program, see hitp://www.academicpress.com/bioenergetics/.

The uncertainties in the parameters required to precisely quantify Agr, in cells are such
that it is virtually impossible to arrive at a value for Ay, which is sufficiently reliable
to be of use in thermodynamic calculations. However, what can be done with considerable
sensitivity, owing to the logarithmic nature of the Nernst equation, is to detect small
changes in Agr, particularly in quench mode, when a mitochondrial depolarization leads
to an increase in whole-cell fluorescence, following release of probe from the quenched
matrix to the unquenched cytoplasm. It is easily possible to detect a rapid change of 3-5mV
in Ay, for example, as a consequence of altered utilization of the proton circuit. One
powerful application of this approach is to assess whether mitochondria, under conditions
of stress, retain the ability to generate ATP. An ‘oligomycin null-point assay’ detects
whether mitochondria hyperpolarize on addition of this ATP synthase inhibitor (indicating
that they were synthesizing ATP prior to addition of the inhibitor) or whether the mito-
chondria were maintaining a membrane potential by hydrolysing cytoplasmic (glycolytic)
ATP, perhaps as a consequence of respiratory inhibition or a leaky inner membrane, in which
case oligomycin would cause enhanced mitochondrial depolarization. This assay has been
used to establish the function of the mitochondrial populations within single neurons during
the initial stages of cell death induced by activation of glutamate receptors (see Fig. 9.3).

9.2.3 Some complications

Reviews  Bunting 1992, Scaduto and Grotyohann 1999, Duchen 2000

Oxidative stress (Chapter 5) is a major contributor to mitochondrial dysfunction and care
must be taken to minimize the artifactual generation of free radicals as a result of photon
absorption by the fluorescent probes themselves. Generally, this problem is greatest with
confocal microscopy, where an intense laser spot is scanned across the image, but overillu-
mination with non-confocal imaging can also generate sufficient free radicals to compro-
mise mitochondrial function. It is important to employ minimal illumination and maximal
detection sensitivity.
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Figure 9.3 Changes in total fluorescence in the cell body of a rat cerebellar
granule neuron loaded with the membrane potential probes TMRM™* or
rhodamine-123 under quench conditions.

Cells were exposed sequentially to glutamate to activate NMDA-selective recep-
tors, oligomycin to inhibit the ATP synthase and FCCP to collapse Ay,. The
actual fluorescence traces recorded from representative cell bodies loaded with
TMRM™ or rhodamine-123 are shown, respectively, in (a) and (b). The virtual
cell simulation (see text) produces acceptable curve fits with the experimental
traces (c, d), if the assumption is made that in both experiments glutamate depolar-
ized the plasma membrane by 30 mV and the mitochondrial membranes by 5mV
{due to Ca?" loading), that oligomycin hyperpolarized the mitochondria by 10mV
(state 3—4 transition) and that FCCP collapsed Ag,,. Note that TMRM™ equili-
brates across the plasma membrane 20 times more rapidly than rhodamine-123
and that this accounts for the slower re-equilibration across the plasma membrane.
Data adapted from Ward et al. (2000).

A second problem stems from the massive accumulation of the probes themselves within
the matrix (equation 9.3). Even a weak inhibition of a matrix enzyme can be greatly
amplified by the matrix accumulation. All potentiometric probes are to some extent capable
of affecting mitochondrial function, most commonly by restricting respiration. DiOCg(3) is
one of the worst offenders in this context, being a potent inhibitor of complex I unless
loaded at subnanomolar concentrations.

9.3 MITOCHONDRIA AND CELLULAR Ca?* HOMEOSTASIS

Reviews Crompton 1999, Duchen 2000, Rizzuto et al. 2000

The cytoplasmic pool of Ca?* is very limited and its free concentration is normally maintained
in the region 0.05-0.5 um in most cells. Three membrane systems bound the cytoplasm
(Fig. 9.1), the mitochondrial inner membrane, the endoplasmic reticulum and the plasma
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membrane. Each is equipped with Ca®* transport pathways and can regulate cytoplasmic
free Ca’*, [Ca®"]..

The plasma membrane possesses both a Ca?"/H"-ATPase and a 3Na*/Ca’" exchanger.
The rapidity and precision with which [Ca?*], stabilizes at its resting level in cells suggests
that plasma membrane Ca?* transport comprises an outward ‘pump’ and an inward ‘leak’
analogous to that at the inner mitochondrial membrane (Section 8.2.3), allowing a dynamic
balance between uptake and efflux to be attained, rather than a slow asymptotic approach
to thermodynamic equilibrium. The set-point for net mitochondrial Ca?" accumulation
(Section 8.2.3) is approximately 0.5 M in most cells. It is important that this is set higher
than the ambient resting cytoplasmic free Ca’" concentration, since otherwise the mito-
chondria would inexorably load with the cation, with the likely activation of the permeability
transition (Section 8.2.5).

In contrast, the peak cytoplasmic free Ca?* concentrations, [Ca*],, attained, for example,
in neurons loading with Ca?" as a result of the activation of voltage- or ligand-activated
Ca®* channels, can greatly exceed the set-point, leading to net accumulation of the cation
within the matrix. This can be detected: (i) by determining the *Ca accumulated in the
cells after digitonin permeabilization of the plasma membrane; (ii) by detecting a transient
‘spike” in [Ca®" ], on depolarizing the mitochondria with a protonophore; and (iii) by deter-
mining an increase in free matrix Ca?* with a matrix-located fluorescent Ca?* indicator or
by determining the rate of photon emission by matrix located aequorin (Section 9.3.2). It is
important to distinguish total from free matrix Ca®* ([Ca®*],,). There is currently great
uncertainty as to the range of [Ca®*],, experienced by mitochondria in situ (Section 9.3.2).

A second physiological condition that results in matrix Ca®* loading is the release of Ca?*
from endoplasmic reticulum, which in many cells is in close proximity to mitochondria.
There is strong evidence for an amplified uptake of such Ca?* by mitochondria, in excess
of that predicted from increases in bulk [Ca?*], detected by cytoplasmic Ca®* indicators
(Fig. 9.4). This would allow the mitochondrion rapidly to respond to such release by
increasing the activity of the citric acid cycle in concert with the cytoplasmic metabolic
changes caused by the increase in cytoplasmic free Ca®*.

- The measurement of cytoplasmic free Ca?* concentrations

Takahashi ez al. 1999

Because of the profound effects that ambient free Ca?* concentrations have on mitochon-
drial bioenergetics, it is important to be able to monitor the cytoplasmic free Ca**, [Ca?*].,
in studies of mitochondrial function in intact cells. The dominant technique, introduced by
Roger Tsien, relies on the altered fluorescent properties of a series of Ca?* chelators when
they bind the cation. The most commonly used indicator is fura-2, a fluorescent derivative
of the Ca?* chelator BAPTA. Free fura-2 and fura-2 complexed with Ca®* have different
excitation spectra, and determining the ratio of emission intensity following excitation at
340nm and 380 nm allows the free Ca®* to be estimated. Since fura-2 is a pentacarboxylic
acid, it is membrane impermeant. Tsien therefore esterified the carboxyl groups to form
acetoxymethyl esters, which, being uncharged, can cross the plasma membrane. Most cells
possess non-selective esterases in their cytoplasm, and these can hydrolyse the ester to
regenerate the free fura-2. The charged species is thus entrapped in the cytoplasm and,
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Figure 9.4 Mitochondria preferentially accumulate Ca* released by endo-
plasmic reticulum.
Fura2FF (a low-affinity fluorescent Ca®* probe) was loaded into the matrices of
mitochondria in a mast cell line. The cells’ plasma membranes were selectively
permeabilized with digitonin and a second Ca®* probe rhod-2 used to monitor
‘cytosolic’ (extramitochondrial) Ca®*. (a) Release of ER stores with inositol-
triphosphate (IP;) produces a large [Ca?*],, signal but a small [Ca?*], signal.
To generate the same matrix signal from the simple addition of Ca" to the incu-
bation, [Ca?*], must be raised to a much higher value. (b) The different relation-
ship between [Ca?'],, and [Ca®"], depending on whether Ca?* is released from
ER or added to the incubation. (¢) Interpretation: the local cloud of Ca?* released
from ER is accumulated by adjacent mitochondria, while more distant plasma
membrane Ca?* entry sites cannot generate a high concentration at the inner
mitochondrial membrane. Data adapted from Csordés ef al. (1999).

by simple diffusion of the ester followed by trapping, much of the fura-2AM can be accumu-

lated from the incubation medium.

Fura-2 has a K for Ca?* of about 0.3 uM in the cytoplasm and is thus suitable for the
measurement of [Ca>*], in the range 30 nm to 3 um. This encompasses much of the normal
range of [Ca®*], encountered in the cell, although for some purposes where very large

increases in [Ca”*], occur, lower affinity analogues are required.
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9.3.2 The measurement of matrix free Ca2* concentrations

Reviews  Rizzuto er al. 1992, Rutter et al. 1996, Szalai ef al. 2000

Studies with isolated mitochondria incubated in the presence of physiological concen-
trations of phosphate indicate that Ca?>* forms a complex with P; in the matrix when the
matrix load exceeds 5—10 nmol per mg protein. Below this value, matrix free Ca®*, [Ca®*],,
varies with Ca?" load. As discussed in Chapter 8, these conditions of varying [Ca?*],,
allow for the control of matrix Ca?*-activated enzymes such as pyruvate dehydrogenase,
isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase. Estimated levels of [Ca®*],,
for this regulatory role are in the region of 1 um. Once the threshold for the formation of the
Ca-P; complex is exceeded, the law of mass action should imply that [Ca?*],, should be
invariant with total Ca?* load, and inversely related to the free matrix P; concentration. This
is reflected in the virtually constant ‘set-point’ observed with isolated mitochondria loading
with increasing concentrations of Ca?* in the presence of P;. The Ca’* efflux pathways
from liver and brain or heart mitochondria respond to changes in [Ca**],, and so the set-
point at which uptake and efftux balance will increase with [Ca®*],,. This rising set-point
is found when mitochondria accumulate Ca-acetate in vitro, or when P; concentrations are
decreased. However, in the presence of excess P;, the set-point remains virtually constant
until the onset of the permeability transition.

The increase in [Ca®*],, can be detected by the Ca®*-dependent photo-protein aequorin
targeted to the mitochondrial matrix. Aequorins can be engineered to produce suitable
Ca®* binding affinities and in the presence of the cofactor coelenterazine release a single
photon upon Ca?" binding, after which they inactivate. The very limited light output thus
available precludes the use of conventional imaging and most studies are performed with a
photomultiplier detecting the total light emission from a cell population. The peak intensity
attained is a function of the third power of the free Ca?*, which makes the technique very
sensitive for the detection of high [Ca®*],, levels. Indeed, peak values in excess of 50 um
have been detected in mitochondria in cells in response to Ca’* release from adjacent
endoplasmic reticulum, emphasizing the importance of local gradients of free Ca** in the
cytoplasm (Fig. 9.4).

