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Preface

This textbook is written for students and is the product of more than three
decades of my teaching experience. It intends to give a broad but concise
overview of the various aspects of plant biochemistry, including molecular
biology. I have attached importance to an easily understood description of
the principles of metabolism but also have restricted the content in such
a way that a student is not distracted by unnecessary details. In view of
the importance of plant biotechnology, industrial applications of plant
biochemistry have been pointed out wherever appropriate. Thus, special
attention has been given to the generation and utilization of transgenic
plants.

Since there are many excellent textbooks on general biochemistry, I have
deliberately omitted dealing with elements such as the structure and func-
tion of amino acids, carbohydrates, and nucleotides; the function of nucleic
acids as carriers of genetic information; and the structure and function of
proteins and the basis of enzyme catalysis. I have dealt with topics of general
biochemistry only when it seemed necessary for enhancing understanding of
the problem in hand. Thus, this book is, in the end, a compromise between
a general textbook and a specialized textbook.

This book is a translation of the third German edition. Compared to the
previous English edition, it has been fully revised to take into account the
progress in the field. In particular, the chapter about phytohormones has
undergone extensive changes. As a year has passed since the third German
edition was completed, the text has been thoroughly updated, taking into
account the rapid development of the discipline in 2003.

I am very grateful to the many colleagues who, through discussions and
the reprints they have sent me on their special fields, have given me the infor-
mation that made it possible for me to write the various editions of this
book. It was especially helpful for me that the colleagues in the following
list went to great trouble to read critically one or more chapters, to draw my
attention to mistakes, and to suggest improvements for which I am particu-
larly grateful. My special thanks go to my coworker and wife, Fiona Heldt.
Without her intensive support, it would not have been possible for me to
write this book or to prepare the English version.
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I have tried to eradicate as many mistakes as possible, probably not with
complete success. I am therefore grateful for any suggestions and comments.
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Introduction

Plant biochemistry examines the molecular mechanisms of plant life. One
of the main topics is photosynthesis, which in higher plants takes place
mainly in the leaves. Photosynthesis utilizes the energy of the sun to syn-
thesize carbohydrates and amino acids from water, carbon dioxide, nitrate,
and sulfate. Via the vascular system, a major part of these products is trans-
ported from the leaves through the stem into other regions of the plant,
where they are required, for example, to build up the roots and supply them
with energy. Hence, the leaves have been given the name source, and the roots
the name sink. The reservoirs in seeds are also an important group of the
sink tissues, and, depending on the species, act as a store for many agricul-
tural products such as carbohydrates, proteins, and fat.

In contrast to animals, plants have a very large surface, often with very
thin leaves in order to keep the diffusion pathway for CO, as short as pos-
sible and to catch as much light as possible. In the finely branched root hairs,
the plant has an efficient system for extracting water and inorganic nutrients
from the soil. This large surface, however, exposes plants to all the changes
in their environment. They must be able to withstand extreme conditions
such as drought, heat, cold, or even frost, as well as an excess of radiated
light energy. Day after day the leaves must contend with the change between
photosynthetic metabolism during the day and oxidative metabolism during
the night. Plants encounter these extreme changes in external conditions
with an astonishingly flexible metabolism in which a variety of regulatory
processes take part. Since plants cannot run away from their enemies, they
have developed a whole arsenal of defense substances to protect themselves
from being eaten.

Plant agricultural production is the basis for human nutrition. Plant gene
technology, which can be regarded as a section of plant biochemistry, makes
a contribution to combat the impending global food shortage resulting from
the enormous growth of the world population. The use of environmentally
compatible herbicides and protection against viral or fungal infestation by
means of gene technology is of great economic importance. Plant bio-
chemistry also is instrumental in breeding productive varieties of crop
plants.
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Introduction

Plants are the source of important industrial raw material such as fat and
starch, but they also are the basis for the production of pharmaceuticals. It
is to be expected that in the future gene technology will lead to the exten-
sive use of plants as a means of producing sustainable raw material for
industrial purposes.

The aim of this short list is to show that plant biochemistry is not only
an important field of basic science explaining the molecular function of a
plant, but also an applied science that, now at a revolutionary phase of its
development, is in a position to contribute to the solution of important eco-
nomic problems.

To reach this goal, it is necessary that sectors of plant biochemistry such
as bioenergetics, the biochemistry of intermediary metabolism and the sec-
ondary plant compounds, as well as molecular biology and other sections
of plant sciences, such as plant physiology and the cell biology of plants,
cooperate closely with one another. Only the integration of the results and
methods of working of the different sectors of plant sciences can help us to
understand how a plant functions and to put this knowledge to economic
use. This book describes how this may be achieved.

Since there are already many good general textbooks on biochemistry,
the elements of general biochemistry are not considered here, and it is pre-
sumed that the reader will obtain the knowledge of general biochemistry
from other textbooks.



A leaf cell consists of several
metabolic compartments

In higher plants photosynthesis occurs mainly in the mesophyll, the chloro-
plast-rich tissue of leaves. Figure 1.1 shows an electron micrograph of a mes-
ophyll cell and Figure 1.2 shows a diagram of the cell structure. The cell
contents are surrounded by a plasma membrane called the plasmalemma and

Figure 1.1 Electron
micrograph of mesophyll
tissue from tobacco. In
most cells the large central
vacuole is to be seen (v).
Between the cells are the
intercellular gas spaces
(ig), which are somewhat
enlarged by the fixation
process. c: chloroplast, cw:
cell wall, n: nucleus, m:
mitochondrion. (By D. G.
Robinson, Heidelberg.)



Figure 1.2 Diagram of a
mesophyll cell.
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are enclosed by a cell wall. The cell contains organelles, each with its own
characteristic shape, which divide the cell into various compartments (sub-
cellular compartments). Each compartment has specialized metabolic func-
tions, which will be discussed in detail in the following chapters (see also
Table 1.1). The largest organelle, the vacuole, usually fills about 80% of the
total cell volume. Chloroplasts represent the next largest compartment, and
the rest of the cell volume is filled with mitochondria, peroxisomes, the
nucleus, the endoplasmic reticulum, the Golgi bodies, and, outside these
organelles, the cell plasma, called cytosol. In addition, there are oil bodies
derived from the endoplasmic reticulum. These oil bodies, which occur in
seeds and some other tissues (e.g., root nodules), are storage organelles for
triglycerides (see Chapter 15).

The nucleus is surrounded by the nuclear envelope, which consists of the
two membranes of the endoplasmic reticulum. The space between the two
membranes is known as the perinuclear space. The nuclear envelope is inter-
rupted by nuclear pores with a diameter of about 50 nm. The nucleus con-
tains chromatin, consisting of DNA double strands that are stabilized by
being bound to basic proteins (histones). The genes of the nucleus are
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Table 1.1: Subcellular compartments in a mesophyll cell* and some of their functions

Percent of the Functions (incomplete)
total cell volume

Vacuole 79 Maintenance of cell turgor, store and waste depository

Chloroplasts 16 Photosynthesis, synthesis of starch and lipids

Cytosol 3 General metabolic compartment, synthesis of sucrose

Mitochondria 0.5 Cell respiration

Nucleus 0.3 Contains the genome of the cell. Reaction site of replication and

Peroxisomes Reaction site for processes in which toxic transcription intermediates
are formed

Endoplasmic Storage of Ca* ions, participation in the export of proteins from the cell

Reticulum and in the transport of proteins into the vacuole

QOil bodies Storage of triacylglycerols

(Oleosomes)

Golgi bodies Processing and sorting of proteins destined for export from the cells or
transport into the vacuole

* Mesophyll cells of spinach; data by Winter, Robinson, and Heldt, 1994.

collectively referred to as the nuclear genome. Within the nucleus, usually
off-center, lies the nucleolus, where ribosomal subunits are formed. These
ribosomal subunits and the messenger RNA formed by transcription of the
DNA in the nucleus migrate through the nuclear pores to the ribosomes
in the cytosol, the site of protein biosynthesis. The synthesized proteins
are distributed between the different cell compartments according to their
final destination.

The cell contains in its interior the cytoskeleton, which is a three-
dimensional network of fiber proteins. Important elements of the cytoskele-
ton are the microtubuli and the microfilaments, both macromolecules formed
by the aggregation of soluble (globular) proteins. Microtubuli are tubular
structures composed of o and B tubuline momomers. The microtubuli are
connected to a large number of different motor proteins that transport
bound organelles along the microtubuli at the expense of ATP. Microfila-
ments are chains of polymerized actin that interact with myosin to achieve
movement. Actin and myosin are the main constituents of the animal
muscle. The cytoskeleton has many important cellular functions. It is
involved in the spatial organization of the organelles within the cell, enables
thermal stability, plays an important role in cell division, and has a function
in cell-to-cell communication.



Figure 1.3 Main
constituents of the cell
wall.

1.3A. Cellulose

1 A leaf cell consists of several metabolic compartments

1.1 The cell wall gives the plant cell
mechanical stability

The difference between plant cells and animal cells is that plant cells have a
cell wall. This wall limits the volume of the plant cell. Water taken up into
the cell by osmosis presses the plasma membrane against the inside of the
cell wall, thus giving the cell mechanical stability.

The cell wall consists mainly of carbohydrates and proteins

The cell wall of a higher plant is made up of about 90% carbohydrates and
10% proteins. The main carbohydrate constituent is cellulose. Cellulose is an
unbranched polymer consisting of D-glucose molecules, which are con-
nected to each other by glycosidic (B1+4) linkages (Fig. 1.3A). Each glucose
unit is rotated by 180° from its neighbor, so that very long straight chains
can be formed with a chain length of 2,000 to 25,000 glucose residues. About
36 cellulose chains are associated by interchain hydrogen bonds to a crys-
talline lattice structure known as a microfibril. These crystalline regions are
impermeable to water. The microfibrils have an unusually high tensile
strength, are very resistant to chemical and biological degradations, and are
in fact so stable that they are very difficult to hydrolyze. However, many bac-
teria and fungi have cellulose-hydrolyzing enzymes (cellulases). These bac-
teria can be found in the digestive tract of some animals (e.g., ruminants),
thus enabling them to digest grass and straw. It is interesting to note that
cellulose is the most abundant organic substance on earth, representing
about half of the total organically bound carbon.

Hemicelluloses are also important constituents of the cell wall. They are
defined as those polysaccharides that can be extracted by alkaline solutions.
The name is derived from an initial belief, which later turned out to be incor-
rect, that hemicelluloses are precursors of cellulose. Hemicelluloses consist
of a variety of polysaccharides that contain, in addition to D-glucose, other
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1.1 The cell wall gives the plant cell mechanical stability

carbohydrates such as the hexoses D-mannose, D-galactose, D-fucose, and
the pentoses D-xylose and L-arabinose. Figure 1.3B shows xyloglucan as an
example of a hemicellulose. The basic structure is a B-1,4-glucan chain to
which xylose residues are bound via (o1'6) glycosidic linkages, which in part
are linked to D-galactose and D-fucose. In addition to this, L-arabinose
residues are linked to the 2-OH group of the glucose.

L-Arabinose 1.3B. A hemicellulose
H OH H,COH H o) H,COH
O (0]
—O0—/oH H\H H/H O—/oH H\{ H/H o—
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D-(IBaIactose
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Another major constituent of the cell wall is pectin, a mixture of poly-
mers from sugar acids, such as D-galacturonic acid, which are connected by
(a1'4) glycosidic links (Fig. 1.3C). Some of the carboxyl groups are esteri-
fied by methyl groups. The free carboxyl groups of adjacent chains are linked
by Ca™ and Mg™ ions (Fig. 1.4). When Mg"™ and Ca™" ions are absent, pectin
is a soluble compound. The Ca™/Mg™ salt of pectin forms an amorphous,
deformable gel that is able to swell. The food industry makes use of this
property of pectin when preparing jellies and jams.

1 3C Constituent of

Ryt R

oo —CH,

poly-o.-1,4-D-Galacturonic acid, basic constituent of pectin



Figure 1.4 Ca"™ and Mg™*
ions mediate electrostatic
interactions between pectin
strands.
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The structural proteins of the cell wall are connected by glycosidic link-
ages to the branched polysaccharide chains and belong to the class of
proteins known as glycoproteins. The carbohydrate portion of these
glycoproteins varies from 50% to over 90%. Cell walls also contain waxes
(Chapter 15), cutin, and suberin (Chapter 18).