Fluorescent Ca’" indicators bearing a delocalized positive charge and thus still mem-
brane permeant in the acetoxymethyl (AM)-esterified form will in theory accumulate in
the mitochondrial matrix in response to the mitochondrial membrane potential, Ay,
The major technical problem is whether there is sufficient esterase activity within the
matrix to regenerate the Ca?* chelator, thus enabling [Ca®*],, to be monitored. The most
commonly employed probe is thod-2, although its high affinity for Ca?* means that it is
less sensitive to high elevations in [Ca® "],y

9.4 MITOCHONDRIA AND PROGRAMMED CELL DEATH

Reviews  Liueral. 1996, Mannella 1998, Heiskanen er al. 1999, Krajewski ez al. 1999, Chai
et al. 2000, Crompton 2000, Desagher and Martinou 2000, Green 2000, Bernardi et al. 2001

Cells die by two main pathways: necrosis (Section 9.5), culminating in plasma membrane
lysis; and apoptosis or programmed cell death, where an orderly shut-down of metabolism
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Figure 9.5 Two pathways of programmed cell death.
For details see text.

and digestion of cell contents occurs with minimal leakage of cell contents. Mitochondrial
dysfunction is implicated in both pathways. This is very much an ongoing area of research,
but we shall review the current status.

A family of proteases, selectively cleaving proteins on the C-side of asp residues, and
hence termed caspases, play a key role in the proteolytic digestion of the cell contents dur-
ing apoptosis. Caspases exist as inactive precursors in non-apoptotic cells and are activated
by proteolytic cleavage. A key event in the study of programmed cell death took place in
1996, when it was found that cyt ¢ was required in a cell-free cytosolic extract in order to
observe the characteristic activation of caspases and DNA fragmentation. Together with a
cytoplasmic factor, Apaf-1, and driven by ATP hydrolysis, cyt ¢ forms an ‘apoptosome’
capable of aggregating procaspase-9, allowing the proteases monomers to cross-activate
each other by proteolysis (Fig. 9.5). The active ‘initiator’ caspases then proteolytically
cleave the procaspases of the ‘executioner’ caspases, which are responsible for the specific
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cleavages characteristic of apoptosis (Fig. 9.5). Caspase 3 is the dominant downstream
caspase in most cells.

A second pathway for caspase activation is initiated by the binding of ligands to the
tumour necrosis factor (TNF) family of so-called ‘death receptors’. TNF receptors such as
FAS/CD95 aggregate on the plasma membrane after ligand binding, recruiting cytoplasmic
proteins and then procaspase-8. As in the case of the apoptosome, this complex allows
oligomerization and autoproteolysis of the procaspase, which then proceeds to activate the
downstream executioner caspases (Fig. 9.5). In some cells (‘type 1°), this pathway is
sufficient for apoptosis without an involvement of mitochondria. In ‘type 2’ cells, however,
release of cyt ¢ and other factors from mitochondria is involved in an amplification pathway
necessary for efficient cell death.

Bid and Bax are inert in the cytoplasm of healthy cells; however, cleavage of Bid by
caspase-8 (Fig. 9.5) generates a 15kDa C-terminal fragment, t-Bid, that translocates to,
and associates with, the outer mitochondrial membrane (Fig. 9.5). t-Bid may facilitate a
conformational change in Bax, exposing a hydrophobic C-terminal facilitating its translo-
cation and insertion into the outer membrane. The nature of the outer mitochondrial mem-
brane receptor for these peptides is unknown, although there is evidence implicating
the outer membrane porin VDAC, which co-immunoprecipitates with Bax from mitochon-
drial extracts. VDAC is also believed by some groups to be a component of the permeabil-
ity transition pore together with ANT and the matrix-located cyclophilin-D (Section 8.2.5).

The least understood step in apoptosis is the release mechanism for cyt ¢ (Fig. 9.5).
There are two hypotheses: either Bax, in concert with other recruited proteins, forms or
activates a specific pore in the outer membrane allowing for the selective efflux of cyt ¢
from the intermembrane space, or there is a non-selective rupture of the outer membrane as
a consequence of osmotic expansion of the matrix and unfolding of the inner membrane.
Activation of the permeability transition is usually considered causal in the latter mechanism.
Cyt ¢ is loosely associated with the outer face of the inner mitochondrial membrane, where
it catalyses the transfer of electrons between complex III and complex IV (Chapter 5).
Cyt ¢ appears to be freely mobile within the intermembrane space and so can be released
in vitro upon rupture of the outer membrane. It must be emphasized that neither hypothesis
in their present form appears to satisfactorily explain all observations.

The first protein to be described capable of controlling apoptosis was the 26 kDa anti-
apoptotic protein Bcl-2. Together with Bcl-X, Bcl-2 stabilizes the mitochondrion against
the release of cyt ¢ and antagonizes the action of Bax and its homologues, perhaps by
dimerizing with and inactivating the latter.

An early emphasis upon the role of the permeability transition in apoptosis was based in
part upon incorrect interpretation of fluorescent membrane potential probe experiments in
flow cytometry (Section 9.2.1). Since opening of the permeability transition pore, PTP, is
associated with a collapse of Ay, it is an effective means of depleting the cell of ATP by ATP
synthase reversal, which would be in conflict with the requirement for ATP in the apoptotic
sequence. It seems clear that the PTP can be activated in cells under specialized conditions
and that cyt ¢ release follows as a direct consequence. One of the best investigated examples
is the response of a hepatocyte suspension to depletion of mitochondrial reduced glutathione
by the pro-oxidant fert-butylhydroperoxide, tBuOOH, which is a substrate for glutathione
peroxidase and thus oxidized GSH to GSSG (Chapter 5). Hepatocyte mitochondria depolarize
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synchronously with the release of cyt ¢, visualized continuously as a cyt c—green fluorescent
protein construct. This conjugated cyt ¢ appears to localize like the native cytochrome and
the punctate fluorescence of individual mitochondria disappears synchronously with mito-
chondrial depolarization, monitored in turn by the cationic probe TMRM ™,

Considerable caution must be taken when applying agents which are effective inhibitors
of the permeability transition in isolated mitochondria to intact cells. Cyclosporin A effec-
tively inhibits the PTP of isolated mitochondria, at least from liver and heart, but its use in
intact cells is complicated by the fact that it is a potent inhibitor of the Ca?*-dependent
phosphatase, calcineurin, and thus induces a generalized hyperphosphorylated state in the
cell. The usual controls are to use FK-506, which is a calcineurin inhibitor without acting
on the mitochondrial cyclophilin D.

Accurate monitoring of Ay, during apoptosis is one means of determining whether
the PTP is causal in the release of cyt c. Unless the PTP is deliberately induced by imposed
oxidative stress, as above, most studies report a maintained Ay, until late in the apoptotic
sequence. If the PTP and outer membrane rupture is not obligatory, how is the 15kDa
cytochrome ¢ transported across the outer membrane? The alternative suggestion is that
Bax and related proteins form a selective pore in the outer membrane allowing the efflux of
cytc, but not other proteins. Cyt ¢ has a diameter of about 34 A and so a putative pore
would need to have an appropriate size. VDAC itself has a pore diameter of about 25 A and
so is too small (otherwise cyt ¢ could spontaneously leak from the intermembrane space).

A further complication for the ‘pore’ mechanism is the increasing number of inter-
membrane space proteins that have been proposed to be released during apoptosis. In addi-
tion to cyt ¢, a 57kDa flavoprotein termed apoptosis-inducing factor, AIF (Fig. 9.5),
has been implicated in signalling to the nucleus and facilitating cyt ¢ release itself.
Furthermore, procaspase-9 has been reported to be located in the intermembrane space in
many cells and to be coreleased with the cytochrome. Finally a regulatory protein,
smac/diablo has been shown to be released during apoptosis and to neutralize the inhibitory
effect of a cytoplasmic inhibitor of apoptosis (IAP) that prevents apoptosome activation of
procaspase-9.

No current mechanism satisfactorily explains how these four proteins can be released
from mitochondria without an extensive disruption of outer membrane integrity.

@ » MITOCHONDRIA AND NECROTIC CELL DEATH

#pvies Nicholls and Budd 2000

Disruption of the blood supply to the coronary arteries of the heart (heart attack) or to arteries
supplying the brain (stroke) for more than 3-4 min results in irreversible damage to the tissue.
In the case of the heart, damage occurs following the resumption of the blood supply
(reperfusion injury), while in the brain there is rapid death of neurons at the central ischaemic
core, while neurons in the ‘penumbra’ surrounding the core may undergo a delayed death
again occurring after termination of the stroke. In both cases there is clear involvement of
mitochondrial dysfunction, although the two fields have largely developed independently
and will be considered separately here.



262 BIOENERGETICS 3

9.5.1 Reperfusion injury and the heart

Review  Crompton 1999

Reperfusion of the heart following an ischaemic episode or heart surgery creates conditions
similar to those that, in isolated mitochondrial preparations, facilitate the permeability
transition, namely matrix Ca’" accumulation, low ATP and ADP, high P; and oxidative
stress. The cellular bioenergetic crisis created by the PTP would lead to rapid death of the
cardiomyocyte. The PTP inhibitor cyclosporin-A protects isolated cardiomyocytes from
losses of Ay, and cell viability caused by in vitro anoxia-reoxygenation. Cyclosporin A is
a non-selective inhibitor that not only binds to cyclophilin D in the matrix, but binds also
to the variety of other cyclophilins in the cell and to calcineurin; thus interpretation of the
protection is difficult.

Independent evidence for the operation of the PTP in ischaemia-reperfusion comes from
the appropriately named ‘hot-dog’ experiment, where hearts are perfused with radiola-
belled 2-deoxyglucose (DOG), which accumulates in the cytoplasm as DOG-6P but cannot
enter the matrix. After ischaemia—reperfusion, however, subsequently isolated mitochondria
were found to contain DOG-6P, indicating permeabilization of the inner membrane during
the perfusion.

9.5.2 Glutamate excitotoxicity and the brain

Review  Nicholls and Budd 2000

The amino acid glutamate is the major neurotransmitter in the mammalian brain. That a
ubiquitous metabolite can function as a specific neurotransmitter is dependent upon precise
compartmentation within the cell and maintenance of low extracellular levels preventing
chronic receptor activation. This compartmentation is ATP dependent and is disrupted by
even brief periods of ischaemia, which may be focal (as in stroke) or global during a heart
attack. Glutamate concentrations in the cerebrospinal fluid (CSF) increase from about 1 um
to 100 um within a few minutes of ischaemia. Neurons in the ‘penumbra’ surrounding a
focal infarct are still oxygenated but their receptors are activated by glutamate leaking from
the ischaemic ‘core’. Similarly upon reperfusion following global ischaemia, the neurons
are bathed in a high glutamate concentration sufficient to activate their glutamate receptors.
N-Methyl-p-aspartate (NMDA) receptors are a subclass of glutamate receptor that play
an essential role in the acquisition of memory and allow both Na* and Ca’* to enter the
neuron. Since a Na™-gradient across the plasma membrane is required to drive the reaccumu-
lation of glutamate into the cells, and since NMDA receptor activation dissipates this
gradient, extracellular glutamate can persist resulting in chronic NMDA receptor activation
and extensive Ca®* loading of the neuron.

These events can be modelled with isolated neurons in culture. Cytoplasmic free Ca®™,
[Ca?*],, in the cells is typically 50~100nm, well below the 500nm ‘set-point” at which
brain mitochondria become net accumulators of the cation (Section 8.2.3). Thus the neur-
onal mitochondrial matrix is largely depleted of Ca?*. However, chronic NMDA receptor
activation raises [Ca®*], above the set-point and net accumulation into the matrix occurs.
Brain mitochondria are highly resistant to the permeability transition and this Ca?* loading
only lowers A, by a few millivolts as the cation is accumulated. The mitochondria
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continue to generate ATP as evidenced by a hyperpolarization upon addition of oligomycin
to induce a state 3—state 4 transition. However, after a variable period of glutamate expo-
sure, cytoplasmic Ca?* homeostasis fails and the neurons undergo necrosis. PTP inhibitors
have no effect upon this delayed Ca?* deregulation (DCD) and the observed mitochondrial
depolarization appears to be an effect, rather than a cause, of the failed cytoplasmic Ca?*
homeostasis.

Even a brief exposure of cultured neurons to glutamate can lead to subsequent DCD.
The initial matrix Ca?* loading is critical, and neurons whose mitochondria are depolar-
ized by the combination of oligomycin plus a respiratory chain inhibitor prior to glutamate
exposure, and are thus maintained by glycolytic ATP are much more resistant to glutamate
excitotoxicity. The consensus hypothesis is that matrix Ca’?* loading initiates an increased
production of reactive oxygen species that leads to cell death, although it has not been
possible to reproduce this finding with isolated brain mitochondria.

9.6 THE MITOCHONDRIAL GENOME

Reviews  Scheffler 1999, Bauer ef al. 2000, Schon 2000

Human mitochondrial DNA contains 37 genes within a 16.6 kilobase circular double-
stranded DNA. Twenty-two of these encode transfer RNAs, another two encode ribosomal
RNAs, leaving only 13 genes encoding polypeptides. These last are all components of the
respiratory chain or ATP synthase (Table 9.1). The respiratory chain complexes contain at
least 70 nuclear-encoded peptides synthesized in the cytoplasm and imported into the mito-
chondrion by specific import pathways (Section 9.7) and these must be assembled together
with the mitochondrially encoded subunits to produce the functional complexes. The mito-
chondrial genome is extraordinarily compact (Fig. 9.6), indeed two pairs of genes overlap
by a few bases, while the complementary light chain is also transcribed, coding for one
complex I subunit and several tRNAs.

Table 9.1
Location

Pearson’s syndrome, Kearns—Sayre ‘Common deletion’ 0f 4977  All mt protein synthesis
syndrome, chronic progressive base pairs between A8 and abolished due to lack
external ophthalmoplegia (CPEO) ND5 of tRNAs
MELAS (mitochondrial tRNA CHUUR) All mt protein synthesis
encephalomyopathy, lactic acidosis abolished due to lack of
and stroke-like episodes) tRNAs
MERRF (myoclonus, epilepsy, with tRNAS All mt protein synthesis
ragged-red fibres) abolished due to lack of

tRNAs
Leber’s hereditary optic neuropathy 6 point mutations in Loss of complex I activity
(LHON) complex I ND genes
NARP (neuropathy, ataxia and retinitis A6 Inhibition of

pigmentosa) ATP synthase
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Figure 9.6 The human mitochondrial genome.

The 16kb human mitochondrial genome encodes six complex I peptides, cyt b,
three complex IV peptides and two peptides of the ATP synthase F,. The two
strands may be separated on a density gradient into heavy and light chains. Both
chains are coding: the light chain for 8 tRNAs (white boxes) and the ND6 subunit
of complex I, while the heavy chain encodes the other 14 tRNAs and remaining
complex subunits. The genes for NDS5 and ND6 and for ATPase 6 and ATPase 8

overlap by a few bases. Sites of pathological point mutations are shown by
arrows and the region of the common deletion is outlined.

-/ IMPORT AND ASSEMBLY OF MITOCHONDRIAL PROTEINS

Neupert 1997, Koehler et al. 1999, Tokatlidis and Schatz 1999, Bauer ef al. 2000

Despite the 13 mtDNA-encoded inner membrane proteins, the large majority of mitochon-
drial proteins are encoded by nDNA and synthesized in the cytoplasm. Imported proteins
must contain information allowing them to be targeted to one of four locations: outer mem-
brane, intermembrane space, inner membrane or matrix. Protein targeting and translocation
into mitochondria has mostly been investigated with fungal mitochondria from yeast
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Figure 9.7 Mitochondrial protein import.

Protein precursors destined for the matrix possess positively charged leader
sequences that are recognized by the Tom20 receptor of the TOM complex (a).
(b) The peptide threads through the inner membrane TIM23 complex driven by
Ay and pulled by a ratchet mechanism involving reversible attachment of Hsp70.
(c) The imported protein folds into its functional conformation in the matrix. (d)
Mitochondrially synthesized peptides and nuclear peptides that co-assemble
with them are inserted by the OXA1 complex. (¢) Mitochondrial carrier proteins
destined for the inner membrane lack a leader sequence and are recognized by
signature sequences located at the future matrix loops. (f) A tripartite structure is
stabilized by interaction with the intermembrane-space proteins Tim9 and 10,
when the TIM22 complex catalyses insertion of the carrier (g).

or Neurospora. The following is a necessarily simplified description; for a full discussion
of the multiple peptides involved in protein import, reference should be made to the above
reviews.

All proteins destined for insertion in mitochondria must recognize the mitochondrion
and then traverse the outer membrane. The outer membrane possesses a set of integral
membrane proteins that comprise the TOM complex (Fig. 9.7). The TOM complex, which
is used by all mitochondrial proteins regardless of final destination, comprises three
exposed preprotein receptors and a large protein-conducting channel, termed the general
insertion pore. Preproteins held in the correct conformation by cytoplasmic chaperonins
are delivered to one of the TOM receptors and thread through the general insertion pore.
Preproteins destined for the matrix carry a positively charged N-terminal targeting
sequence; for their import, TOM interacts with an inner membrane protein translocase
complex TIM?23. A different inner membrane complex, 7/M22, is required by many integral
inner membrane proteins, including carriers such as ANT and the phosphate transporter.
These proteins are not synthesized with cleavable N-terminal presequences, but instead
have internal sequences that are recognized as targeting motifs. The nuclear-encoded subunits
of complexes that contain additional mtDNA-encoded subunits (complexes I, Il and [V and
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the ATP synthase) are imported initially into the matrix and then inserted from the matrix
into the inner membrane together with the mitochondrially encoded subunits via a fourth
protein translocase complex OXA /.

Matrix proteins are threaded through TIM23 as unfolded polypeptides. The driving force
for the translocation of the positively charged N-terminal presequence across the inner
membrane is Ay, Once the presequence emerges into the matrix, it is recognized and
bound by a mitochondrial heat-shock protein mt-Hsp70, associated with the TIM23
complex. Hsp-70 is an ATPase possessing a peptide binding pocket that is open in the ATP
conformation and tightly binding after the ATP is hydrolysed to ADP. An additional matrix
protein, Mgelp, releases Hsp-70 from the TIM23 complex, allowing Hsp-70 to diffuse
away from the membrane, pulling more of the peptide sequence through the translocase.
Further, Hsp-70 binds to TIM23 and clamps on to the emerging peptide and the ‘ratchet’
process is repeated until the protein is fully imported. It is clearly important that TIM23
does not allow protons to leak across the membrane, thus the channel formed by a TIM23
dimer is closed until opened by interaction with the imported protein presequence.

The import of inner membrane carriers such as ANT poses the problem of how to insert
a 6-transmembrane protein into the inner membrane. The carrier precursors are synthesized
in the cytoplasm without cleavable presequences. However, each of the three matrix loops
of the incorporated protein contains a conserved ‘signature’ sequence, which is recognized
by a component (Tom70) of the outer membrane TOM complex and is distinct from the
Tom20 receptor recognizing matrix-targeted protein presequences. The carrier protein is
partially translocated through the outer membrane general insertion pore, but remains
attached to the TOM complex at its C-terminal. Translocation occurs at contact sites between
outer and inner membranes, and involves an association between TOM, the TIM22 complex
in the inner membrane and soluble intermembrane space proteins termed Tim9 and Tim10.
These two latter are Zn-finger proteins that recognize and bind the ‘carrier signature’
sequences and assist in the folding of the carrier into its three-module tertiary structure.
The TIM22 complex then catalyses the insertion of the folded carrier into the inner
membrane by a Ay, -dependent process.

The import of outer membrane and intermembrane space proteins is arrested at appro-
priate stages in the above pathways. The components of the OXA complex for the insertion
into the inner membrane of nuclear-encoded and mitochondrially encoded peptides from
the matrix are currently incompletely characterized. It is unclear whether the latter are
inserted cotranslationally or after synthesis and binding to matrix chaperones.

98 MITOCHONDRIAL GENETIC DISEASES

Reviews Inoue ef al. 2000, Schon 2000

A single cell can contain hundreds of mitochondria and each mitochondria contains multiple
copies of mtDNA. It follows that a mtDNA mutation need not be uniform, but can occur in
a subset of genomes within a cell or organelle (‘heteroplasmy’). Thus the severity of a
bioenergetic defect resulting from a pathogenic mutation can differ between organs and
between individuals, and indeed will only produce a phenotype when a critical threshold
(which can differ between cell types) is exceeded. The proportion of mutant mtDNA can
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also vary with time, depending on the effect a mutant subpopulation of mtDNA has upon
the replication kinetics of their mitochondria. Finally, mitochondria are maternally inherited.

Table 9.1 lists some of the major mitochondria genetic diseases. The 4977-bp ‘common
deletion” excises the mtDNA between genes A8 and NDS5 (Fig. 9.6) and thus affects genes
encoding seven respiratory chain polypeptides and five of the 22 tRNAs necessary for
mitochondrial protein synthesis. MELAS, MERRF and related mutations causes a general-
ized loss of mitochondrial function by mutating essential tRNAs, while NARP and LHON
are caused by specific point mutations in, respectively, complex I and F,.

The distinctive pathology associated with these diseases relate to the segregation of the
mutant mitochondria during development and ageing, and the threshold beyond which a
genetic deficit produces a bioenergetic phenotype. Many of these diseases manifest them-
selves as encephalomyopathies, i.e. in brain and muscle, perhaps reflecting the high peak
bioenergetic demands placed upon these organs. A recent advance has been the generation
of a mouse model bearing mutant mtDNA that had been introduced into fertilized eggs
from cybrids (Section 9.8.1). The mutant mtDNA was transmitted maternally and induced
mitochondrial dysfunction in different tissues.