For a plant cell to grow, the very rigid cell wall has to be loosened in
a precisely controlled way. This is facilitated by the protein expansin,
which occurs in growing tissues of all flowering plants. It probably func-
tions by breaking hydrogen bonds between cellulose microfibrils and cross-
linking polysaccharides.

In a monocot plant, the primary wall (i.e., the wall initially formed after
the growth of the cell) consists of 20% to 30% cellulose, 25% hemicellulose,
30% pectin and, 5% to 10% glycoprotein. It is permeable to water. Pectin
makes the wall elastic and, together with the glycoproteins and the hemi-
cellulose, forms the matrix in which the cellulose microfibrils are embedded.
When the cell has reached its final size and shape, another layer, the sec-
ondary wall, which consists mainly of cellulose, is added to the primary wall.
The microfibrils in the secondary wall are arranged in a layered structure like
plywood (Fig. 1.5).

The incorporation of lignin in the secondary wall causes the lignification
of plant parts and the corresponding cells die, leaving the dead cells with
only a supporting function (e.g., for forming the branches and twigs of trees
or the stems of herbaceous plants). Section 18.3 describes in detail how
lignin is formed by the polymerization of the phenylpropane derivatives
cumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, resulting in a very
solid structure. Dry wood consists of about 30% lignin, 40% cellulose, and
30% hemicellulose. After cellulose, lignin is the most abundant natural sub-
stance on earth.
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Plasmodesmata connect neighboring cells

Neighboring cells are normally connected by plasmodesmata thrusting
through the cell walls. The plasmodesmata allow mostly the passage of mol-
ecules up to a molecular mass of about 800 to 900 Dalton. They are per-
meable to the various intermediates of metabolism such as soluble sugars,
amino acids, and free nucleotides. A single plant cell may contain from 1,000
to more than 10,000 plasmodesmata. These plasmodesmata connect many
plant cells to form a single large metabolic compartment where the metabo-
lites in the cytosol can move between the various cells by diffusion. This con-
tinuous compartment formed by different plant cells (Fig. 1.6) is called the
symplast. In contrast, the spaces between cells, which are often continuous,
are termed the extracellular space or the apoplast (Fig. 1.2).

Figure 1.7 shows a diagram of a plasmodesm. The tubelike opening
through the cell wall is lined by the plasma membrane, which is continuous
between the neighboring cells. In the interior of this tube there is another
tubelike membrane structure, which is part of the endoplasmatic reticulum

Figure 1.5 Cell wall of the
green alga Oocystis
solitaria. The cellulose
microfibrils are arranged in
a layer pattern, in which
parallel layers are arranged
one above the other. Freeze
etching. (By D. G.
Robinson, Heidelberg.)



Figure 1.6 Plasmodesmata
connect neighboring cells
to form a symplast. The

extracellular spaces I 1‘
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the apoplast. Schematic V
representation. Each of the

connections shown actually ™ A
consists of very many A

neighboring A A
plasmodesmata. v v

Apoplast Plasmodesmata Symplast

Figure 1.7 Diagram of a
plasmodesm. The plasma
membrane of the
neighboring cells is
connected by a tubelike
membrane invagination.
Inside this tube is a
continuation of the
endoplasmic reticulum.
Embedded in the
membrane of the ER and
the plasma membrane are
protein particles that are
connected to each other.
The spaces between the
particles form the diffusion
path of the plasmodesm. It
is controversial whether a
diffusion between the
neighboring cells also takes
place via the ER lumen.
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B. vertical view B
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1.2 Vacuoles have multiple functions

(ER) of the adjacent cells. In this way the ER system of the entire symplast
represents a continuity. The space between the plasma membrane and the
ER membrane forms the diffusion pathway between the cytosol of adjacent
cells. Protein particles, which are connected to each other, are attached to
the outer tube formed by the plasma membrane and the ER membrane.
It is assumed that the free space between these protein particles determines
the aperture of the plasmodesm. A number of plant viruses, including
the Tobacco mosaic virus, cause the synthesis of virus movement proteins,
which can alter the plasmodesmata to such an extent that viral nucleic
acids bound to the movement protein can slip through. Thus, after infect-
ing a single cell, a virus can spread over the entire symplast. In the widen-
ing process of the plasmodesmata by virus movement proteins, the
cytoskeleton appears to be involved. There are indications that this repre-
sents a general transport process of which the viruses take advantage. It is
presumed that the cell’s own movement proteins, upon the consumption of
ATP, facilitate the transfer of macromolecules, such as RNA and proteins,
from one cell to the next via the plasmodesmata. In this way, for example,
transcription factors might be distributed as signals in a regulated mode via
the symplast.

The plant cell wall can be lysed by cellulose and pectin hydrolyzing
enzymes obtained from microorganisms. When leaf pieces are incubated
with these enzymes, plant cells that have lost their surrounding cell wall can
be obtained. These naked cells are called protoplasts. Protoplasts, however,
are stable only in an isotonic medium in which the osmotic pressure corre-
sponds to the osmotic pressure of the cell fluid. In pure water the proto-
plasts, as they have no cell wall, swell so much that they burst. In appropriate
media, the protoplasts of some plants are viable, they can be propagated in
cell culture, and they can be stimulated to form a cell wall and even to regen-
erate a whole new plant.

1.2 Vacuoles have multiple functions

The vacuole is enclosed by a membrane, called a tonoplast. The number and
size of the vacuoles in different plant cells vary greatly. Young cells contain
a larger number of smaller vacuoles but, taken as a whole, occupy only a
minor part of the cell volume. When cells mature, the individual vacuoles
amalgamate to form a central vacuole (Figs. 1.1 and 1.2). The increased
volume of the mature cell is due primarily to the enlargement of the vacuole.
In cells of storage or epidermal tissues, the vacuole often takes up almost
the entire cellular space.
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An important function of the vacuole is to maintain cell turgor. For this
purpose, salts, mainly from inorganic and organic acids, are accumulated in
the vacuole. The accumulation of these osmotically active substances draws
water into the vacuole, which, in turn, causes the tonoplast to press the pro-
toplasm of the cell against the surrounding cell wall. Plant turgor is respon-
sible for the rigidity of nonwoody plant parts. The plant wilts when the
turgor decreases due to lack of water.

Vacuoles have an important function in recycling those cellular con-
stituents that are defective or no longer required. Vacuoles contain
hydrolytic enzymes for degrading various macromolecules such as proteins,
nucleic acids, and many polysaccharides. Structures, such as mitochondria,
can be transferred by endocytosis to the vacuole and are digested there.
For this reason one speaks of lytic vacuoles. The resulting degradation prod-
ucts, such as amino acids and carbohydrates are made available to the cell.
This is especially important during senescence (see section 19.5) when prior
to abscission, part of the constituents of the leaves are mobilized (e.g., to
form seeds).

Last, but not least, vacuoles also function as waste deposits. With the
exception of gaseous substances, leaves are unable to rid themselves of waste
products or xenobiotics such as herbicides. These are ultimately deposited
in the vacuole (Chapter 12).

In addition, vacuoles also have a storage function. Many plants use the
vacuole to store reserves of nitrate and phosphate. Some plants store malic
acid temporarily in the vacuoles in a diurnal cycle (see section 8.5). Vacuoles
of storage tissues contain carbohydrates (section 13.3) and storage proteins
(Chapter 14). Many plant cells contain different types of vacuoles (e.g., lytic
vacuoles and protein storage vacuoles beside each other).

The storage function of vacuoles plays a role when utilizing plants as
natural protein factories. It is now possible by genetic engineering to express
economically important proteins (e.g., antibodies) in plants, where the
vacuole storage system functions as a cellular storage compartment for accu-
mulating these proteins in high amounts. Since normal techniques could be
used for the cultivation and harvest of the plants, this method has the advan-
tage that large amounts of proteins can be produced at low costs.

1.3 Plastids have evolved from cyanobacteria

Plastids are cell organelles which occur only in plant cells. They multiply by
division and in most cases are inherited maternally. This means that all the
plastids in a plant usually have descended from the proplastids in the egg
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cell. During cell differentiation, the proplastids can differentiate into green
chloroplasts, colored chromoplasts, and colorless leucoplasts. Plastids possess
their own circular chromosome as well as enzymes for gene duplication, gene
expression, and protein synthesis. The plastid genome (plastome) has prop-
erties similar to that of the prokaryotic genome, as for instance in the
cyanobacteria, but encodes only a minor part of the plastid proteins; the
majority of these proteins are encoded in the nucleus and subsequently
are transported into the plastids. The proteins encoded by the plastome
comprise part of the proteins of photosynthetic electron transport and of
ATP synthesis.

As early as 1883 the botanist Andreas Schimper postulated that plastids
are evolutionary descendants of intracellular symbionts, thus founding the
basis for the endosymbiont hypothesis. According to this hypothesis, the plas-
tids descend from cyanobacteria, which were taken up by phagocytosis into
a host cell (Fig. 1.8) and lived there in a symbiotic relationship. Through
time these endosymbionts lost the ability to live independently because
a large portion of the genetic information of the plastid genome was
transferred to the nucleus. Comparative DNA sequence analyses of proteins
from chloroplasts and from early forms of cyanobacteria allow the
conclusion to be drawn that all chloroplasts of the plant kingdom derive
from one symbiotic event. Therefore it is justified to speak of an endosym-
biotic theory.

Proplastids (Fig. 1.9A) are very small organelles (diameter 1-1.5 wm).
They are undifferentiated plastids found in the meristematic cells of the
shoot and the root. They, like all other plastids, are enclosed by two mem-
branes forming an envelope. According to the endosymbiont theory, the
inner envelope membrane derives from the plasma membrane of the pro-
tochlorophyte and the outer envelope membrane from plasma membrane
of the host cell.

11

Figure 1.8 A
cyanobacterium forms a
symbiosis with a host cell.
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Figure 1.9 Plastids occur
in various differentiated
forms. A. Proplastid from
young primary leaves of
Cucurbita pepo (courgette);
B. Chloroplast from
mesophyll cell of tobacco
leaf fixed at the end of the
dark period; C. Leucoplast:
amyloplast from the root of
Cestrum auranticum; D.
Chromoplast from petals
also of C. auranticum.

(By D. G. Robinson,
Heidelberg.)

1 A leaf cell consists of several metabolic compartments

Chloroplasts (Fig. 1.9B) are formed by differentiation of the proplastids
(Fig. 1.10). A mature mesophyll cell contains about 50 chloroplasts. By def-
inition chloroplasts contain chlorophyll. However, they are not always green.
In red and brown algae, other pigments mask the green color of the chloro-
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phyll. Chloroplasts are lens-shaped and can adjust their position within the
cell to receive an optimal amount of light. In higher plants their length is 3
to 10 um. The two envelope membranes enclose the stroma. The stroma con-
tains a system of membranes arranged as flattened sacks (Fig. 1.11), which
were given the name thylakoids (in Greek, sac-like) by Wilhelm Menke in
1960. During differentiation of the chloroplasts, the inner envelope mem-
brane invaginates to form thylakoids, which are subsequently sealed off. In
this way a large membrane area is provided as the site for the photosynthe-
sis apparatus (Chapter 3). The thylakoids are connected to each other by
tubelike structures, forming a continuous compartment of the thylakoid
space. Many of the thylakoid membranes are squeezed very closely together;
they are said to be stacked. These stacks can be seen by light microscopy as
small particles within the chloroplasts and have been named grana.

There are three different compartments in chloroplasts: the intermem-
brane space between the outer and inner envelope membrane; the stroma

13

Figure 1.10 Scheme of
the differentiation of a
proplastid to a chloroplast.
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Figure 1.11 The grana
stacks of the thylakoid
membranes are connected
by tubes, forming a
continuous thylakoid space
(thylakoid lumen). (After
Weier and Stocking, 1963.)

1 A leaf cell consists of several metabolic compartments

—

space between the inner envelope membrane and the thylakoid membrane;
and the thylakoid lumen, which is the space within the thylakoid membranes.
The inner envelope membrane is a permeability barrier for metabolites and
nucleotides, which can pass through only with the aid of specific transloca-
tors (section 1.9). In contrast, the outer envelope membrane is permeable to
metabolites and nucleotides (but not to macromolecules such as proteins or
nucleic acids). This permeability is due to the presence of specific membrane
proteins called porins, which form pores permeable to substances with a
molecular mass below 10,000 Dalton (section 1.11). Thus, the inner enve-
lope membrane is the actual boundary membrane of the metabolic com-
partment of the chloroplasts so that the chloroplast stroma can be regarded
as the “protoplasm” of the plastids. In comparison, the thylakoid lumen
represents an external space that functions primarily as a compartment for
partitioning protons to form a proton gradient (Chapter 3).