981 Rho-0 cells and cybrids

Reviews Inoue et al. 1997, Buchet and Godinot 1998, Porteous et al. 1998

Ethidium bromide intercalates into DNA and prevents replication. Since ethidium is
a membrane-permeant cation, it accumulates to much higher concentrations within the mito-
chondrial matrix than the nucleus and can thus be used selectively to inhibit mtDNA repli-
cation. Over a period of time the turnover of proteins creates a population of ‘ghost’
mitochondria, lacking the 13 mitochondrially encoded subunits but still maintaining the
overall mitochondrial morphology. The mitochondria within these rho-0 (p-0) cells lack
a functional respiratory chain or ATP synthase. Interestingly, they still maintain a (subopti-
mal) A, owing to the electrogenicity of the adenine nucleotide translocator, ANT
(Section 8.5). Glycolytic ATP enters through the ANT and is hydrolysed by F; (which is
still functional in the direction of ATP hydrolysis, but no longer correctly associated with
F,, owing to the absence of mitochondrially encoded subunits A6 and A8 of F,)). The efflux
of ADP together with P; is associated with the efflux of one H™ by the reversal of the
process shown in Fig. 8.5.

Rho-0 cells are the starting point for the construction of hybrid cells containing ‘foreign’
mitochondria. These ‘cybrids’ are created by fusing the p-0 cells with enucleated fibroblasts
or platelets or isolated nerve terminals (synaptosomes), which contain mitochondria but
lack nDNA. Since mitochondrial mutations are (fortunately) rare, cybrid technology provides
a powerful tool to examine the bioenergetic consequences of mitochondrial mutations, as
well as less well-defined changes in mitochondrial function in neurodegenerative diseases
such as Alzheimer’s and Parkinson’s, in robust cell lines rather than rare biopsy samples.
For example, incorporation of mitochondria containing the common deletion (Section 9.6)
into a cell line created cybrids with varying percentages of the truncated mtDNA. Cybrids
containing 50% or more normal mtDNA showed no bioenergetic deficit, but increasing the
proportion of truncated mtDNA led to a progressively severe decrease in Ay, and ATP
synthesis.
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9.2 MITOCHONDRIAL INVOLVEMENT IN NEURODEGENERATIVE
DISEASES

Review Schapira 1999

In addition to the mitochondrial mutations discussed in Section 9.8, there is increasing
evidence that some of the most common and debilitating neurodegenerative disorders are
associated in some way with mitochondrial dysfunction, although cause and effect remains
to be established in most cases. The general principle is that even a slight restriction in
respiratory chain activity may substantially increase the chances of neuronal cell death;
however, much remains to be discovered before the link between the bioenergetic
deficiency and the pattern of neuronal susceptibility can be established.

9.9.1 Parkinson’s disease

Reviews and further reading Davis ef al. 1979, Langston et al. 1983, Nicklas ef al.
1985, Schapira 1999, Betarbet er al. 2000

The lifetime risk of developing Parkinson’s disease (PD) is about | in 40. The main clinical
characteristics, slowing of movement (bradykinesia), rigidity and tremor, can be ascribed
to the loss of dopaminergic neurons with their cell bodies in the substantia nigra and
projecting into the striatum. The causes of PD are unknown; in some instances there is
evidence for a genetic component, while chronic exposure to environmental toxins has also
been proposed as a contributing factor (see below).

The first indication of a mitochondrial component to the disease came with the fortuitous
discovery (for the scientists but not the victims) that an illegal pethidine ‘designer drug’
analogue induced Parkinsonism in its users. An impurity in the drug, MPTP, was oxidized
by monoamine oxidase-B in glial cells to MPP™ (1-methyl-4-phenyl-pyridinium). MPP™ is
transported by the dopamine transporter in the plasma membranes of surrounding
dopaminergic neurons and behaves in the cells as a lipophilic cation, being accumulated
into the mitochondrial matrix in response to Adr,,,. In inverted submitochondrial particles,
MPP™ is a weak inhibitor of complex I with a K; of about 10~ *m; however, the combined
concentrative capacity of the plasma membrane transporter and the mitochondrial mem-
brane potential implies that nanomolar concentrations of extracellular MPP* would be
toxic in vivo. The specificity of MPP* for dopaminergic neurons can be ascribed to the
selective uptake into those neurons via the dopamine transporter; however, careful titration
of the systemic complex I inhibitor rotenone, administered in vivo chronically to rats, also
leads to a selective degeneration of dopaminergic neurons in the substantia nigra and their
terminals in the striatum. It thus appears that these neurons are the most sensitive to com-
plex I inhibition. It should be emphasized that inhibition in these disease models need not
be total for neuronal death to occur; indeed, maximal complex I inhibition results in rapid
cell death. In contrast, neurons may survive for prolonged periods with a partial block of
complex I (20-30%) until faced with a maximal energy demand, when neurons with mito-
chondria that are unable to meet this demand would succumb. Excitotoxicity resulting from
pathological release of glutamate (Section 9.5.2) is potentiated in energy-compromised
neurons, as is the generation of reactive oxygen species (Chapter 5). The selective
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susceptibility of dopaminergic neurons to systemic complex I inhibition may be due to the
oxidative stress associated with dopamine synthesis and metabolism.

There is good evidence for a selective partial deficiency of complex I activity in the
substantia nigra, but not in other brain areas, in some PD patients. Paradoxically, complex I
activity is also reduced in blood platelets from these patients and this finding has been used
for the construction of cybrids (Section 9.8.1) in order to determine whether this is caused
by a mtDNA defect. If the complex I deficiency were due to nuclear gene expression
changes or post-translational modification, it would not survive in the cybrids. An average
25% reduction in complex I activity in the cybrids was found. Individual cells showed vari-
able staining with a complex I monoclonal antibody suggesting that the mtDNA defect is
heteroplasmic. This study does not establish a genetic basis for the deficiency, since it
could also have arisen somatically.

9.9.2 Huntington’s disease

Reviews and further reading Gu et al. 1996, Ferrante et al. 1997, Onodera et al. 1997,
Beal 1999, Perutz 1999, Schapira 1999, Beal 2000

Huntington’s disease (HD) is an autosomal dominant disease caused by an abnormal CAG
expansion in the gene encoding huntingtin, a ubiquitously expressed nuclear-encoded
350kDa protein of unknown function. A chain of less than 38 glutamines (encoded by
CAG) gives no pathology, while above 40 amino acids the huntingtin begins to aggregate,
and this is associated with the symptoms of HD (ataxia, uncontrolled movement (chorea)
and dementia), the severity of which increases with the length of the extension. Gamma-
aminobutyrate (GABA)ergic neurons of the caudate nucleus of the neostriatum are most
affected in HD. Although huntingtin is not a mitochondrially targeted protein (indeed, the
abnormal aggregated form appears to form aggregates within the nucleus and cytoplasm),
HD is associated with a major deficiency of complex II/III activity in the caudate nucleus
and a severe reduction in aconitase activity. This last is diagnostic of oxidative stress, since
the citric acid cycle Fe/S protein is highly susceptible to inhibition by O5 and other
reactive oxygen species.

The importance of the complex 1I deficiency has been demonstrated in in vivo studies
where administration of 3-nitropropionic acid, an irreversible inhibitor of succinate dehy-
drogenase, or chronic administration of the reversible inhibitor malonate or its more
permeant ester methylmalonate, produced behavioural changes and pathology in primates
similar to HD.

9.9.3. Friedreich’s ataxia

Reviews and further reading Delatycki ef al. 2000, Gordon 2000, Puccio ef al. 2001

Friedreich’s ataxia (FRDA) is an autosomal recessive mitochondrial disorder caused by
decreased expression of frataxin, a mitochondrial protein whose function is unknown, as a
result of an abnormal GAA expansion in intron 1 of the gene. It is characterized by degen-
eration of large sensory neurons, cardiomyopathy and an increased incidence in diabetes.
Yeast knockout models accumulate Fe within their mitochondria and yet show decreased
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synthesis of Fe/S proteins, producing deficiencies in complexes I-III and aconitase. The
overload of the mitochondria with free Fe leads to an increased sensitivity to oxidative
stress. A neuronal frataxin-deficient mouse model indicates that the Fe accumulation
occurs after the onset of pathology and inactivation of the Fe/S enzymes and so is unlikely
to be the primary event.

9.9.4 \|zheimer’s disease

Reviews and further reading Huang ef al. 1999, Kish et al. 1999, Beal 2000, Blass
et al. 2000, Hirai ef al. 2001, Valla et al. 2001

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder and is the
subject of a vast body of current research. It must be emphasized that no generally accepted
mechanism has emerged to date and all conclusions are tentative. Here we shall restrict
discussion to the circumstantial evidence for the involvement of mitochondrial dysfunc-
tion, either as a contributing factor or a consequence of the pathology of the disease.

Decreased cerebral metabolism has been detected by positron emission tomography
(PET) in patients at risk for AD before the development of clinical symptoms. The possi-
bility of a decreased complex IV activity in AD has been intensively investigated since a
report, later disproved, that complex IV mutations occurred with higher frequencies in AD
patients than the population at large. Despite this, there is general agreement that complex
IV activity may be selectively reduced; thus, in one recent study, up to a 39% reduction in
complex IV activity was detected in a specific region of the cerebral cortex, layer 1 of the
posterior cingulate, that showed a large in vivo decrease by PET. No change in succinate
dehydrogenase was detected, ruling out a generalized decrease in mitochondrial function.
However, it must be emphasized that such a study does not establish that the complex IV
deficiency is causative in the progression of the disease. Thus both mtDNA- and nDNA-
encoded complex IV subunits are reduced in AD, as well as some other neurodegenerative
disorders, and an alternative view is that this may simply reflect a non-specific decrease in
the degenerating brain.

The amyloid precursor protein (APP) family of integral membrane glycoproteins are cell
adhesion and/or neurite growth proteins whose extracellular domains may be cleaved by
secretase enzymes, liberating S-amyloid (AB) peptides. Aggregated AS is the major com-
ponent of the plaques that are the most characteristic features of AD. In the presence of
Fe(III) or Cu(Il), AB generates H,0, and thus contributes to oxidative stress. Addition of
aggregated A to isolated nerve terminals (synaptosomes) or neurons results in an increase
in Ca’* entry, oxidative stress and mitochondrial dysfunction. It is unclear whether this
OCCUrS in vivo.
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APPENDIX

PROTEIN STRUCTURES

Understanding of the molecular mechanisms that underpin bioenergetics continues to
advance as more 3-D structures of proteins are determined. Some of these structures are
illustrated in this book (especially in Plates A to K) but many more are now available.
These can be accessed on the Protein Data Bank (PDB) http://www.rcsb.org. Each struc-
ture is given a code. A selection of such codes, together with the proteins they refer to, are
given below for proteins that are relevant to the subject matter of this book. Where the pro-
tein is not described in the text, brief details of interesting features are noted.

A very valuable compilation of protein structure/function information for many of the
metalloproteins discussed in this book can be found in Handbook of Metalloproteins,
Volumes 1 and 2, edited by A. Messerschmidt, R. Huber, T. Poulos and K. Wieghardt and
published by J. Wiley in 2001.

*Indicates periplasmic location in bacteria

Protein Code Comments

A. Respiratory electron transfer proteins: (Chapter 5)

Amine dehydrogenase 1IMX *A quinohemoprotein with
a novel cross-linked active
site cysteine tryptophylquinone
and three novel thioether cross
links. From Pseudomonas putida;
passes electrons to c-type
cytochromes or cupredoxins

Azurin 4AZU *Type 1 copper protein

— mainly 3 sheet structure
Carbon monoxide dehydrogenase 1QJ2 Has active site Mo co-ordinated
(aerobic) by IMCD (molybdopterin-

cytosine dinucleotide) and an
S-selenyleysteine. Associated with
proteins carrying Fe/S centres and
FAD. Feeds electrons into a
CO-insensitive respiratory chain
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Protein Code Comments
Cytochrome aa; oxidase 1ARI Two subunits of Paracoccus
denitrificans enzyme
Cytochrome aa; oxidase 10CC Bovine heart enzyme oxidized
Cytochrome ba; oxidase 1EHK A distinctive oxidase from
the thermophile Thermus
thermophilus
Cytochrome bc; complex 1BCC Chicken heart
Cytochrome bc; complex 1BE3 Bovine heart
Cytochrome bc¢; complex 1BGY Bovine heart
Cytochrome bc; complex 1E2V Yeast
Cytochrome ¢ 1HRC Mitochondrial from horse heart
Cytochrome ¢, 2CXB *Rhodobacter sphaeroides
Cytochrome ¢ 2CYR *A tetra heme c-type
cytochrome found in sulfate
reducing bacteria
Cytochrome ¢ peroxidase 1EB7 *From Pseudomonas aeruginosa;
is a diheme c-type cytochrome
2CYP A b-type cytochrome from the
inter-membrane space of yeast
mitochondria
Cytochrome cssq 1COT * Paracoccus denitrificans
D. lactate dehydrogenase 1FOX Peripheral membrane protein
from E. coli
DMSO (dimethylsulphoxide) 1CXS *Has active site Mo co-ordinated
reductase IDMR by two MGD (molybdopterin-
4DMR guanosine dinucleotide)
IDMS molecules, each of which
1EUI provides two sulfur ligands;
other ligands to Mo vary
Formate dehydrogenase 1KQF See Plate E
Fumarate reductase IFUM See Plate E
1QLA
1D4E *A flavo c-type cytochrome
enzyme from Shewanella
putrefaciens
Hydrogenase 2FRV *From Desulfovibrio gigas has a
Ni-Fe active site. Donates
electrons to cytochrome ¢
Hydroxylamine oxidoreductase 1FGI *Trimeric enzyme that catalyses

oxidation of hydroxylamine to
nitrite. Has eight c-type hemes
per polypeptide one of which,
with a cross-link to a tyrosine,
forms the active site. Found in
Nitrosomonas bacteria
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Protein

Code

Comments

Methanol dehydrogenase

Methylamine dehydrogenase

Methyl-coenzyme M reductase

Nitrate reductase (periplasmic-Nap)

Nitrite reductase with five c-type
hemes

Nitrite reductase cytochrome cd,

Nitrite-reductase Cu-type

Nitrous oxide reductase

Pseudoazurin

1H4I

2BBK

IMRO

2NAP

1QDB

1AOF
1QKS
INIR

1AFN

1QNI
IFWX

3PAZ
8PAZ

*Active site PQQ within an eight
bladed B propeller

*Contains two cross-linked and
modified tryptophans at active
site within a seven bladed

BB propeller

Contains Ni at active site as
part of F430

*Contains active site Mo bound
by two MGD molecules

* Ammonia is reaction
product. Unusual CXXCK heme
binding motif at active site

*Nitric oxide is reaction product;
c-type cytochrome domain
accepts electrons from c-type
cytochrome or cupredoxins and
is « helical; the specialized
active site d; heme is located
within an eight bladed B propeller
structure. Differences in structure
between the enzymes from
Pseudomonas aeruginosa and
Paracoccus pantotrophus; the
latter undergoes a remarkable
conformational change upon
reduction

From P. pantotrophus reduced
From P, pantotrophus oxidized
From P. aeruginosa oxidized

*Nitric oxide is reaction product.
A trimer. Three type 1 Cu ions
act as the electron acceptors
from other proteins; three

type 2 Cu ions are at the active
sites

*Contains both Cu, site

seen in cytochrome aa; oxidase
plus a novel active site Cuy
with 4 Cu bridged by an S atom.
The active site is enclosed in a
seven-bladed B-propeller
structure. From Pseudomonas
nautica and P. denitrificans

*Type 1 copper protein — mainly
B sheet structure. Oxidized and
reduced forms from Alcaligenes
Sfaecalis
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Code

Comments

Protein

Rusticyanin 1A8Z *Type 1 Cu protein from
T. ferrooxidans

Sulfite oxidase 1SOX Chicken liver from inter-
mitochondrial space. Active site
Mo co-ordinated by a pterin

TMAO (Trimethylamine-N-oxide) 1ITMO *From Shewanella massilia,

reductase has active site Mo co-ordinated
by two MGD groups

B. Photosynthetic proteins: (Chapter 6)

Bacteriorhodopsin 1C3W

Bacteria photosynthetic reaction centre 1PCR From R. sphaeroides

2PRC From R. viridis

Cytochrome-f 1HCZ Unusual c-type cytochrome with
[B-sheet structure

Halorhodopsin 1E12

LHCII Not deposited Spinach

LH2 1K2U Circular agf3, structure
R. acidophilia

Photosystem 1 1JIBO From S. elongatus

Photosystem 2 1FE1L From S. elongatus

Plastocyanin 1AG6 From spinach

7PCY

C. ATP synthase: (Chapter 7)

Bovine heart F, IBMF The original 2.8 A structure of
the F, part

Bovine heart F, 1E79 Contains the central stalk region
originally not seen (2.4 A)

Bovine heart F, IH8E A form with all catalytic sites
occupied

Bovine heart F| inhibitor 1GMU Coiled coil

E. coli: F, & subunit 1ABV N-terminal domain

Thylakoid F; IKMH Has inhibitor tentoxin bound

Yeast F; + cring 1QO01 3.9 A resolution but shows ring
of 10 ¢ subunits

D. Transport proteins: (Chapter 8)

E. coli glycerol facilitator 1FX8 A passive facilitation of the
cytoplasmic membrane

E. coli Msb protein 11SQ First structural information at

4.5 A resolution for an ABC-type
ATPase. A homodimer with

each subunit providing six
trans-membrane « helices and a
nucleotide-binding domain. The
helices pack so as to provide a
chamber that is exposed to the
cytoplasmic half of the bilayer




Plate A Space filling model of mitochondrial cytochrome c.

The space filling model shows how only an edge of the haem (purple) is exposed.
The basic residues (arg, lys, his) are in blue; key lysine residues 13, and 86 and
87, which are involved in docking to cytochrome ¢ and cytochrome aas oxidase,
are at the top, to the right and left, respectively. Acidic residues (e.g. asp) are in
red, neutral-polar residues (e.g. thr) in white and hydrophobics (e.g. val) in yellow.
The picture is based on PDB file lHRC and was prepared by Dr Vilmos Filop.



N-side

N-side



N-side

Plate B Three positions of the Rieske iron—sulfur protein within the cyto-
chrome bcy complex.

In each figure (cf. Fig. 5.15) the cytochrome ¢ is in blue with its covalently
bound haem in red; the cytochrome b is in grey with its two (b, and by) non-
covalently bound haems in red; the Fe/S protein is in green with the Fe/S centre
in red (Fe) and yellow (S). Where present, part of a ubiquinone molecule is in
purple. Note that the Fe/S protein belongs to one monomer in the dimeric com-
plex, but the other two polypeptides shown belong to the other monomer; many
other subunits that protrude into the N-phase but appear uninvolved in catalysis
are omitted. (A) shows the Fe/S protein (also known as ISP) in its cytochrome ¢,
positional state when an electron can be transferred from the Fe/S centre of the
former to the haem of the latter; note the position of the Fe/S centre on the sur-
face of the protein where one of its histidine ligands is involved in hydrogen
bonding to haem of the cytochrome c¢;. (B) shows a more intermediate location
of the Fe/S protein with three isoprenyl units of a ubiquinone visible at the Q,
site. (C) shows the Fe/S centre in the b positional state, close to the Qp site, the
approximate position of which lies behind the arrowed helices, ready to partici-
pate in the two-step oxidation of a ubiquinol, with one electron going to the Fe/S
centre and the second to the topmost haem on the cytochrome b subunit. The
pictures are based on structures that are deposited in the PDB file at IBE3, IBCC
and 1BGY, respectively. The figures were drawn by Dr Vilmos Filop using
MolScript [Kraulis, P.J. (1991) MolScript: a program to produce both detailed
and schematic plots of protein structures. J. Appl. Cryst. 24, 946-950; Esnouf, R M.
(1997) An extensively modified version of MolScript that includes greatly
enhanced coloring capabilities. J. Mol. Graphics 15, 133-138] and rendered with
Raster3D [Merritt, E.A. and Murphy M.E.P. (1994) Raster3D version 2.0. A pro-
gram for photorealistic molecular graphics. Acta Cryst. D 50, 869-873].



N-side

Plate C  The structures of the two main subunits of cytochrome aa; oxidase
from Paracoccus denitrificans aas.

Only the two principal subunits (cf. Fig. 5.16) that contain the redox groups are
shown. Subunit I (grey) contains two a type haems (red) that are almost perpen-
dicular to each other. The haem on the right is the a haem in which the Fe is
6-co-ordinate with two axial histidine ligands; the haem on the left is the a5 haem
in which one axial position is the binding site for oxygen. Adjacent is the Cug ion
(blue). The Cuy, centre (which has two copper atoms bridged by sulfurs) is also
shown in blue and is bound to subunit II (yellow). The picture was drawn by
Dr Vilmos Fiilop as for Plate B using co-ordinates from PDB file 1ARI.



N-side

Plate D The structure of the cytochrome bo; oxidase from E. coli.

Only the two principal subunits are shown. Comparison with Plate C shows that
the protein is closely related to the cytochrome aa; oxidase. Subunit I (grey) con-
tains a b-type haem (red) in which the Fe is liganded by histidines, o-type haem
(brown) in which the Fe atom provides the oxygen binding site which is adjacent
to a copper ion Cug (blue). Note that subunit IT does not contain any redox cen-
tre. Cytochrome bos is a quinol oxidase. A ubiquinol binding site can be mod-
elled into the structure on subunit I adjacent to the b-type haem, which is thought
to be the immediate electron acceptor from the quinol. The drawing was made by
Dr Vilmos Fiilop as for Plate B using coordinates from PDB bank entry 1FFT.
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Plate E1 Two fumarate reductases: (A) from Wolinella succinogenes and
(B) from E. coli.

The overall similarity is clear but the cofactor contents and polypeptide compo-
sitions of the transmembrane sectors differ. The active site FAD is covalently
attached to a histidine residue within the flavoprotein subunit (purple); the iron
subunit (teal blue) contain the three Fe/S centres (red and yellow spheres).
Four transmembrane helices are critical for the transmembrane sector. In the E. coli
enzyme these are provided by the C (peach) and D (dark pink) subunits each of
which form three transmembrane helices, which bind two molecules of
menaquinone. In the case of the W. succinogenes enzyme the C subunit (peach)
has five helices that bind two molecules of haem. With the exception of the sep-
aration of the two quinones in the E. coli structure. all the distances between the
redox centres are approximately 15A or less, consistent with rapid electron
transfer (see Section 5.4). The respective PDB codes are 1QLA and [FUM.
Reproduced with permission from Iverson et al. (2000) Curr. Opin. Struct. Biol.
10, 448-455.