The stroma of chloroplasts contains starch grains. This starch serves
mainly as a diurnal carbohydrate store, the starch formed during the day
being a reserve for the following night (section 9.1). Therefore at the end of
the day the starch grains in the chloroplasts are usually very large and,
during the following night, become very small again. The formation of
starch in plants always takes place in plastids.

Often structures that are not surrounded by a membrane are found inside
the stroma. They are known as plastoglobuli and contain, among other
substances, lipids, and plastoquinone. A particularly high amount of
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plastoglobuli is found in the plastids of senescent leaves, containing
degraded products of the thylakoid membrane. About 10 to 100 identical
plastid genomes are localized in a special region of the stroma known as the
nucleoide. The ribosomes present in the chloroplasts are either free in the
stroma or bound to the surface of the thylakoid membranes.

In leaves grown in the dark (etiolated plants), the plastids have a yellow-
ish color and are termed etioplasts. These etioplasts contain some, but not
all, of the chloroplast proteins. They are devoid of chlorophyll but contain
instead membrane precursors, termed prolaminar bodies, which probably
consist of lipids. The etioplasts are regarded as an intermediate stage of
chloroplast development.

Leucoplasts (Fig. 1.9C) are a group of plastids that include many differ-
entiated colorless organelles with very different functions (e.g., the amylo-
plasts), which act as a store for starch in non-green tissues such as root,
tubers, or seeds (Chapter 9). Leucoplasts are also the site of lipid biosyn-
thesis in non-green tissues. Lipid synthesis in plants is generally located
in plastids. The reduction of nitrite to ammonia, a partial step of nitrate
assimilation (Chapter 10), is also always located in plastids. In those cases
in which nitrate assimilation takes place in the roots, leucoplasts are the site
of nitrite reduction.

Chromoplasts (Fig. 1.9D) are plastids that, due to their high carotenoid
content (Fig. 2.9), are colored red, orange, or yellow. They are the same size
as chloroplasts but have no known metabolic function. Their main function
may be to house the pigments of some flowers and fruit (e.g., the red color
of tomatoes).

1.4 Mitochondria also result from
endosymbionts

Mitochondria are the site of cellular respiration where substrates are oxi-
dized for generating ATP (Chapter 5). Mitochondria, like plastids, multiply
by division and are maternally inherited. They also have their own genome
(consisting in plants of a large circular DNA strand and often several small
circular DNA strands) and their own machinery for gene duplication, gene
expression, and protein synthesis. The mitochondrial genome encodes only
a small number of the mitochondrial proteins (Table 20.6); most of them
are encoded in the nucleus. Mitochondria are of endosymbiontic origin. Phy-
logenetic experiments based on the comparison of DNA sequences led to
the conclusion that all mitochondria derive from a single event in which a
precursor proteobacterium entered an endosymbiosis with an anaerobic bac-
terium, probably an archaebacterium.

15
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Figure 1.12 Diagram of
the structure of a
mitochondrion.

1 A leaf cell consists of several metabolic compartments

Inner membrane
Outer membrane

) Intermembrane space
Cristae

The endosymbiontic origin (Fig. 1.8) explains why the mitochondria are
enclosed by two membranes (Fig. 1.12). Similar to chloroplasts, the mito-
chondrial outer membrane contains porins (section 1.11) that render this
membrane permeable to molecules below a mass of 4,000 to 6,000 Dalton,
such as metabolites and free nucleotides. The permeability barrier for these
substances and the site of specific translocators (section 5.8) is the mito-
chondrial inner membrane. Therefore the intermembrane space between the
inner and the outer membrane has to be considered as an external com-
partment. The “protoplasm” of the mitochondria, surrounded by the inner
membrane, is called the mitochondrial matrix. The mitochondrial inner
membrane contains the proteins of the respiratory chain (section 5.5). In
order to enlarge the surface area of the inner membrane, it is invaginated
in folds (cristae mitochondriales) or tubuli (Fig. 1.13) into the matrix. The
structure of these membrane invaginations corresponds to the structure of
the thylakoids, the only difference being that in the mitochondria these
invaginations are not separated as a distinct compartment from the inner
membrane. Also, the mitochondrial inner membrane is the site for forma-
tion of a proton gradient. Therefore the mitochondrial intermembrane
space and the chloroplastic thylakoid lumen correspond to each other in
functional terms.

1.5 Peroxisomes are the site of reactions
1in which toxic intermediates are formed

Peroxisomes, also termed microbodies, are small, spherical organelles with
a diameter of 0.5 to 1.5 um (Fig. 1.14) that, in contrast to plastids and
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Figure 1.13 In mito-
chondria invaginations of
the inner membrane result
in an enlargement of the
membrane surface. The
figure shows mitochondria
in a barley aleurone cell.
(By D. G. Robinson,
Heidelberg.)

mitochondria, are enclosed by only a single membrane. This membrane also
contains porins. The peroxisomal matrix represents a specialized compart-
ment for reactions in which toxic intermediates are formed. Thus peroxi-
somes contain enzymes catalyzing the oxidation of substances accompanied
by the formation of H,0,, and also contain catalase, which immediately
degrades this H,O, (section 7.4). Peroxisomes are a common constituent
of eukaryotic cells. In plants there are two important differentiated forms:
the leaf peroxisomes (Fig. 1.14A), which participate in photorespiration
(Chapter 7); and the glyoxysomes (Fig. 1.14B), which are present in seeds
containing oils (triacylglycerols) and play a role in the conversion of tria-
cylglycerols to carbohydrates (section 15.6). They contain all the enzymes
for fatty acid B-oxidation. The origin of peroxisomes is a matter of dispute.
Some results indicate that peroxisomes are synthesized de novo from invagi-
nations of the membranes of the endoplasmic reticulum, and other results
indicate that peroxisomes are formed by division of preexisting peroxisomes,
like plastids and mitochondria, with the one difference being that they have
no genetic apparatus. A comparison of protein sequences has shown that
peroxisomes from plants, fungi, and animals have a common ancestor.
Whether this was also an endosymbiont, as in the case of mitochondria and
plastids, but one that lost its genome, is still not clear.
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Figure 1.14 Peroxisomes.
A. Peroxisomes from the
mesophyll cells of tobacco.
The proximity of
peroxisome (P),
mitochondrion (M), and
chloroplast (C) reflects the
rapid metabolite exchange
between these organelles
in the course of
photorespiration (discussed
in Chapter 7). B.
Glyoxysomes from
germinating cotyledons of
Cucurbita pepo (courgette).
The lipid degradation
described in section 15.6
and the accompanying
gluconeogenesis require a
close contact between lipid
droplets (L), glyoxysome
(G), and mitochondrion
(M). (By D. G. Robinson,
Heidelberg.)

1 A leaf cell consists of several metabolic compartments

1.6 The endoplasmic reticulum and Golgi
apparatus form a network for the
distribution of biosynthesis products

In an electron micrograph, the endoplasmic reticulum (ER) appears as a
labyrinth traversing the cell (Fig. 1.15). Two structural types of ER can be
differentiated: the rough and the smooth forms. The rough ER consists of
flattened sacs that are sometimes arranged in loose stacks of which the outer
side of the membranes is occupied by ribosomes. The smooth ER consists
primarily of branched tubes without ribosomes. Despite these morphologi-
cal differences, the rough ER and the smooth ER are constituents of a con-
tinuous membrane system.
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Figure 1.15 Rough
endoplasmic reticulum,
cross section (arrows) and
tangential sections
(arrowheads). The
ribosomes temporarily
attached to the membrane
occur as polysome
complexes (ribosome +
mRNA). Section from the
cell of a maturing pea
cotyledon. (By D. G.
Robinson, Heidelberg.)

The presence of ribosomes on the outer surface of the ER is temporary.
Ribosomes are attached to the ER membrane only when the protein that
they form is destined for the ER itself, for the vacuoles, or for export from
the cell. These proteins contain an amino acid sequence (signal sequence)
that causes the peptide chain during its synthesis to enter the lumen of the
ER (section 14.5). A snapshot of the ribosome complement of the ER would
show only those ribosomes that at the moment of fixation of the tissue are
involved in the synthesis of proteins destined for import into the ER lumen.
Membranes of the ER are also the site of membrane lipid synthesis, where
the necessary fatty acids are provided by the plastids.

In seeds and other tissues, oil bodies (also called oleosomes) are present,
which are derived from the ER membrane. The oil bodies store triglycerides
and are of great economic importance since they are the storage site of oil
plants, such as rape or olives. The oil bodies are enclosed by a half bio-
membrane only, of which the hydrophobic fatty acid residues of the mem-
brane lipids project into the oil and the hydrophilic heads project into the
cytosol (section 15.2).

In addition, the ER is a suitable storage site for the production of pro-
teins in plants by genetic engineering. It is possible to provide those proteins
with a signal sequence and the amino terminal ER-retention signal KDEL
(Lys Asp Glu Leu). The ER of leaves is capable of accumulating large
amounts of such extraneous proteins (up to 2.5 to 5% of the total leaf
protein). It may be noted that the function of the ER is not affected when
such large amounts of extraneous proteins are accumulated.
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Figure 1.16 Scheme of
the interplay between the
endoplasmic reticulum and
the Golgi apparatus in the
transfer of proteins from
the ER to the vacuoles and
in the secretion of proteins
from the cell.

1 A leaf cell consists of several metabolic compartments

/Rough ER

Ribosome

O Secretory vesicles

Golgi apparatus ;

J

¢ Exocytosis

In the ER lumen, proteins are often modified by N-glycosylation (attach-
ment of hexose chains to amino acid residues; see section 17.7). Proteins
channeled into the ER lumen are transferred to the cis side of the Golgi
apparatus by membrane vesicles budding off from the ER (Fig. 1.16). These
vesicles are covered on the outside by coat proteins consisting of six to seven
different subunits. The Golgi apparatus, discovered in 1898 by the Italian
Camillo Golgi, using a light microscope, consists of up to 20 curved discs
arranged in parallel, the so-called Golgi cisternae or dictyosomes, which are
surrounded by smooth membranes (not occupied by ribosomes) (Fig. 1.17).
At both sides of the discs, vesicles of various size can be seen to bud off.
The Golgi apparatus consists of the cis compartment, the middle compart-
ment, and the frans compartment. During transport through the Golgi
apparatus, proteins are often modified by O-glycosylation (attachment of
hexose chains to serine and threonine residues).

Two mechanisms for transporting proteins through the Golgi apparatus
are under discussion: (1) According to the vesicle shuttle model (Fig. 1.16),
the proteins pass through the different cisternae by enbudding and
vesicle transfer. Each cisterna has its fixed position. (2) According to
the cisternae progression model, cisternae are constantly being newly
formed by vesicle fusion at the cis side, and they then decompose to vesicles
at the trans side. Present results show that both systems probably function
in parallel.
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In the Golgi apparatus, proteins are selected either to be removed from
the cell by exocytosis (secretion) or to be transferred to lytic vacuoles or to
storage vacuoles (section 1.2). Signal sequences of proteins act as sorting
signals to direct proteins into the vacuolar compartment The proteins
destined for the lytic vacuoles are transferred in clathrin-coated vesicles.
Clathrin is a protein consisting of two different subunits (o-UE 180,000
Dalton, B-UE 35,000 to 40,000 Dalton). Both 30 and 3B-subunits form a
complex with three arms (Triskelion), which polymerizes to a hexagonal lat-
ticed structure surrounding the vesicle (Fig. 1.18). The transport into the
storage vacuoles proceeds via other vesicles without clathrin. Secretion pro-
teins, containing only the signal sequence for entry into the ER, reach the
plasma membrane via secretion vesicles without a protein coat and are
secreted by exocytosis.

A

A
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Figure 1.17 Golgi
apparatus (dictyosome)
in the green alga
Chlamydomonas reinhardii.
C = cis side, t = trans side.
Arrowheads point to the
trans Golgi network. The
swollen endoplasmatic
reticulum (ER) is typical
for this cell. On the ER,
ribosomes can be
recognized, except in the
area where vesicles bud
off. (By D. G. Robinson,
Heidelberg.)

Figure 1.18 Model of the
structure of clathrin-coated
vesicles.. (A) 3o and 3
subunits of clathrin form a
complex with three arms.
(B) From this a hexagonal
and pentagonal lattice (the
latter not shown here) is
formed by polymerization
and this forms (C) the coat.
(From Kleinig and Sitte.)
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The collective term for the ER membrane, the membranes of the Golgi
apparatus (derived from the ER), the transfer vesicles, and the nuclear enve-
lope is the endomembrane system.

1.7 Functionally intact cell organelles can
be isolated from plant cells

In order to isolate cell organelles, the cell has to be disrupted to such an
extent that its organelles are released into the isolation medium. This forms
what is known as a cell homogenate. In order to prevent the free organelles
from swelling and finally rupturing, the isolation medium must be isotonic,
that is, by the presence of an osmotic (e.g., sucrose), an osmotic pressure is
generated in the medium, which corresponds to the osmotic pressure of the
aqueous phase within the organelle. Media containing 0.3 mol/L sucrose or
sorbitol usually are used for cell homogenization.

Figure 1.19 shows the protocol for the isolation of chloroplasts as an
example. Small leaf pieces are homogenized by cutting them up within
seconds using blades rotating at high speed, such as in a food mixer. It is
important that the homogenization time is short; otherwise the cell
organelles released into the isolation medium would also be destroyed.
However, such homogenization works only with leaves with soft cell walls,
such as spinach. In the case of leaves with more rigid cell walls (e.g., cereal
plants), protoplasts are first prepared from leaf pieces as described in section
1.1. These protoplasts are then ruptured by forcing the protoplast suspen-
sion through a net with a mesh smaller than the size of the protoplasts.

The desired organelles can be separated and purified from the rest of the
cell homogenate by differential or density gradient centrifugation. In the
case of differential centrifugation, the homogenate is suspended in a medium
with a density much lower than that of the cell organelles. In the gravita-
tional field of the centrifuge, the sedimentation velocity of the particles
depends primarily on the particle size (the large particles sediment faster
than the small particles). As shown in Figure 1.19, taking the isolation of
chloroplasts as an example, relatively pure organelle preparations can be
obtained within a short time by a sequence of centrifugation steps at increas-
ing speeds.

In the case of density gradient centrifugation (Fig. 1.20), the organelles
are separated according to their density. Media of differing densities are
assembled in a centrifuge tube so that the density increases from top to
bottom. To prevent altering the osmolarity of the medium, heavy macro-
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molecules [e.g., Percoll (silica gel)], are used to achieve a high density. The
cell homogenate is layered on the density gradient prepared in the centrifuge
tube and centrifuged until all the particles of the homogenate have reached
their zone of equal density in the gradient. As this density gradient cen-
trifugation requires high centrifugation speed and long running times, it is
often used as the final purification step after preliminary separation by dif-
ferential centrifugation.

By using these techniques it is possible to obtain functionally intact
chloroplasts, mitochondria, peroxisomes, and vacuoles of high purity in
order to study their metabolic properties in the test tube.

23

Figure 1.19 Protocol for
the isolation of functionally
intact chloroplasts.
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Figure 1.20 Particles are
separated by density
gradient centrifugation
according to their different
densities.

1 A leaf cell consists of several metabolic compartments
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1.8 Various transport processes facilitate
the exchange of metabolites between
different compartments

Each of the cell organelles mentioned in the preceding section has a specific
function in cell metabolism. The interplay of the metabolic processes in the
various compartments requires a transfer of substances across the mem-
branes of these cell organelles as well as between the different cells. This
transfer of material takes place in various ways: by specific translocators,
channels, pores, via vesicle transport, and in a few cases (e.g., CO, or O,) by
nonspecific diffusion through membranes. The vesicle transport and the
function of the plasmodesmata have already been described.

Figure 1.21 describes various types of transport processes according to
formal criteria. When a molecule moves across a membrane independent of
the transport of other molecules, the process is called uniport, and when
counter-exchange of molecules is involved, it is called antiport. The manda-
tory simultaneous transport of two substances in the same direction is called
symport. A transport via uniport, antiport, or symport, in which a charge is
also moved simultaneously, is termed electrogenic transport. A vectorial
transport, which is coupled to a chemical or photochemical reaction, is
named active or primary active transport. Examples of active transport are
the transport of protons driven by the electron transfer of the photosyn-
thetic electron transport chain (Chapter 3) or the respiratory chain (Chapter
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5) or by the consumption of ATP (Fig. 1.21C). Such proton transport is
electrogenic; the transfer of a positive charge results in the formation of a
membrane potential. Another example of primary active transport is the
ATP-dependent transport of glutathione conjugates into vacuoles (see
section 12.2).

In a secondary active transport, the only driving force is an electrochem-
ical potential across the membrane. In the case of an electrogenic uniport,
the membrane potential can be the driving force by which a substrate is
transported across the membrane against the concentration gradient. An
example of this is the accumulation of malate in the vacuole (Fig. 1.21C;
see also Chapter 8). Another example of secondary active transport is the
transport of sucrose via an H*-sucrose symport in which a proton gradient,
formed by primary active transport, drives the accumulation of sucrose (Fig.
1.21C). This transport plays an important role in loading sieve tubes with
sucrose (Chapter 13).
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1.9 Translocators catalyze the specific
transport of substrates and products
of metabolism

Specialized membrane proteins catalyze a specific transport across mem-
branes. In the past these proteins were called carriers, as it was assumed that
after binding the substrate at one side of the membrane, they would diffuse
through the membrane to release the substrate on the other side. We now
know that this simple picture does not apply. Instead, transport can be visu-
alized as a process by which a molecule moves through a specific pore. The
proteins catalyzing such a transport are termed translocators. The triose
phosphate-phosphate translocator of chloroplasts will be used as an
example to describe the structure and function of such a translocator. This
translocator enables the export of photoassimilates from the chloroplasts by
catalyzing a counter-exchange of phosphate with triose phosphate (dihy-
droxyacetone phosphate or glyceraldehyde-3-phosphate) (Fig. 9.12). Quan-
titatively it is the most abundant transport protein in plants.

Silicone layer filtering centrifugation is a very useful tool (Fig. 1.22) for
measuring the uptake of substrates into chloroplasts or other cell organelles.
To start measurement of transport, the corresponding substrate is added to
a suspension of isolated chloroplasts and is terminated by separating the
chloroplasts from the surrounding medium by centrifugation through a sil-
icone layer. The amount of substrate taken up into the separated chloro-
plasts is then quantitatively analyzed.

A hyperbolic curve is observed (Fig. 1.23) when this method is used to
measure the uptake of phosphate into chloroplasts at various external con-
centrations of phosphate. At very low phosphate concentrations the rate of
uptake rises proportionally to the external concentration, whereas at a
higher phosphate concentration the curve levels off until a maximal veloc-
ity is reached (V). These are the same characteristics as seen in enzyme
catalysis. During enzyme catalysis the substrate (S) is first bound to the
enzyme (E). The product (P) formed on the enzyme surface is then released:

Catalysis

E+S ES EP E+P

The transport by a specific translocator can be depicted in a similar way:

Transport

S+T ST TS T+S




1.9 Translocators catalyze the specific transport of substrates and products

Spatula
Metabolite
in droplet
N s N e
Chloroplast Supernatant
suspension
Centrifugation

Layer of
silicone oil

Sediment containing
denatured chloroplasts

Perchloric acid

Figure 1.22 Silicone oil filtering centrifugation: measurement of the uptake of
substances into isolated chloroplasts. For the measurement, the bottom of a centrifuge
tube contains perchloric acid on which silicone oil is layered. The substance to be
transported is added to the chloroplast suspension above the silicone layer using a
small spatula. To simplify detection, metabolites labeled with radio isotopes (e.g., **P
or '*C ) are usually used. The uptake of metabolites into the chloroplasts is terminated
by centrifugation in a rapidly accelerating centrifuge. Upon centrifugation the
chloroplasts migrate within a few seconds through the silicone layer into the perchloric
phase, where they are denatured. That portion of the metabolite which has not been
taken up remains in the supernatant. The amount of metabolite that has been taken
up into the chloroplasts is determined by measurement of the radioactivity in the
sedimented fraction. The amount of metabolite carried nonspecifically through the
silicone layer, either by adhering to the outer surface of the plastid or present in

the space between the inner and the outer envelope membranes, can be evaluated in

a control experiment in which a substance is added (e.g., sucrose) that is known not

to permeate the inner envelope membrane.

The substrate is bound to a specific binding site of the translocator protein
(T), transported through the membrane, and then released from the translo-
cator. The maximal velocity V.. corresponds to a state in which all the
binding sites of the translocators are saturated with substrate. As is the case
for enzymes, the K,, for a translocator corresponds to the substrate con-
centration at which transport occurs at half maximal velocity. Also in
analogy to enzyme catalysis, the translocators usually show high specificity
for the transported substrates. For instance, the chloroplast triose phos-
phate-phosphate translocator of C; plants (see section 9.1) transports

27



28

Figure 1.23 By measuring
the concentration
dependence of the rate of
uptake for a substance it
can be decided whether the
uptake occurs by
nonspecific diffusion
through the membrane (A)

or by specific transport (B).

1 A leaf cell consists of several metabolic compartments
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orthophosphate, dihydroxyacetone phosphate, glyceraldehyde-3-phosphate,
and 3-phosphoglycerate, but not 2-phosphoglycerate. The various substrates
compete for the binding site. Therefore, one substrate such as phosphate will
be a competitive inhibitor for the transport of another substrate such as 3-
phosphoglycerate. The triose phosphate-phosphate translocator of chloro-
plasts is an antiport, so that for each molecule transported inward (e.g.,
phosphate), another molecule (e.g., dihydroxyacetone phosphate) must be
transported out of the chloroplasts.

Figure 1.24 shows a scheme of the transport process. The triose
phosphate-phosphate translocator from chloroplasts, like translocators from
mitochondria and other compartments, consists of two subunits that form
a gated pore. Both subunits form a common substrate binding site, which is
accessible either from the inside or from the outside, depending on the con-
formation of the translocator protein. The first step of the transport process
is to bind a substrate (A) to the substrate binding site accessible from the
outside. A conformational change then occurs and the substrate is finally
released to the inner side. Another substrate (B) can now bind to the free
binding site and thus be transported to the outside. An obligatory counter-
exchange may be due to the fact that the shift of the binding site from one
side of the membrane to the other can occur only when the binding site is
occupied by a substrate. This mode of antiport is called a ping-pong mech-
anism (Fig. 1.24A). In the case of the chloroplast triose phosphate-
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phosphate translocator, the counter-exchange occurs according to the ping-
pong mechanism. However, in many cases a counter-exchange proceeds by
a simultaneous mechanism (Fig. 1.24B), in which two translocators are linked
to each other in such a way that a change of conformation can occur only
if both binding sites are either occupied or unoccupied. The known mito-
chondrial translocators operate by a simultaneous mechanism.

Translocators have a common basic structure

Translocators are integral membrane proteins. They traverse the lipid bilayer
of the membrane in the form of o-helices. In such transmembrane o-helices
the side chains have to be hydrophobic; therefore they contain hydrophobic
amino acids such as alanine, valine, leucine, isoleucine, or phenylalanine.
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Figure 1.24 Antiport.
Diagram of two
possibilities for the counter-
exchange of two substrate
molecules (A, B). 1) Ping-
pong mechanism: A
translocator molecule
catalyzes the transport of
A and B sequentially. 2)
Simultaneous mechanism:
A and B are transported
simultaneously by two
translocator molecules
tightly coupled to each
other. See text.
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Figure 1.25 H,COH
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Membrane proteins are not soluble in water due to their high hydropho-
bicity. Mild nonionic detergents, such as octylglucoside (Fig. 1.26), can be
used to dissolve these proteins from the membrane. The hydrophobic carbon
chain of the detergent binds to the hydrophobic protein and, due to the
glucose residues, the micelle thus formed is water-soluble. If the detergent is
then removed, the membrane proteins aggregate to a sticky mass that cannot
be solubilized again.

Figure 1.26 The triose
phosphate-phosphate
translocator from spinach
forms six transmembrane
helices. Each circle
represents one amino acid.
The likely positions of the

transmembrane helices NH
2

were evaluated from the

hydrophobicity of the

single amino acid residues.