Plate E2 The structure of formate dehydrogenase N from E. coli.

Each monomer in the trimer has three polypeptide chains. The view shown here
is parallel to the membrane and in general only features of two of the monomeric
units are evident. In brown is the a-subunit, which contains an Mo atom (purple
and note that all three Mo in the trimer are visible) whose ligands include four
sulfur atoms from two MGD (molybdopterin guanine dinucleotide) cofactors,
shown in green, and a selenocysteine residue. This is the site of formate oxida-
tion. The red (Fe) and yellow (S) clusters are Fe/S centres, one of which is on the
a-subunit and the other four on the B-subunit (blue). The transmembrane y-sub-
unit (magenta) binds two b-type haems (green), cardiolipin (yellow/green) and
the menaquinone analogue HQNO (white). Note how the site for the latter is
positioned to receive electrons from the active site at the P-side of the membrane,
via the chain of Fe/S centres and haems, and bind protons from the N-side of the
membrane. A protonmotive force is thus generated by a simple consequence of



the vectorial organization of the enzyme. All the distances between redox centres
are compatible with rapid electron transfer over 90 A, the longest electron trans-
fer system so far observed in a protein, from the formate oxidation site to the
quinone reduction site. It is notable that the haems are co-ordinated by four his-
tidines from three transmembrane helices (i.e. one helix provides two histidines
and two of the others each provide one), which are part of a four-helix bundle for
haem binding. In the cytochrome bc¢; complex, two of the four helices in the bun-
die each provide two histidines, whilst in the fumarate reductases (plate El),
each of the four helices provides a histidine. Note that, in outline, turning the for-
mate dehydrogenase through 180° would give the organization of the Nar type of
nitrate reductase (Section 5.15 and Fig. 5.23), to which this dehydrogenase is
related. Quinol oxidation by Nar is at the P-side, electron transfer occurs to the
N-side through two haems (but with the four histidines provided — two each — by
two helices) several Fe/S centres in a S-subunit and on to the N-side catalytic
site, for nitrate, a-subunit that contains Mo bound by two MGD groups. Thus
protonmotive force is also generated by Nar acting in sequence with formate
dehydrogenase. Figure kindly provided by Professor S. Iwata and reproduced
with his permission.
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Plate F The three-dimensional structure of the R. sphaeroides reaction
centre.

(A) The main chain trace showing a docking position (modelled here but close to
a structure determined by X-ray diffraction) for cytochrome ¢, (green with haem
in red) on the L (yellow) and M (blue) chains. The bacteriochlorophylls and
bacteriopheophytins are also shown in red. The H subunit has been omitted for
clarity. Reproduced with permission from Allen et al. (1987) Proc. Natl Acad. Sci.
USA 84, 6162-6166.



B) P-side

N-side

P-side

N-side

(B) The relative positions of the cofactors in the reaction centre (the two views
are related to one another by a 90° rotation around the two-fold symmetry axis).
Colour code: bacteriochlorophyll dimer, red; bacteriochlorophyll monomers,
green; bacteriopheophytins, blue; ubiquinones (Q, at right-hand side and Qg at
left-hand side) yellow; Fe atom (dot between two quinone sites) yellow. Repro-
duced with permission from Allen et al. (1987) Proc. Natl Acad. Sci. USA 84,
5730-5734.



N-side

Plate G The three-dimensional structure of the Rhodopseudomonas viridis
reaction centre.

The tetrahaem cytochrome ¢ subunit is shown in blue with its haem groups in
red; the L chain is grey, the M chain purple and the H chain green. The bacterio-
cholorophylls and bacteriopheophytins are shown in yellow and the non-haem
in red. The picture was drawn by Dr Vilmos Fiilop as for Plate B using PDB
co-ordinates 1PRC.



P-side
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Plate H The outline structure of bacteriorhodopsin showing the five sequen-
tial proton movements that can be correlated with steps in the photocycle
(see Chapter 6, Section 6.5).

The one-letter amino acid code is used (D = aspartate, E = glutamate and K =
lysine). The retinal is bound to the side chain of K216 via Schiff’s base linkage.

Reproduced with permission from Luecke (2000) Biochim. Biophys. Acta 1460,
133-156.



Plate I The complete structures of all five types of polypeptide in mito-
chondrial F; ATPase.

The a-chain is in red, the $-chain in yellow, yin light and dark blue, & green and
& magenta. Note how the a- and B-chains are arranged alternately around the
central helical coiled coil y-subunit. Drawn from PDB file 1E79. Reproduced
with permission from Stock et al. (2000) Curr. Opin. Struct. Biol. 10, 672-679.



P-side:

83 A

N-side

58 A

f
\
i
|
|
\
\

Plate J A side view of the electron density map at 3.9 A resolution for the
yeast ATP synthase.

At the top is density for some of the 10c subunits, each of which forms two
a-helices each of approximate length 50 A. The ring of 10c¢ subunits can be
deduced to be organized such that the N-terminal helices are on the inside of the
ring and the C-teminal helices on the outside. A plug of phospholipid probably
seals the centre of the ring. The approximate P-side and N-side membrane bound-
aries are indicated; it is probable that each ¢ subunit projects out of the bilayer, at
either side, by about 10 A. N- and C-terminii are at the P-side, with the two helices
joined by a loop at the N-side, which can thus make contact with F; subunits. It
can be deduced that the glutamate (or, in some organisms, aspartate) that reacts
with DCCD is located approximately half way across the bilayer on the outer
C-terminal helices. Superimposed on the electron density is the main chain trace
(C a atoms) for the a- (orange), B- (yellow) and y- (green) chains of F;. Drawn
from PDB file 1QO1. Reproduced with permission from Stock ez al. (1999)
Science 286, 1700-1705.
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ATP synthase (continued)
reversal 83
rotation of 209, 212-15
experimental demonstration 211-12
structure 199-203, 286, Plates I and J
ATP synthesis 5-6
by bacteria 748, 150, 152, 154
driven by artificial protonmotive force 85-6
Gibbs energy change for 39
monitoring in intact cells 251-5
in plants 87, 157, 181, 185
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ATP turnover 80, 81
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Atractyloside 230
binding site for carboxyatractylate 231/
Aurovertin 200, 204
Azotobacter vinelandii 144
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Bacterial cytoplasmic membrane transporter 239
Bacterial flagellum 246
Bacterial membranes 4, 9, 12
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23940
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Bacterial respiratory chains 134-54
Bacterial transport 23445
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phosphoenolpyruvate 2434
proton symport and antiport systems 235-9
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Cation transporters 220-5

Cell death 258-9
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Cellular bioenergetics, pitfalls 251
Cellular Ca’* homeostasis, and mitochondria
255-8
CFTR (cystic fibrosis transmembrane regulator)
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Channel-forming ionophores 22, 23
Charge-carrying ionophores 22, 23
Charge movements, and respiratory chain
126-7
Chemiosmotic energy transduction 3-14
Chemiosmotic proton circuit 57-87
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in green plants and algae 173, 175, 178,
179
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Chloroplast ATP synthase 10, 11, 181, 186
Chloroplast ferredoxin 93
Chloroplasts 10-11
proton circuit in 186
thylakoid membrane 4, /1
Chromatophores 11-12
Citrate carrier/transporter 226, 227, 228
Clark oxygen electrode 70
Closed systems 31, 33
Co-transport 20
Coenzyme B 150
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Complex I NADH-UQ oxidoreductase) 57,
59,89, 90,92, 107-11
deficiency 269
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restriction of 79
structure 110
superoxide generated by 128, 129
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111,112
deficiency 269
inhibition of 79
Complex IIT (UQH,—cyt ¢ oxidoreductase) 57,
59,89, 90,92,114-19
charge translocation stoichiometry 127
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structure 118-19, Plate B
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90,92, 119-26
charge translocation stoichiometry 127
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structure 121-5, Plate C
Complex V see ATP synthase
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Confocal microscopy 253
Conformational pump model 106-7
Connectivity theorem 78
Coordinate movement of ions across
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Copper-containing proteins 137, 139, 172
CP43’ polypeptides 173
Cristae (mitochondrial) 7, 8
Cyanobacteria 11
Cyanohydroxycinnamate 25, 229
Cybrids 267
Cyclic electron transport, in plants 1814
Cyclosporin A 224, 261, 262
Cytochrome aa3 oxidase 90, 121, 134, 144,
148,149, 158, 284, Plate C
Cytochrome ba3 oxidase 134-5,284
Cytochrome bd oxidase 140, 141, /142, 144
Cytochrome bo3 oxidase 135, 140-1, 142, 158,
Plate D
Cytochrome ¢ 93, 102, 103, 121, 260, 284,
Plate A
Cytochrome ¢ oxidase 90, 92, 119-26
and reduction of oxygen 124, 125-6
structure 121-3, 284, Plate C
see also Complex IV
Cytochrome chb3 oxidase 135, 145
Cytochrome f 172, 286
Cytochromes 91, 92-3
a-type 91, 93, 102
b-type 91,93,172,176-7
bcy complex 92, 100, 102, 114-19, 146, 158,
172,284
c-type 91,93, 96, 102-3, 114, 144, 158, 172,
260, 284, 286
spectra 96
Cytoplasmic free Ca’* concentrations,
measurement of 223, 254-5
Cytoplasmic membranes in bacteria 9
transport across 247-8
Cytoplasmic NADH, oxidation by mitochondria
229

D channels 122, 123, 125
DBMIB /71, 180
DCCD 150, 200, 204
DCMU 171,176, 184, 185
DCPIP 184, 185
Death of cell
by necrosis 258, 261-3
by programmed cell death 258-61
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Death receptors 260
5’-Deazaflavin 150
Delayed Ca?* deregulation 263
Delocalized exciton coupling 160, 173
Denitrification 137-9
Dianemycin 24
Dicarboxylate carrier/transporter 226, 227,228
Diffusion potentials 52
DiOCqy(3) 255
DMSO (dimethylsulfoxide) reductase 142,
142,284
DOG-6P 262
Donnan potentials 54
Driving forces
measurement of 31-54
typical values 100
DsbA protein 143
DsbB protein 143
Dual-wavelength spectrophotometry 94, 104

Efrapeptin 200, 204
Elasticity coefficient 78
Electrical transport 19, 20-1
Electrical uniport 219
Electrochromism 62
Electrode potentials, measurement of 41
Electron donors and acceptors
E. coli respiratory chain 141, 142
in green plants and algae 172, 184-6
Electron spin resonance (ESR)
iron—sulfur centres detected by 93, 98
semiquinone detected by 117
Electron transfer
in bacterial respiratory chains 735, 138, 140,
145,147,151
from cytoplasmic NADH to respiratory chain
229-30
and distance between centres 100, 119
in green plants and algae 171-86
inhibition of 71, 97
mechanism 99-105
reversed 83-4, 146-7
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ubiquinone oxidoreductase 90, 91,
92, 112-14
Electron transport
cyclic 181-4
in non-mammalian mitochondria 131-3
proton movements driven by 86
Electron tunnelling 100, 102, 103
Electroneutral antiport 219
Electroneutral exchange 219