The amino acids, marked

with red, containing a

positive charge in helix 5,

represent an arginine and a
lysine. These amino acids
probably provide the
binding sites for the anionic
substrates of the triose
phosphate-phosphate
translocator. (Data from
Fliigge et al., 1989.)
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A number of translocator proteins have been isolated and purified using
this method. This has allowed the analysis of their amino acid sequences. It
can be predicted from the hydrophobicity of the amino acids in a peptide
sequence which sections of the chain are likely to form transmembrane
helices (hydropathy analysis). This procedure has led to the prediction that
the 324 amino acids of the subunit of the chloroplast triose phosphate-
phosphate translocator (Fig. 1.25) fold to form six transmembrane helices.
Each contains about 20 amino acids and thus is large enough to span the
envelope membrane with its cross-sectional distance of about 6 nm. In its
functional form the chloroplast triose phosphate-phosphate translocator
consists of two identical subunits. A comparison of sequences indicated that
almost all the translocators from bacteria, plants, and animals known so far
consist either of a dimer where each monomer has six transmembrane
helices or of a single monomer with 12 transmembrane helices. Recently the
three-dimensional structure of the mitochondrial ATP/ADP translocator
has been analyzed by X-ray crystallography. (For the method, see section
3.3.) These studies demonstrated that the monomer of the translocator
protein consists of six transmembrane helices in a barrel-like structure
forming the translocation pore.

Aquaporins make cell membranes permeable for water

A comparison of the osmotic behavior of different cells and cell organelles
shows that their membranes vary largely in their water permeability. The
water permeability of a pure lipid bilayer is relatively low. Peter Agre from
the Johns Hopkins University in Baltimore detected in kidney and blood
cells proteins forming membrane channels for water, which he termed aqua-
porins. In 2003 he was awarded the Nobel Prize in Chemistry for this impor-
tant discovery. It turned out that these aquaporins also occur in plants (e.g.,
in plasma membranes and membranes of the vacuole). Notably both types
of membranes play a major role in the hydrodynamic response of a plant
cell. A plant contains many aquaporin isoforms. Thus in the model plant
Arabidopsis thaliana (section 20.1) about 30 different genes of the aquaporin
family have been found; these are specifically expressed in the various plant
organs. By regulation of gene expression and the regulation of the perme-
ability of aquaporins present in the membranes, of which the mechanism is
not yet resolved, the water permeability of the various plant cells is adapted
to the environmental conditions.

X-ray structure analysis by electron cryomicroscopy showed that the
subunits of the aquaporins each have six transmembrane helices (see
section 3.3). In the membranes the subunits of the aquaporins are
present as tetramers, of which each monomer apparently forms a channel,
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transporting 10° to 10" water molecules per second. The water channel con-
sists of a very narrow primarily hydrophobic pore with binding sites for only
four H,O molecules. These binding sites act as a selection filter for a specific
water transport. It can be deduced from the structure that, for energetic
reasons, these water channels are relatively impermeable for protons. It was
observed recently that an aquaporin from the plasma membrane of tobacco
also transports CO,. This finding suggests that aquaporins may play a role
as CO, transporters in plants.

The now commonly used term aquaporin is rather unfortunate, as aqua-
porins have an entirely different structure from the porins described in
section 1.11. While the aquaporins, as well as the translocators and ion chan-
nels, as will be described in the following sections, are formed of trans-
membrane helices, the porins consist of 3 sheets.

1.10 Ion channels have a very high
transport capacity

The chloroplast triose P-P translocator mentioned previously has a turnover
number of 80 s™' at 25°C, which means that it transports 80 substrate mol-
ecules per second. The turnover numbers of other translocators are in the
range of 10 to 1,000 s'. Membranes also contain proteins which form
ion channels that transport various ions at least three orders of magnitude
faster than translocators (10°-10° ions per second). They differ from the
translocators in having a pore open to both sides at the same time. The
flux of ions through the ion channel is so large that it is possible to deter-
mine the transport capacity of a single channel from the measurement of
electrical conductivity.

The procedure for such single channel measurements, called the patch
clamp technique, was developed by two German scientists, Erwin Neher and
Bert Sakmann, who were awarded the Nobel Prize in Medicine or Physiol-
ogy in 1991 for this research. The setup for this measurement (Fig. 1.27)
consists of a glass pipette that contains an electrode filled with an electrolyte
fluid. The very thin tip of this pipette (diameter about 1 um) is sealed tightly
by a membrane patch. The number of ions transported through this patch
per unit time can be determined by measuring the electrical current [usually
expressed as conductivity in Siemens (S)]. Figure 1.28 shows an example of
the measurement of the single channel currents with the plasma membrane
of broad bean guard cells. The recording of the change in current shows
that the channel opens for various lengths of time and then closes again.
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Figure 1.27 Measurement of ion channel currents by the “patch clamp” technique. A
glass pipette with a diameter of about 1 um at the tip, containing an electrode and
electrode fluid, is brought into contact with the membrane of a protoplast or a cell
organelle (e.g., vacuole). By applying slight suction, the opening of the pipette tip is
sealed by the membrane. By applying stronger suction, the membrane surface over the
pipette opening breaks, and the electrode within the pipette is now in direct electrical
connection with the space inside the cell. In this way the channel currents can be
measured for all the channels present in the membrane (measurement with whole cell).
Alternatively, by slight pulling, the pipette tip can be removed from the protoplast or
the vacuole with the membrane patch, which is sealed to the tip, being torn off from
the rest of the cell. In this way the currents are measured only for those channels that
are present in the membrane patch. A voltage is applied for measurement of the
channel current and the current is measured after amplification.

This principle of stochastic switching between a nonconductive state and a
defined conductive state is a typical property of ion channels. In the open
state various channels have different conductivities, which can range between
a few pS and several hundred pS. Moreover, various channels have charac-
teristic mean open and close times, which can, depending on the channel,
last from a few milliseconds to seconds. The transport capacity of the
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Figure 1.28 Measurement of single channel currents of the K" outward channel in

a patch (Fig. 1.27) of the plasma membrane of guard cells from Vicia faba. (Outer
medium 50mM K, cytoplasmic side 200mM K*, voltage +35mV.) (Data from Prof. G.
Thiel, Darmstadt.)

channel per unit time therefore depends on the conductivity of the opened
channel as well as on the mean duration of the open state.

Many ion channels have been characterized that are more or less specific
for certain ions. Plants contain highly selective cation channels for H*, K*,
and Ca™ and also selective anion channels for CI” and dicarboxylates, such
as malate. Plant membranes, in contrast to those of animals, seem to possess
no specific channels for Na* ions. The opening of many ion channels is reg-
ulated by the electric membrane potential. This means that membranes have
a very important function in the electrical regulation of ion fluxes. Thus, in
guard cells (section 8.1) the hyperpolarization of the plasma membrane
(>—-100 mV) opens a channel that allows potassium ions to flow into the cell
(K" inward channel), whereas depolarization opens another channel by which
potassium ions can leave the cell (K* outward channel). In addition, the
opening of many ion channels is controlled by ligands such as Ca*™ ions,
protons, or by phosphorylation of the channel protein. This enables regu-
lation of the channel activity by metabolic processes and by messenger sub-
stances (Chapter 19).

Up to now the amino acid sequences of many channel proteins have been
determined. It emerged that certain channels (e.g., those for K* ions in bac-
teria, animals, and plants), are very similar. Roderick MacKinnon and
coworkers from the Rockefeller University in New York resolved the three-
dimensional structure of the K* channel for the bacterium Streptomyces livi-
dans using X-ray structure analysis (section 3.3). These pioneering results, for
which Roderick MacKinnon was awarded the Nobel Prize in Chemistry in
2003, have made it possible to recognize for the first time the molecular func-
tion of an ion channel. It has long been known that the channel protein is
built from two identical subunits, each of which has two transmembrane
helices connected by a sequence of about 30 amino acids (loop) (Fig. 1.29A).
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It was already known that this loop is responsible for the ion selectivity of the
channel. Structure analysis showed that a K* channel is built of four of these
subunits (Fig. 1.29B, C). One helix of each subunit (the inner one) lines the
channel while the other (outer) helix is directed toward the lipid membrane.
The pore’s interior consists of a channel filled with water, which is separated
from the outside by a selection filter. This filter is formed from the loops
of the four subunits mentioned previously. It has such a small pore that the
K* ions first have to strip off their hydrate coat before they can pass through.
In order to compensate for the large amount of energy required to dehydrate
the K* ions, the pore is lined with a circular array of oxygen atoms that
act as a “water substitute” and form a complex with the K* ions. The pore is
also negatively charged to bind the cations. The K* ions entering the
pore push those already bound in the pore through to the other side of the
filter. Na* ions are too small to be complexed in the pore’s selection filter;
they are unable to strip off their hydrate coat and therefore their passage
through the filter is blocked. This explains the K channel’s ion selectivity.
This function of the aforementioned loops between transmembrane helices
as a selectivity filter appears to be a common characteristic of K" ion chan-
nels in microorganisms and the animal and plant kingdom. Studies with K*
channels from plants revealed that a decisive factor in the K* selectivity is
the presence of glycine residues in the four loops of the selectivity filter. The
recent elucidation of the three-dimensional structure of chloride channels
from the bacteria Salmonella and E. coli (belonging to a large family of
anion channels from prokaryotic and eukaryotic organisms), yielded analo-
gous results. Also these channels, formed from transmembrane o-helices,
contain in their interior loops, which function as selectivity filters by electro-
static interaction with and coordinating binding of the chloride anion.
It appears now that the features the K" channel of Streptomyces shown
above reveal a general principle of the mechanism by which a specific ion
channel functions.

There are similarities between the basic structure of ion channels and
translocators. It was shown that translocators, such as the chloroplast
triose phosphate-phosphate translocator, can be converted by reaction
with chemical agents into a channel, open to both sides at the same time,
with an ion conductivity similar to the ion channels discussed previously.
The functional differences between translocators and ion channels—the
translocation pore of translocators is accessible only from one side at a
time and transport involves a change of conformation, whereas in open
ion channels the aqueous pore is open to both sides—is due to differences
in the filling of the pore by peptide chains, providing the translocator pore
with a gate.
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1.11 Porins consist of B-sheet structures

As already mentioned, the outer membranes of chloroplasts and mito-
chondria appear to be unspecifically permeable to metabolites such as, for
instance, nucleotides and sugar phosphates. This relatively unspecific per-
meability is due to pore-forming proteins named porins.

The size of the aperture of the pore formed by a porin can be determined
by incorporating porins into an artificial lipid membrane that separates two
chambers filled with an electrolyte (Fig. 1.30). Membrane proteins, which
have been solubilized in a detergent, are added to one of the two chambers.
Because of their hydrophobicity, the porin molecules incorporate, one after
another, into the artificial lipid membrane, each time forming a new channel,
which can be seen in the stepwise increase in conductivity. As each stepwise
increase in conductivity corresponds to the conductivity of a single pore, it
is possible to evaluate the size of the aperture of the pore from the con-
ductivity of the electrolyte fluid. Thus the size of the aperture for the porin
pore of mitochondria has been estimated to be 1.7 nm and that of chloro-
plasts about 3 nm.

Porins have been first identified in the outer membrane of gram-negative
bacteria, such as Escherichia coli. In the meantime, several types of porins,
differing in their properties, have been characterized. General porins form
unspecific diffusion pores, consisting of a channel containing water, allow-
ing the diffusion of substrate molecules. These porins consist of subunits
with a molecular mass of about 30 kDa. Porins in the membrane often occur
as trimers, in which each of the three subunits forms a pore. Porins differ

d
|

Figure 1.29 Structural model of the K* channel from Streptomyces lividans A.
Diagram of the amino acid sequence of a channel protein monomer. The protein
forms two transmembrane helices that are connected by a loop. There is still another
helix within this loop, which, however, does not protrude through the membrane. B.
Stereo pair of a view of the K* channel from the extracellular side of the membrane.
The channel is formed by four subunits (marked black and red alternately), from
which one transmembrane helix always lines the channel (inner helix). The ball
symbolizes a K* ion. C. Stereo pair of a side view of the K" ion channel. The eight
transmembrane helices form a spherical channel, which is connected to the wide
opening by a selection filter. (Results of X-ray structure analysis by Doyle et al., 1998,
with kind permission.) How to look properly at a stereo picture. Sit at a window and
look into the distance. Push the picture quickly in front of your eyes without changing
the focus. At first you will see three pictures unclearly. Focus your eyes so that the
middle picture is the same size as those at either side of it. Now focus sharply on

the middle picture. Suddenly you will see a very plastic picture of the spherical
arrangement of the molecules.
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Figure 1.30 Measurement of the size of a porin aperture. Two chambers, each
provided with an electrode and filled with electrolyte fluid, are separated from each
other by a divider containing a small hole. A small drop containing a membrane lipid
is brushed across this hole. The solvent is taken up into the aqueous phase and the
remaining lipid forms a double layer, an artificial membrane. Upon the addition of a
porin, which has been solubilized from a membrane, spontaneous incorporation of
the single porin molecule into the artificial membrane occurs. The aqueous channel
through the lipid membrane formed with each incorporation of a porin protein results
in a stepwise increase of current activity.

distinctly from the translocator proteins discussed in the preceding in that
they have no exclusively hydrophobic regions in their amino acid sequence,
a requirement for forming transmembrane o-helices. Analysis of the three-
dimensional structure of a bacterial porin by X-ray structure analysis
(section 3.3) revealed that the walls of the pore are formed by B-sheet struc-
tures (Fig. 1.31). Altogether, 16 B-sheets, each consisting of about 13 amino
acids and connected to each other by hydrogen bonds, form a pore (Fig.
1.32A). This structure resembles a barrel in which the B-sheets represent the
barrel staves. Hydrophilic and hydrophobic amino acids alternate in the
amino acid sequences of the B-sheets. One side of the B-sheet, occupied by
hydrophobic residues, is directed toward the lipid membrane phase. The
other side, with the hydrophilic residues, is directed toward the aqueous
phase inside the pore (Fig. 1.32B). Compared with the ion channel proteins,
the porins have an economical structure in the sense that a much larger
channel is formed by one porin molecule than by a channel protein with a
two times higher molecular mass. Another type of porin forms selective
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pores, which contain binding sites for ionic and nonionic substrates (e.g.,
carbohydrates). In E. coli a maltodextrin-binding porin was found to consist
of 16 B-sheets, with loops in between, which protrude into the aqueous
channel of the pore and contain the corresponding substrate binding sites.

The mitochondrial porin resembles in its structure the bacterial general
porin. It also consists of 16 B-sheets. The measurement of porin activity in
artificial lipid bilayer membranes (Fig. 1.30) revealed that the open pore had
a slight anion selectivity. Applying a voltage of 30 mV closes the pore to a
large extent and renders it cation-specific. For this reason the mitochondr-
ial porin has been named yoltage-dependent anion selective channel
(VDAC). The physiological function of this voltage-dependent regulation of
the pore opening remains to be elucidated.

In chloroplasts the outer envelope membrane was found to contain a
porin with a molecular mass of 24 kDa (outer envelope protein, OEP24),
forming an unspecific diffusion pore. OEP24 resembles in its function the
mitochondrial VDAC, although there is no sequence homology between
them. OEP24, in its open state, allows the diffusion of various metabolites.

Moreover, the outer envelope membrane of chloroplasts contains
another porin (OEP21) forming an anion selective channel. OEP21 especially
enables the diffusion of phosphorylated metabolites such as dihydroxyace-
tone phosphate and 3-phosphoglycerate. The opening of this pore is regu-
lated by the binding of substrates. It is presently being investigated as
to whether and to what extent the flux of metabolites across the outer enve-
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Figure 1.31 With B-sheet
conformation the amino
acid residues of a peptide
chain are arranged
alternately in front of and
behind the surface of the
sheet.
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Figure 1.32 Diagram

of the structure of a
membrane pore formed by
a porin. Figure A shows
the view from above and
figure B shows a cross
section through the
membrane. Sixteen B-sheet
sequences of the porin
molecules, each 13 amino
acids long, form the pore.
The amino acid residues
directed toward the
membrane side of the
pore have hydrophobic
character; those directed
to the aqueous pore are
hydrophilic.
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lope membrane of chloroplasts is controlled by a regulation of the opening
of OEP24 and OEP21. Another pore-forming protein is located in the mem-
brane of peroxisomes, as will be discussed in Section 7.4.
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The use of energy from sunlight
by photosynthesis is the basis of life
on earth

Plants and cyanobacteria capture the light of the sun and utilize its energy
to synthesize organic compounds from inorganic substances such as CO,,
nitrate, and sulfate to make their cellular material, they are photo-
autotrophic. In photosynthesis photon energy splits water into oxygen and
hydrogen, the latter bound as NADPH. This process, termed the /ight reac-
tion, takes place in the photosynthetic reaction centers embedded in mem-
branes. It involves the transport of electrons, which is coupled to the
synthesis of ATP. NADPH and ATP are consumed in a so-called dark reac-
tion to synthesize carbohydrates from CO, (Fig. 2.1). The photosynthesis
of plants and cyanobacteria created the biomass on earth, including the
deposits of fossil fuels and atmospheric oxygen. Animals are dependent on
the supply of carbohydrates and other organic substances as food; they are
heterotrophic. They generate the energy required for their life processes by
oxidizing the biomass, which has first been produced by plants. When oxygen
is consumed, CO, is formed. It follows that the light energy captured by
plants is also the source of energy for the life processes of animals.

2.1 How did photosynthesis start?

Measurements of the distribution of radioisotopes led to the conclusion that
the earth was formed about 4.6 billion years ago. The earliest indicators of
life on earth are fossils of bacteria-like structures, estimated to be 3.5 billion
years old. There was no oxygen in the atmosphere when life on earth
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Figure 2.1 Life on earth
involves a CO, cycle.
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commenced. This is concluded from the fact that in very early sediment
rocks iron is present as Fe**. Mineral iron is oxidized to Fe** in the presence
of oxygen. According to our present knowledge, the earth’s atmosphere ini-
tially contained components such as carbon dioxide, molecular hydrogen,
methane, ammonia, prussic acid, and water.

In 1922 the Russian scientist Alexander Oparin presented the interesting
hypothesis that organic compounds were formed spontaneously in the early
atmosphere by the input of energy [e.g., in the form of ultraviolet radiation
(there was no protective ozone layer), electrical discharges (lightning), or vol-
canic heat]. It was further postulated that these organic compounds accu-
mulated in ancient seas and became the constituents of early forms of life.
In 1953 the American scientists Stanley Miller and Harold Urey substanti-
ated this hypothesis by simulating the postulated prebiotic synthesis of
organic substances. They exposed a gaseous mixture of components present
in the early atmosphere, consisting of H,O, CH,, NH; and H, to electrical
discharges for about a week at 80°C. Amino acids (such as glycine and
alanine) and other carboxylic acids (such as formic, acidic, lactic, and suc-
cinic acid) were found in the condensate of this experiment. Other investi-
gators added substances such as CO,, HCN, and formaldehyde to the
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gaseous mixture, and these experiments showed that many components of
living cells (e.g., carbohydrates, fatty acids, tetrapyrroles, and the nucle-
obases adenine, guanine, cytosine, and uracil) were formed spontaneously
by exposing a postulated early atmosphere to electric or thermal energy.

There is a hypothesis that the organic substances formed by the abiotic
processes mentioned previously, accumulated in the ancient seas, lakes, and
pools over a long period of time prior to the emergence of life on earth.
There was no oxygen to oxidize the substances that had accumulated and
no bacteria or other organisms to degrade them. Oparin had already
speculated that a “primordial” soup was formed in this way, providing the
building material for the origin of life. Since oxygen was not yet present, the
first organisms must have been anaerobes.

It is widely assumed now that early organisms on this planet generated
the energy for their subsistence by chemolithotrophic metabolism, for
example, by the reaction:

FeS+H,S—— FeS, +H, (AG®’=-42kJ/mol).

It seems likely that already at a very early stage of evolution the catalysis of
this reaction was coupled to the generation of a proton motive force (section
4.1) across the cellular membrane, yielding the energy for the synthesis of
ATP by a primitive ATP synthase (section 4.3). Archaebacteria, which are
able to live anaerobically under extreme environmental conditions (e.g., near
hot springs in the deep sea), and which are regarded as the closest relatives
of the earliest organisms on earth, are able to produce ATP via the preced-
ing reaction. It was probably a breakthrough for the propagation of life
on earth when organisms evolved that were able to utilize the energy of the
sun as a source for biomolecule synthesis, which occurred at a very early
stage in evolution. The now widely distributed purple bacteria and green
sulfur bacteria may be regarded as relics from an early period in the evolu-
tion of photosynthesis.

Prior to the description of photosynthesis in Chapter 3, the present
chapter will discuss how plants capture sunlight and how the light energy is
conducted into the photosynthesis apparatus.

2.2 Pigments capture energy from sunlight

The energy content of light depends on its wavelength

In Berlin at the beginning of the twentieth century Max Planck and Albert
Einstein, two Nobel Prize winners, carried out the epoch-making studies
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proving that light has a dual nature. It can be regarded as an electromag-
netic wave as well as an emission of particles, which are termed light quanta
or photons.

The energy of the photon is proportional to its frequency v:

E=hv=h— 2.1
y X (2.1)

where / is the Planck constant (6.6-107* J s) and ¢ the velocity of the light
(3-10* m s™). A is the wavelength of light.

The mole (abbreviated to mol) is used as a chemical measure for the
amount of molecules and the amount of photons corresponding to 6 - 10*
molecules or photons (Avogadro number N,). The energy of one mol
photons amounts to:

Cc
E=h-—-N, 22
Vi 22)

In order to utilize the energy of a photon in a thermodynamic sense, this
energy must be at least as high as the Gibbs free energy of the photochem-
ical reaction involved. [In fact much energy is lost during energy conversion
(see section 3.4), with the consequence that the energy of the photon
must be higher than the Gibbs free energy of the corresponding reaction.]
We can equate the Gibbs free energy AG with the energy of the absorbed
light:

AG:E:h-%NA (2.3)

The introduction of numerical values of the constants %, ¢, and N, yields:

3.105(m) 1 6-10%

AG=6.6-10%(J-s)- S T oD (2.4)
AG = 119,000 [kJ / mol photons] (2.5)
A (nm)

It is often useful to state the electrical potential (AE) of the irradiation
instead of energy when comparing photosynthetic reactions with redox
reactions, which will be discussed in Chapter 3:
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where F = number of charges per mol = 96,480 Amp - s - mol™'. The intro-
duction of this value yields:

_ Ni-h-e 1231
F-A(nm) A(nm)

AE = [Volt] (2.7)

The human eye perceives only the small range between about 400 and
700 nm of the broad spectrum of electromagnetic waves (Fig. 2.2). The light
in this range, where the intensity of solar radiation is especially high, is
utilized in plant photosynthesis. Bacterial photosynthesis, however, is able
to utilize light in the infrared range.

According to equation 2.3 the energy of irradiated light is inversely pro-
portional to the wavelength. Table 2.1 shows the light energy per mol photons
for light of different colors. Consequently, violet light has an energy of about
300 kJ/mol photons. Dark red light, with the highest wavelength (700 nm)
that can still be utilized by plant photosynthesis, contains 170 kJ/mol
photons. This is only about half the energy content of violet light.

Chlorophyll is the main photosynthetic pigment

In photosynthesis of a green plant, light is collected primarily by chlorophylls,
pigments that absorb light at a wavelength below 480 nm and between 550 and
700 nm (Fig. 2.3). When white sunlight falls on a chlorophyll layer, the green
light with a wavelength between 480 and 550 nm is not absorbed, but is
reflected. This is why plant chlorophylls and whole leaves are green.