Electroneutral proton symport 219
Electroneutral transport 19, 20-1
Endoplasmic reticulum 8§, 250
Ca?* released from 257
Energy-conserving membranes
bilayer-mediated transport across 18, 19,
21-5
electrical fields across 21, 62
ion transport across 17-28
lipid composition 18
protein-catalysed transport across 18, 19,
25-6
Energy transduction
between respiratory chain and protonmotive
force 73
membranes 3-4, 7-12
overall parameters 81-3
pathways /3
perturbation of 7/
Enhancement effect (in photosynthesis) 171
Entropy 32
Enzyme II 243, 244
Enzyme II1 244
Equilibrium constants 34, 38-9, 207
for ATP hydrolysis 36, 207
Equilibrium distributions of ions 50-2
Equilibrium thermodynamics 31-2
Escherichia coli ATPase 198, 199, 200, 216,
286
Escherichia coli phosphotransferase system 243
Escherichia coli respiratory chain 140-3
in anaerobic conditions 141-2
electron donors for 141
electron transport in /40, 141
compared with other bacteria 143-5
Escherichia coli transport system 236, 240,
241, 242
Eukaryotic plasma membrane potentials 52

Fi-ATPase 198
inhibitors 200, 204
structure 202-3, Plate |
F,.F,-ATPase 195
purification of 198
structure 199-203
subunits 198-9
see also ATP synthase
F,-ATPase 198
FCCP 23,24,25, 255
and swelling 27, 28
Ferredoxin 43,170
in chloroplasts 93, 172, 180, 184, 185,216



Ferredoxin/NADP™ oxidoreductase 172
Ferredoxin/PQ oxidoreductase 182
Ferricyanide 43, 163, 184
Ferrocytochrome ¢:0, oxidoreductase 119-26
see also Complex IV
Ferrous ion, oxidation to ferric ion 148
FK-506 261
Flavoproteins 91
Fluid-mosaic model 18
Fluorescent Ca2™ indicators 256, 258
Flux control coefficient 78
Formate dehydrogenase 142, 142, 143, 284,
Plate E2
Frataxin deficiency 269-70
Free energy change 32-3
see also Gibbs energy change
Free radicals, artifactual generation of 254
Friedreich’s ataxia 269-70
Fumarate reductase 142, 142, 143, 284,
Plate E1
Fungal mitochondria 133
Fura-2 256

Genetic diseases 263, 266-7
Genome sequence, of H. pylori 145
Gibbs energy, and displacement from
equilibrium 33-9
Gibbs energy change 32--3, 35-6
for ATP hydrolysis reaction 36
and photons 48
and redox potentials 44-6
standard 37-8
Gibbs energy content, and displacement from
equilibrium 34, 35
Gibbs-Helmholtz equation 32
Glucose 6-phosphatase 39
Glucose 6-phosphate, uptake of 244
Glucose transporter 236
Glutamate—aspartate carrier/transporter 228, 229
Glutamate excitotoxicity 262-3
Glutamate™ /OH™ carricr/transporter 226
Glutathione couple 42, 129
redox potential for 43,44, 45, 129
Glutathione peroxidase 129, 130
Glutathione reductase 729, 130
s,n-Glycerol-3-phosphate dehydrogenase 90,
91,92, 114, 142,230
s,n-Glycerophosphate shuttle 230
Glycolysis 250
Goldman equation 52
Gram-negative bacteria 9, 144
transport systems in 240-1
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Gram-positive bacteria 9, 144

Gramicidin 22, 23

Green plants, photosynthetic electron transfer in
171-86

Green-sulfur bacteria, photosynthesis in
169-71, 180

Group translocation mechanism 243

H*/2e™ ratio 83

H*/ATP ratio, determination of 68

H*/O ratios, experimental determination of
66-8

Haem-—copper oxidases 135, 139, 141

Halobacteria, photosynthetic activity in 12,
157, 187

Halorhodopsin 193, 286

Heart attack 261

Helicobacter pylori respiratory chain 145-6

Heliobacteria, photosynthesis in 169

Henderson—-Hasselbalch equation 51

High-energy phosphate bond 39

Hill reaction 184, /185

HiPIP ¢high-potential iron—sulfur protein) 93

Histidine cycle mechanism 123

Huntington’s disease 79, 269

Hydrogenase 142,169,284

Hydroxylamine oxidoreductase 284

Inhibitor of apoptosis 261
Inhibitor protein, in ATP synthase 199, 200,
203
Inhibitors 84, 115, 118, 128, 167, 182, 230
Inner mitochondrial membrane 250, 265
Inside-out (bacterial) vesicles 10, 150
Intact cells, ionophores used in 24-5
Internal resistance, of respiratory chain 58
Inverted region 167-8
Ton electrochemical equation 47, 51
Ton electrochemical gradient 47
Ton electrochemical potential differences 467
Ion permeability
of bilayers 21-2
requirements for osmotic swelling 27
Ton pumps 154
Ion-specific electrodes 60—
protonmotive force measurement by 61-2
Ion transport 21948
across energy-conserving membranes 17-28
bilayer-mediated 21-5
classification of 17-21
protein-catalysed 25-6
[onomycin 24
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Ionophores 21-2
as channel-formers 22, 23
as charge-carriers 22, 23
as proton-carriers 22, 23, 24
use in intact cells 24-5
Iron—sulfur centres, detection of 93, 98
Iron-sulfur proteins 91, 93, 97
Isocitrate dehydrogenase 224
Isolated mitochondria
measurement of matrix free Ca®*
concentrations 258
monitoring membrane potential for 252,
253-4
Isolated systems 31, 33

K channels 122,123, 125
Kinetic competence, in proton circuit 867
Klebsiella pneumoniae 144

D-Lactate dehydrogenase 742
Lactose permease 234, 235
Lactose:proton symporter 235-9
model for activity 235-6, 238
reconstitution of 236
structure 235, 237
Light-driven proton pump 12, 87
Light energy, conversion to redox energy 157,
158
Light-harvesting complexes
in green plants and algae 173
LH 1 type 160, 162-3
LH 2 type 160-2, 286
LHC Itype 173
LHC I type 173, 174, 286
organization of 161
phosphorylation of (in green plants) /74, 183
in photosynthetic bacteria 160-3
Light scattering, and swelling 26, 224, 226
Lipophilic cations and anions 25, 60
Liver mitochondria 81,234
Loop mechanisms 105, 106, 107
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ERRATA FOR BIOENERGETICS 3

CHAPTER 2

Page 20
Section 2.2.3, 10 lines up; should read: ...or hydroxide ion...

Page 22
2 lines up; should read: ...forming a hydrophilic interior...

CHAPTER 4

Page 68
3 lines up; should read: ...and 4.7 protons... (note: this value is obtained by dividing 14 by 3)

CHAPTER 5

Pagel07
Legend to Fig. 5.10; should read: line 2: ...to reduce C...
line 4: ...the site of BH, oxidation...

Page 111
Legend to Fig. 5.12, line 8 down; should read: ...as being made up...

Page 113

Fig. 5.13: The figure on the right labelled (b) is the mitochondrial succinate dehydrogenase and ought
to be on the left and labelled (a) so as to agree with the legend and its title. Similarly the figure
labelled (a) ought to be (b) as it is the B. subtilis enzyme.

Page 114
Top line/line 2; should read: ...directly between the protein and the core of...

Page 115
Legend to Fig. 5.14, 4 lines down; should read: ...internal cavity...
Legend to Fig 5.14, 4 lines up; should read: ...Note that the Q, site has also been termed...

Page 125
15/16 lines down; should read: ...translocated), at least six are...

Page 128
12 lines up; should read: ...(knockouts being neonatal lethal)...

Page 143
Fig. 5.26, top left hand side; should read: H,0

Page 145
5 lines down; should read: ...the archaea will...

Page 149
10 lines down; should read: ...positive outside. On the...

Page 152
last line; should read: ...the fourth methanol are...



CHAPTER 6

Page 168
12 lines down; should read: ...is dispensable...

Page 169
9 lines down; should read: ...location at which the electrons...
33 lines down; should read: ...is dispensable for...

Page 171
Fig. 6.6, legend, 2 lines up; should read: ...PQ is plastoquinone...
Fig 6.6, extreme right hand side; should read: Fd (note: meaning ferredoxin)

Page 171
Fig 6.6, right hand side: the labels F5 and Fg should be interchanged

Page 173
13 lines down; should read: ...being tilted significantly..

Page 174
Legend to Fig. 6.7, 4 lines down; should read: ...protrude into the stroma...

Page 188

Fig.6.15; the content of the box describing the transition from the M2, to Nsg states should read:
Ordering of H,O molecules between D96 and Schiff’s base; decrease in pK; of D96 and increase in pK,
of Schiff's Base; transfer of H* from D96 to the Schiff’s base.

Page 188
6 lines up; should read: ...movement of hydroxide in...

CHAPTER 7

Page 215
14 lines up; should read: ...the ATP synthase...

CHAPTER 8

Page 219
11 lines down; should read: ...or hydroxide antiport...

Page 233
10 lines down; should read: ...(or hydroxides)...

Page 245
Egn 8.1; should read: (COO),+ H* _ HCOO + CO,

Page 246
5 lines up; should read: ...cf F,, a subunit,...

CHAPTER 9

Page 249
7 lines up; should read: ...hydroxyl radical...



Page 259
3 lines up; should read: ...the protease monomers....

Page 264
Legend to Fig. 9.6, line 1; should read: ...encodes seven complex I...

Page 265
last line; should read: ...I, IIl and 1V...

Page 266
Section 9.8, 6 lines up; should read: ...and each mitochondrion contains...

Page 267
7 lines down; should read: ...while LHON and NARP are...



Supplementary Material for Chapter 1 Bioenergetics 3

The development of the chemisomotic theory of energy transduction was an unusual event in the history
of biochemistry. The hypothesis originally put forward by Peter Mitchell was based on remarkably little
supporting experimental evidence. Most hypotheses, at least those that prove to be justified, are usually
based on a little more preliminary experimental evidence. The unusually daring nature of the hypothesis is
one reason why its development still continues, forty years later, to attract attention. A second reason for
the ongoing interest in the formulation of this theory is that there are scientists who believe that more
credit ought to have been given to other contemporary investigators who made some related proposals. A
final reason for the interest is that Peter Mitchell was able to conduct most of his own experimental
observations, which tested his hypothesis, in his own private laboratory at Glynn House near Bodmin in
the United Kingdom. Although a pattern of private investigations was known in the nineteenth century
and earlier, it was very rare in the twentieth century. Apart from the historical dimension, perusing
Mitchells” original postulates, and how he and others substantiated them, is a good way to come to an
understanding of the subject. However, it is not only the way and so we decided, reluctantly for reasons
of space limitation, to omit from Bioenergetics 3 the part of Chapter 1 that had given this background
context in the first and second editions of the book. Here we reproduce (with updating of cross
referencing to other sections) the text of this section as it appeared in Bioenergetics 2. This is followed by
a brief comment on some recent publications and a list of references for this supplementary section.