Figure 2.2 Spectrum of

the electromagnetic

radiation. The section
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shows the visible spectrum.
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Figure 2.3 Absorption
spectrum of chlorophyll-a
(chl-a) and chlorophyll-b
(chl-b) and of the
xanthophyll lutein dissolved
in acetone. The intensity of
the sun’s radiation at
different wavelengths is
given as a comparison.
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Table 2.1: The energy content and the electrochemical potential difference of
photons of different wavelengths

Wavelengths Light color Energy content AE

(nm) kd/mol Photons e Volt
700 Red 170 1.76
650 Bright red 183 1.90
600 Yellow 199 2.06
500 Blue green 238 2.47
440 Blue 271 2.80
400 Violet 298 3.09

Spectrum of
sunlight

Intensity
(sunlight)

or

Lutein

Absorption
(pigments)

s

400 500 600 700
Wavelength (nm)

Experiments carried out between 1905 and 1913 in Zurich and Berlin by
Richard Willstétter and his collaborators led to the discovery of the struc-
tural formula of the green leaf pigment chlorophyll, a milestone in the
history of chemistry. This discovery made such an impact that Richard Will-
stiatter was awarded the Nobel Prize in Chemistry as early as 1915. There
are different classes of chlorophylls. Figure 2.4 shows the structural formula
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of chlorophyll-a and chlorophyll-b (chl-a, chl-b). The basic structure is a ring
made of four pyrroles, a tetrapyrrole, which is also named porphyrin. Mg*™
is present in the center of the ring as the central atom. Mg™" is covalently
bound with two N-atoms and coordinately bound to the other two atoms
of the tetrapyrrole ring. A cyclopentanone is attached to ring c. Atringd a
propionic acid group forms an ester with the alcohol phytol. Phytol consists
of a long branched hydrocarbon chain with one C-C double bond. It is
derived from an isoprenoid, formed from four isoprene units (section 17.7).
This long hydrophobic hydrocarbon tail renders the chlorophyll highly
soluble in lipids and therefore promotes its presence in the membrane phase.
Chlorophyll always occurs bound to proteins. In ring b, chl-b contains a
formyl residue instead of the methyl residue in chl-a. This small difference
has a large influence on light absorption. Figure 2.3 shows that the absorp-
tion spectra of chl-a and chl-b differ markedly.

In plants, the ratio chl-a to chl-b is about three to one. Only chl-a is a
constituent of the photosynthetic reaction centers (sections 3.6 and 3.8) and
therefore it can be regarded as the central photosynthesis pigment. In a wide
range of the visible spectrum, however, chl-a does not absorb light. This
nonabsorbing region is named the “green window.” The absorption gap is
narrowed by the light absorption of chl-b, with its first maximum at a higher
wavelength than chl-¢ and the second maximum at a lower wavelength. As
shown in section 2.4, the light energy absorbed by chl-b can be transferred
very efficiently to chl-a. In this way chl-b enhances the plant’s efficiency for
utilizing sunlight energy.

The structure of chlorophylls has remained remarkably constant during
the course of evolution. Purple bacteria, probably formed more than 3
billion years ago, contain as photosynthetic pigment a bacteriochlorophyll-
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Chl-a: —CHg
Chl-b: 7(‘:10
H

Figure 2.4 Structural
formula of chlorophyll-a.
In chlorophyll-b the methyl
group in ring b is replaced
by a formyl group (red).
The phytol side chain gives
chlorophyll a lipid
character.
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a, which differs from the chlorophyll-a shown in Figure 2.4 only by the alter-
ation of one side chain and by the lack of one double bond. This, however,
influences light absorption; both absorption maxima are shifted outward
and the nonabsorbing spectral region in the middle is broadened. This shift
allows purple bacteria to utilize light in the infrared region.

The tetrapyrrole ring not only is a constituent of chlorophyll but also has
attained a variety of other functions during evolution. It is involved in
methane formation by bacteria with Ni as the central atom. With Co it forms
cobalamin (vitamin B;,), which participates as a cofactor in reactions in
which hydrogen and organic groups change their position. With Fe™ instead
of Mg™ as the central atom, the tetrapyrrole ring forms the basic structure
of hemes (Fig. 3.24), which, on the one hand, as cytochromes, function as
redox carriers in electron transport processes (sections 3.7 and 5.5) and, on
the other hand, as myoglobin or hemoglobin, store or transport oxygen in
aerobic organisms. The tetrapyrrole ring in animal hemoglobin differs only
slightly from the tetrapyrrole ring of chl-a (Fig. 2.4).

It seems remarkable that a substance that attained a certain function
during evolution is being utilized after only minor changes for completely
different functions. The reason for this functional variability of substances
such as chlorophyll or heme is that their reactivity is governed to a great
extent by the proteins to which they are bound.

Chlorophyll molecules are bound to chlorophyll-binding proteins. In a
complex with proteins the absorption spectrum of the bound chlorophyll
may differ considerably from the absorption spectrum of the free chloro-
phyll. The same applies for other light-absorbing substances, such as
carotenoids, xanthophylls, and phycobilins, which also occur bound to pro-
teins. These substances will be discussed in the following sections. In this
text, free absorbing substances are called chromophore (Greek, carrier
of color) and the chromophore-protein complexes are called pigments.
Pigments are often named after the wavelength of their absorption
maximum. Chlorophyll-a,o, means a pigment of chl-a with an absorption
maximum of 700 nm. Another common designation is P,y,; this name leaves
the nature of the chromophore open.

2.3 Light absorption excites
the chlorophyll molecule
What happens when a chromophore absorbs a photon? When a photon with

a certain wavelength hits a chromophore molecule that absorbs light of this
wavelength, the energy of the photon excites electrons to a higher energy
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Figure 2.5 Resonance structures of chlorophyll-a. In the region marked red, the
double bonds are not localized; the « electrons are distributed over the entire
conjugated system. The formyl residue of chlorophyll-b attracts electrons and thus
affects the 7 electrons of the conjugated system.

level. This occurs as an “all or nothing” process. According to the principle
of energy conservation expressed by the first law of thermodynamics, the
energy of the chromophore is increased by the energy of the photon, which
results in an excited state of the chromophore molecule. The energy is
absorbed only in discrete quanta, resulting in discrete excitation states. The
energy required to excite a chromophore molecule depends on the chro-
mophore structure. A general property of chromophores is that they contain
many conjugated double bonds, 10 in the case of the tetrapyrrole ring of
chl-a. These double bonds are delocalized. Figure 2.5 shows two possible
resonance forms.

After absorption of energy, an electron of the conjugated system is ele-
vated to a higher orbit. This excitation state is termed a singlet. Figure 2.6
shows a scheme of the excitation process. As a rule, the higher the number
of double bonds in the conjugated system, the lower the amount of energy
required to produce a first singlet state. For the excitation of chlorophyll,
dark red light is sufficient, whereas butadiene, with only two conjugated
double bonds, requires energy-rich ultraviolet light for excitation. The light
absorption of the conjugated system of the tetrapyrrole ring is influenced
by the side chains. Thus, the differences in the absorption maxima of chl-a
and chl-b mentioned previously can be explained by an electron attracting
effect of the carbonyl side chain in ring b of chl-b (Fig. 2.5).

The spectra of chl-a and chl-b (Fig. 2.3) each have two main absorption
maxima, showing that each chlorophyll has two main excitation states. In
addition, chlorophylls have minor absorption maxima, which for the sake of
simplicity will not be discussed here. The two main excitation states of
chlorophyll are known as the first and second singlet (Fig. 2.6). The absorp-
tion maxima in the spectra are relatively broad. At a higher resolution the
spectra can be shown to consist of many separate absorption lines. This fine
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Figure 2.6 Scheme of the
excitation states of
chlorophyll-a and its return
to the ground state, during
which the released
excitation energy is
converted to photochemical
work, fluorescent or
phosphorescent light, or
dissipated into heat. This
simplified scheme shows
only the excitation states of
the two main absorbing
maxima of the
chlorophylls. The second
excitation state shown here
is in reality the third
singlet.
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structure of the absorption spectra is due to chlorophyll molecules in the
ground and in the singlet states being in various states of rotation and vibra-
tion. In the energy diagram scheme of Figure 2.6 the various rotation and
vibration energy levels are drawn as fine lines and the corresponding ground
states as solid lines.

The energy levels of the various rotation and vibration states of the
ground state overlap with the lowest energy levels of the first singlet. Anal-
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ogously, the energy levels of the first and the second singlet also overlap.
If a chlorophyll molecule absorbs light in the region of its absorption
maximum in blue light, one of its electrons is elevated to the second singlet
state. This second singlet state with a half-life of only 107 s is too unstable
to use its energy for chemical work. The excited molecules lose energy in
form of heat by rotations and vibrations until the first singlet state is
reached. This first singlet state can also be attained by absorption of a
photon of red light, which contains less energy. The first singlet state is much
more stable than the second one; its half-life amounts to 4 - 107 s.

The return of the chlorophyll molecule from the first singlet
state to the ground state can proceed in different ways

1. The most important path for conversion of the energy released when the
first singlet state returns to the ground state is its utilization for chemical
work. The chlorophyll molecule transfers the excited electron from the first
singlet state to an electron acceptor and a positively charged chlorophyll
radical chl? remains. This is possible since the excited electron is bound less
strongly to the chromophore molecule than in the ground state. Section 3.5
describes in detail how the electron can be transferred back from the accep-
tor to the chl? radical via an electron transport chain, by which the chloro-
phyll molecule returns to the ground state and the free energy derived from
this process is conserved for chemical work. As an alternative, the electron
deficit in the chl* radical may be replenished by another electron donor [e.g.,
water (section 3.6)].

2. The excited chlorophyll can return to the ground state by releasing exci-
tation energy in the form of light; this light emittance is named fluorescence.
Due to vibrations and rotations, part of the excitation energy is usually lost
beforehand in the form of heat, with the result that the fluorescence light has
less energy (longer in wavelength) than the energy of the excitation light,
which was required for attaining the first singlet state (Fig. 2.7).

Absorption Fluorescence

Wavelength ———»
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Figure 2.7 Fluorescent
light generally has a longer
wavelength than excitation
light.
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3. Itisalso possible that the return from the first singlet to the ground state
proceeds in a stepwise fashion via the various levels of vibration and rotation
energy, by which the energy difference is completely converted to heat.

4. By releasing part of the excitation energy in the form of heat, the
chlorophyll molecule can attain an excited state of lower energy, called
the first triplet state. This triplet state cannot be reached directly from the
ground state by excitation. In the triplet state the spin of the excited elec-
trons has been reversed. As the probability of a spin reversal is low, the
triplet state does not occur frequently, but in the case of a very high excita-
tion, part of the chlorophyll can reach this state. By emitting so-called phos-
phorescent light, the molecule can return from the triplet state to the ground
state. Phosphorescent light is again lower in energy than the light required
to attain the first singlet state. The return from the triplet state to the ground
state requires a reversal of the electron spin. As this is rather improbable, the
triplet state, in comparison to the first singlet state, has a relatively long life
(half-life 10 to 107 s.). The triplet state of the chlorophyll has no function
in photosynthesis per se. In its triplet state, however, the chlorophyll can
excite oxygen to a singlet state, whereby the oxygen becomes very reactive
with a damaging effect on cell constituents. Section 3.10 describes how the
plant manages to protect itself from the harmful singlet oxygen.

5. The return to the ground state can be coupled with the excitation of
a neighboring chromophore molecule. This transfer is important for the
function of the antennae and will be described in the following section.

2.4 An antenna is required to capture light

In order to excite a photosynthetic reaction center, a photon with a defined
energy content has to react with a chlorophyll molecule in the reaction
center. The probability is very slight that a photon not only has the proper
energy, but also hits the pigment exactly at the site of the chlorophyll mol-
ecule. Therefore efficient photosynthesis is possible only when the energy of
photons of various wavelengths is captured over a certain surface by a so-
called antenna (Fig. 2.8). Similarly, radio and television sets could not work
without an antenna.

The antennae of plants consist of a large number of protein-bound
chlorophyll molecules that absorb photons and transfer their energy to the
reaction center. Only a few thousandths of the chlorophyll molecules in the
leaf are constituents of the actual reaction centers; the remainder are con-
tained in the antennae. Observations made as early as 1932 by Robert
Emerson and William Arnold in the United States indicated that the large
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majority of chlorophyll molecules are not part of the reaction centers. The
two researchers illuminated a suspension of the green alga chlorella with
light pulses of 10 us duration, interrupted by dark intervals of 20 ms. The
evolution of oxygen was used as a measure for photosynthesis. The light
pulses were made so short that chlorophyll could undergo only one photo-
synthetic excitation cycle and a high light intensity was chosen in order to
achieve maximum oxygen evolution. Apparently the photosynthetic appa-
ratus was thus saturated with photons. Analysis of the chlorophyll content
of the algae suspension showed that only one molecule of O, was formed
per 2,400 chlorophyll molecules under saturating conditions.

In the following years Emerson refined these experiments and was able
to show that when the pulses had a very low light intensity, the amount of
oxygen formed increased proportionally with the light intensity. From this
it was calculated that the release of one molecule of oxygen had a minimum
quantum requirement of about eight photons. These results settled a long
scientific dispute with Otto Warburg, who had concluded from his experi-
ments that only four photons are required for the evolution of one molecule
of O.,.

The results of Emerson and Arnold led to the conclusion that when the
quantum requirement is evaluated at eight photons per molecule of O,
formed, and, as was recognized later, two reaction centers require four
photons each upon the formation of O,, about 300 chlorophyll molecules are
associated with one reaction center. These are constituents of the antennae.