A Brief Historical Background

Before the role of the proton electrochemical gradient (or protonmotive force, Ap) was understood, the
search for the "energy-transducing intermediate" linking these pairs of protein assemblies provided the
central stimulus for bioenergetic research in the 1950s and 1960s. The intermediate proved to be highly
elusive, and by the mid 1960s uncertainty was so extreme that it prompted the statement that "anybody
who is not thoroughly confused just doesn't understand the problem". However, despite the central
enigma, by that time the main energy-transducing pathways within the mitochondrion had been
established. Any theory had to be consistent with a number of basic observations:

(a) The electron-transfer chain comprises a sequence of electron carriers with three separate
"regions" where redox energy can be conserved in the synthesis of ATP.

(b) The rate of respiration is controlled by the demand for ATP (respiratory control).

(c) Coupling between respiration and ATP synthesis can be disrupted by a group of agents termed
"uncouplers" which abolish respiratory control (i.e. stimulate respiration in the absence of ATP
synthesis) and allow mitochondria to catalyze a rapid ATP hydrolysis ("uncoupler-stimulated
ATPase").

(d) The antibiotic oligomycin (Section 7.2 and Fig. 7.2) inhibits both the synthesis and
uncoupler-stimulated hydrolysis of ATP.

(e) The energy from respiration can be coupled not only to the synthesis of ATP but also to the
accumulation of Ca** and to the reduction of NAD* and NADP".

(f) The processes specified in (e) can be driven by the hydrolysis of ATP in anaerobic mitochondria,
when they can be inhibited by both uncouplers and oligomycin.

These observations (and related ones for thylakoids and bacteria) were consistent with pathways of
energy transduction radiating from a common "energy pool". Fig. 1.8 shows a current model. By analogy
to the only reactions in which a detailed mechanism of ATP synthesis was available, namely the
phosphorylations (traditionally known as substrate level phosphorylation) in glycolysis and the citric acid
cycle in which thio-esters participate as reaction intermediates, it was reasonable to expect that the
common energy-transducing entity would be a chemical "high-energy" intermediate, usually referred to



by the short-hand "squiggle". Despite a number of false starts, no "squiggle" was ever found.

As so often in science, the solution was simple and elegant. Peter Mitchell, whose background was in
transport rather than classical bioenergetics, made what seemed at the time an extraordinary suggestion
that the only "intermediate" was a proton electrochemical gradient across the membrane. The early
theoretical papers by Mitchell were not readily comprehended, and the subsequent, frequently
acrimonious, debate between advocates of conflicting hypotheses continued unabated for 15 years and
has even been the subject of a sociological study (Mulchay and Gilbert, 1983). As a result the
chemiosmotic "hypothesis" has probably been submitted to a more rigorous trial than any other
comparable biochemical theory. The steady flow of converts to the hypothesis was ultimately recognized
with the award to Peter Mitchell of the Nobel Prize in Chemistry for 1978.

Mitchells's postulates

Mitchell proposed four basic requirements for the experimental verification of the concept of proton
electrochemical coupling, and some of the more important experiments will now be reviewed briefly.
Further details and additional evidence in support of Mitchell's postulates follow in the subsequent
chapters.

1. The respiratory and photosynthetic electron transfer chains should translocate
protons

Energy-dependent proton translocation was first reported in "broken" chloroplast preparations
(Neumann and Jagendorf, 1964). Mitochondrial proton translocation was shown by Mitchell and
Moyle (1965, 1967a) by adding a small pulse of O, to an anaerobic suspension and following the
acidification of the medium. Low concentrations of uncouplers accelerated the decay of the
acidification phase following anoxia. A stoichiometry of proton extrusion of about 2H*/2e” per
proton-translocating respiratory chain complex was found (but see Chapter 4 for the
contemporary view on the stoichiometry). During continuous respiration a Ap of over 200 mV was
found (Mitchell and Moyle, 1969) (Sec 4.2). The direction of proton translocation was reversed in
inverted sub-mitochondrial particles (Mitchell and Moyle, 1965). Skulachev (1970) showed that
mitochondria could use the membrane potential generated by proton pumping to accumulate a
wide variety of synthetic lipophilic cations, while sub-mitochondrial particles and chromatophores,
both with inverted polarity, accumulated the corresponding anions. Finally, demonstrations that
purified respiratory complexes could function as autonomous proton pumps in reconstituted
systems (Sec 5.2) proved inconsistent with the alternative "chemical" explanation of a
"squiggle"-driven common proton pump.

2. The ATP synthase should function as a reversible proton-translocating ATPase

Injection of a small amount of ATP into a suspension of anaerobic mitochondria resulted in an
expulsion of protons followed by a slow decay which could be accelerated by uncouplers (Mitchell
and Moyle, 1967a). Purified reconstituted ATP synthetase catalyzed a similar proton translocation
(Kagawa et al. 1973). ATP hydrolysis could maintain a Ap in excess of 200 mV e.g. (Nicholls,
1974a), while a pH gradient imposed in the dark could drive ATP synthesis by thylakoids
(Jagendorf and Uribe, 1966).

3. Energy-transducing membranes should have a low effective proton
conductance

A low proton permeability can be inferred from the parallel actions of agents which induce proton
permeability in synthetic bilayers and at the same time uncouple mitochondria. Proton
permeability was measured more directly by Mitchell & Moyle (1967b) by following the rate at
which a pH gradient induced by addition of HCl to the medium decayed as protons entered the
mitochondrial matrix. Brown fat mitochondria (Sec 4.6.1) were found to control their heat
production by modulating their proton conductance (Nicholls, 1974b).

4, Energy-transducing membranes should possess specific exchange carriers to



permit metabolites to permeate, and osmotic stability to be maintained, in the
presence of a high membrane potential

The decay of ApH following a burst of respiration is accelerated by anions such as succinate, Pi
and malonate, and by Na* (Mitchell and Moyle, 1967a), suggesting that anions may be
transported with protons and Na* in exchange for protons (see Fig. 4.6). From the rate of
swelling of non-respiring mitochondria in ammonium salts, Chappell and colleagues (Chappell,
1968) obtained evidence for a number of transport systems in which anions are largely
transported as uncharged species, either together with proton, or in exchange for other anions
(Sec 8.4).

Concluding Remarks

The aim of this opening chapter is to establish the basic material with which this book is concerned. Fig.
1.8 presents in summary form the wide range of processes that are coupled by a protonmotive force in
bacteria, mitochondria and thylakoids. Some significant principles and points of experimental design have
been put to one side in order to present such an overview. This important material is dealt with in the
remaining chapters, which are also concerned with contemporary information about the molecular nature
of the pumps and their mechanisms.
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Supplementary Material for Chapter 5

Section 5.7.2

A picture of the structure of the electron transfer flavoprotein(ETF)-ubiquinone oxidoreductase from
porcine liver, together with a brief description, is given on the web at
www.aps.anl.gov/xfd/communicator/user2000/zhangji.pdf

Section 5.15.2

Some readers might be surprised to find no mention of cytochrome &x¢; in this section (pages 140-143)
dealing with the electron transport system of E£scherichia coli. This cytochrome is abundant in the
periplasm of many strains of £. co/iand was shown many years ago by X-ray crystallography to have a
four a-helical bundle structure (PDB entry code 256B). However, and contrary to popular belief, a role for
this cytochrome in the respiratory systems of £. coli has never been demonstrated and thus it is not
discussed in this book. Furthermore, this type of protein is not a member of the mitochondrial respiratory
chain, contrary to the confusing statement that accompanies a picture of cytochrome bs¢, on page 142 of
Molecular Biology of the Cell (4™ edition) (2002) by B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts
and P. Walter, published by Garland, New York.



Supplementary Material for Chapter 6

Section 6.2.2

An important general issue in bioenergetics is how two proteins interact so as to effect transfer of
electrons from one to the other. A good example of this process is the requirement for cytochrome ¢ of
Rhodobacter sphaeroides to dock on to the photosynthetic reaction centre so as to transfer an electron
from its heme to the oxidised special pair bacteriochlorophyll dimer. As explained in Chapter 5, it is
expected that the distance between the heme and the chlorophyll dimer should be 14 A or less, as is the
case in the model for the complex between the cytochrome and the reaction centre given in Plate F.
Obtaining a crystal structure of this complex has proved very difficult, but recently this has been achieved
(Axelrod et. al. 2002). Fortunately, the actual structure resembles very closely that shown in Plate F!. The
shortest distance between edges of the heme and the bacteriochlorophyll dimer is 8.4 A. Important
interactions between the cytochrome and the reaction centre include those between positively charge
lysines on the cytochrome and negatively charged glutamtes/aspartates on the reaction centre, together
with a cation-pi interaction between the side chain of an arginine of the cytochrome and a tyrosine of the
reaction centre. The protein-protein interaction also depends on a variety of other interactions, including
van der Waals interactions (e.g. one between the heme edge and a tyrosine, different from that involved
in the cation-pi interaction, on the reaction centre), and hydrogen bonds. Note that the complex must be
relatively short lived so that the oxidized cytochrome can be reduced following its diffusion to the
cytochrome bg complex.
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Section 6.4

Plastocyanin is a cooper protein that normally transfer electrons from cytochrome bf to photosystem I in
eukaryotic algae and plants. In certain algae it has been known for some time that lack of availability of
copper results in a c-type cytochrome, known as cytochrome ¢ taking over this role. This situation is
analogous to that in bacteria where a related copper protein, pseudoazurin, can substitue for a
cytochrome ¢ (Chapter 5). However, genome sequencing has caused a major surprise in this area of
bioenergetics because it has shown that the cytochrome ¢ gene is present not just in algae but also in
plants where it has never been biochemcially identified (Gupta et a/ 2002; Wastl et a/ 2002). In
Arabidopsis it has now been shown that this cytochrome ¢ must be expressed in a functional form. This
is because it has been shown that a mutant specifically deficient in the gene for plastocyanin can continue
to grow photosynthetically, but a double mutant carrying knockouts in genes for both plastocyanin and
cytochrome ¢ cannot survive (Gupta et a/ 2002). Expressoin of the putative cytochrome ¢ of
Arabidopsis confirmed that indeed it is a c-type cytochrome (Gupta et a/2002). It will be interesting to
learn whether even spinach, the classic material for isolation of thylaoids, contains cytochrome ¢ rather
than plastocyanin after growth under copper-deficient conditions.
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Additional further reading for Chapter 6:

A new book which provides a great of information on photosynthesis that is complementary to that in
Chapter 6 is Blankenship, R.E., (2002) Molecular Mechanisms of Photosynthesis. Blackwells, Oxford.
However, note that whilst this book presents diagrams of the bacterial photosynthetic reaction centre in
the same orientation (ie P side and special pair of chlorophylls to the top) it, in common with many other
books and articles on the electron transport systems of thylakoids, uses an opposite orientation for the
highly related plant reaction centre. This is a potential source of confusion; we believe that the close
relationship between the bacterial and thylakoid reaction centres warrants using the same orientations for
each in diagrams, as has been done in Chapter 6 of Bioenergetics 3.
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