The antennae contain additional accessory pigments to utilize those
photons where the wavelength corresponds to the green window between the
absorption maxima of the chlorophylls. In higher plants these pigments are
carotenoids, mainly xanthophylls, including lutein and the related violaxan-

Figure 2.8 Photons are
collected by an antenna
and their energy is
transferred to the reaction
center. In this scheme the
squares represent
chlorophyll molecules. The
excitons conducted to the
reaction center cause a
charge separation (see
section 3.4).
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Figure 2.9 Structural
formula of a carotene (B-
carotene) and of two
xanthophylls (lutein and
violaxanthin). Due to the
conjugated isoprenoid
chain, these molecules
absorb light and also have
lipid character.
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thin as well as carotenes with B-carotene as the main substance (Fig. 2.9).
Moreover, an important function of these carotenoids in the antennae is
to prevent the formation of the harmful triplet state of the chlorophylls
previously mentioned (see section 3.10). Important constituents of the
antennae in cyanobacteria are phycobilins, which will be discussed at the end
of this section.

How is the excitation energy of the photons, which have been
captured in the antennae, transferred to the reaction centers?

The possibility could be excluded that in the transfer of the energy in the
antennae, electrons are transported from chromophore to chromophore in
a sequence of redox processes, as in the electron transport chains of photo-
synthesis or of mitochondrial respiration (to be discussed later). Such an
electron transport would have considerable activation energy. This is not the
case, however, since a flux of excitation energy can be measured in the anten-
nae at temperatures as low as 1° K. At these low temperatures light absorp-
tion and fluorescence still occur, whereas chemical processes catalyzed by
enzymes are completely frozen. This makes it probable that the energy trans-
fer in the antennae proceeds according to a mechanism that is related to
those of light absorption and fluorescence.

When chromophores are positioned very close to each other, it is possi-
ble that the quantum energy of an irradiated photon is transferred from one
chromophore to the next. Just as one quantum of light energy is named a
photon, one quantum of excitation energy transferred from one molecule to
the next is termed an exciton. A prerequisite for the transfer of excitons is
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that the chromophores involved are positioned in a specific way. This is
arranged by proteins. Therefore the chromophores of the antennae always
occur as protein complexes.

The antennae of plants consist of an inner part and an outer part
(Fig. 2.10). The outer part, formed by the light harvesting complexes (LHCs),
collects the light. The inner part of the antenna, consisting of the core
complexes, is an integral constituent of the reaction centers; it also collects
light and conducts the excitons collected in the outer part of the antenna
into the photosynthetic reaction centers.

The LHCs are formed by polypeptides, which bind chl-a, chl-b, xantho-
phylls, and carotenes. These proteins, termed LHC polypeptides, are encoded
in the nucleus. A plant contains many different LHC polypeptides. In a
tomato, for instance, at least 19 different genes for LHC polypeptides have
been found, which are very similar to each other. They are homologous, as
they have all evolved from a common ancestral form. These LHC polypep-
tides form a multigene family.

Plants contain two reaction centers, which are arranged in sequence: a
reaction center of photosystem II (PS II), which has an absorption
maximum at 680 nm, and that of photosystem I (PS I) with an absorption
maximum at 700 nm. The function of these reaction centers will be described
in sections 3.6 and 3.8. Both photosystems have different LHCs.

The function of an antenna can be illustrated using
the antenna of photosystem II as an example

The antennae of the PS II reaction center contain primarily four LHCs
termed LHC-Ila—d. The main component is LHC-115; it represents 67% of
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Figure 2.10 Basic scheme
of an antenna.
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Table 2.2: Composition of the LHC-I1b-Monomer

Peptide: 232 Amino acids
Lipids: 1 Phosphatidylglycerol, 1 Digalactosyldiacylglycerol
Chromophores: 7 Chl-a, 5 Chl-b, 2 Lutein

(Kthlbrandt, 1994).

the total chlorophyll of the PS II antenna and is the most abundant mem-
brane protein of the thylakoid membrane, thus lending itself to particularly
thorough investigation. LHC-11b occurs in the membrane, most probably as
a trimer. The monomer (Table 2.2) consists of a polypeptide to which two
molecules of lutein (Fig. 2.9) are bound. The polypeptide contains one thre-
onine residue, which can be phosphorylated by ATP via a protein kinase.
Phosphorylation regulates the activity of LHC-II (section 3.10).

There has been a breakthrough in establishing the three-dimensional
structure of LHC-I1b by electron cryomicroscopy at 4 K of crystalline layers
of LHC-1Ih-trimers (Fig. 2.11). The LHC-11s-peptide forms three trans-
membrane helices. The two lutein molecules span the membrane crosswise.
The chl-b-molecules, where the absorption maximum in the red spectral
region lies at a shorter wavelength than that of chl-a, are positioned in the
outer region of the complexes. Only one of the chl-a-molecules is positioned
in the outer regions; the others are all present in the center. Figure 2.12
shows a vertical projection of the probable arrangement of the monomers
to form a trimer. The chl-a positioned in the outer region mediates the trans-
fer of energy to the neighboring trimers or to the reaction center. The other
LHC-II-peptides (a, ¢, d) are very similar to the LHC-11b peptide; they differ
in only 5% of their amino acid sequence and it can be assumed that their
structure is also very similar. The chl-a/chl-b ratio is much higher in LHC-
Ila and LHC-II¢ than in LHC-1I5. Most likely LHC-11la and LHC-IIc¢ are
positioned between LHC-II/ and the reaction center.

Figure 2.13 shows a hypothetical scheme of the probable array of the PS
IT antenna. The outer complexes, consisting of LHC-I1b, are present at the
periphery of the antenna. The excitons captured by chl-b in LHC-IIb are
transferred to chl-a in the center of the LHC-II» monomers and are then
transferred further by chl-a-contacts between the trimers to the inner anten-
nae complexes. The inner complexes are connected by small chlorophyll-
containing subunits to the core complex. This consists of the antennae pro-
teins CP 43 and CP 47, which are closely attached to the reaction center
(Fig. 3.22), and each contains about 15 chl-a molecules. Since the absorp-
tion maximum of chl-b is at a lower wavelength than that of chl-a, the trans-
fer of excitons from chl-b to chl-a is accompanied by loss of energy as heat.
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This promotes the flux of excitons from the periphery to the reaction center.
The connection between the outer LHCs (LHC-I16) and the PS II can be
interrupted by phosphorylation. In this way the actual size of the antenna
can be adjusted to the intensity of illumination (section 3.10).
Photosystem I contains fewer LHCs than photosystem II (section 3.8)
since its core antenna is larger than in PS II. The LHCs of PS I are similar
to those of PS II. Sequence analysis shows that LHC-I and LHC-II stem
from a common archetype. It has been suggested that in the phosphorylated
state LHC-IIb can also function as an antenna of PS I (see section 3.10).
The mechanism of the movement of excitons in the antenna is not yet
fully understood. The exciton may be delocalized by being distributed over
a whole group of chromophore molecules. On the other hand, the exciton
may be present initially in a certain chromophore molecule and subsequently
transferred to a more distant chromophore. This process of exciton trans-
fer has been termed the Forster mechanism. The transfer of excitons between

Figure 2.11 Sterical
arrangement of the LHC-
115 monomer in the
thylakoid membrane,
viewed from the side. Three
a-helices of the protein
span the membrane.
Chlorophyll-a (black) and
chlorophyll-b (red) are
oriented almost
perpendicularly to the
membrane surface. Two
lutein molecules (black) in
the center of the complex
act as an internal cross
brace. (By courtesy of W.
Kiihlbrandt, Heidelberg.)
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Figure 2.12 The LHC-II-
trimer viewed from above
from the stroma side.
Within each monomer the
central pair of helices form
a left-handed supercoil,
which is surrounded by
chlorophyll molecules. The
chl-b molecules (red) are
positioned at the side of
the monomers. (By
courtesy of W. Kiihlbrandt,
Heidelberg.)

closely neighboring chlorophyll molecules within an LHC probably proceeds
via delocalized electrons and the transfer between the LHCs and the reac-
tion center via the Forster mechanism. Absorption measurements with
ultrafast laser technique have shown that the exciton transfer between
two chlorophyll molecules proceeds within 0.1 picoseconds (107" s). Thus
the velocity of the exciton transfer in the antennae is much faster than the
charge separation in the reaction center (=3.5 picoseconds) discussed in
section 3.4. The reaction center functions as an energy trap for excitons
present in the antenna.

Phycobilisomes enable cyanobacteria and red algae to carry
out photosynthesis even in dim light

Cyanobacteria and red algae possess antennae structures that can collect
light of very low intensity. These antennae are arranged as particles on top
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of the membrane near the reaction centers of photosystem II (Fig. 2.14).
These particles, termed phycobilisomes, consist of proteins (phycobilipro-
teins), which are covalently linked with phycobilins. Phycobilins are open-
chained tetrapyrroles and therefore are structurally related to the
chlorophylls. Open-chained tetrapyrroles are also contained in bile, which
explains the name -bilin. The phycobilins are linked to the protein by a
thioether bond between an SH-group of the protein and the vinyl side chain
of the phycobilin. The protein phycoerythrin is linked to the chromophore
phycoerythrobilin, and the proteins phycocyanin and allophycocyanin to the
chromophore phycocyanobilin (Fig. 2.15). The basic structure in the phyco-
biliproteins consists of a heterodimer, (¢, ). Each of these subunits con-
tains one to four phycobilins as a chromophore. Three of these heterodimers
aggregate to a trimer (o, B); and thus form the actual building block of a
phycobilisome. The so-called linker polypeptides function as “mortar”
between the building blocks.

Figure 2.14 shows the structure of a phycobilisome. The phycobilisome
is attached to the membrane by anchor proteins. Three aggregates of four
to five (o, B); units form the core. This core contains the pigment allophy-
cocyanin (AP) to which cylindrical rodlike structures are attached, each with
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Figure 2.13 Scheme of the
arrangement of the light
harvesting complexes in the
antenna of photosystem II
in a plant viewed from
above (after Thornber); a
means LHC-IIa and so on.
The inner antenna
complexes are linked by
LHC-1I¢ and LHC-II¢
monomers to the core
complex. The function of
the LHC-IId and LHC-Ile
monomers is not entirely
known.



Figure 2.14 Scheme of a
side view of the structure
of a phycobilisome. The
units shown consist of
three o~ and three [3-
subunits each, (After
Bryanth.)
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Figure 2.15 Structural formula of the biliproteins present in the phycobilisomes,
phycocyanin (black), and phycoerythrin (difference from phycocyanin shown in red).
The corresponding chromophores phycocyanobilin and phycoerythrobilin are
covalently bound to proteins via thioether linkages formed by the addition of the SH
group of a cysteine residue of the protein to the vinyl group of the chromophore. The
conjugated double bonds (marked red) give the molecule a pigment-like character.
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four to six building blocks. The inner units contain mainly phycocyanine
(PC) and the outer ones phycoerythrin (PE). The function of this structural
organization is illustrated by the absorption spectra of the various bilipro-
teins shown in Figure 2.16. The light of shorter wavelength is absorbed in
the periphery of the rods by phycoerythrin and the light of longer wave-
length in the inner regions of the rods by phycocyanin. The core transfers
the excitons to the reaction center. A spatial distribution between the short
wavelength absorbing pigments at the periphery and the long wavelength
absorbing pigments in the center was shown in the preceding section for
the PS II antennae of higher plants.

Due to the phycobiliproteins, phycobilisomes are able to absorb green
light very efficiently (Fig. 2.16), thus allowing cyanobacteria and red algae
to survive in deep water. At these depths, due to the green window of pho-
tosynthesis (Fig. 2.3), only green light is available, as the light of the other
wavelengths is absorbed by green algae living in the upper regions of the
water. The algae in the deeper regions are obliged to invest a large portion
of their cellular matter in phycobilisomes in order to carry out photosyn-
thesis at this very low light intensity. Biliproteins can amount to 40% of the

Figure 2.16 Absorption
spectra of the
phycobiliproteins
phycoerythrin,
phycocyanin, and
allophycocyanin and, for
the sake of comparison,
also of chlorophyll-a.
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total cellular protein of the algae. These organisms undertake an extraordi-
nary expenditure to collect enough light for survival.
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Photosynthesis 1s an electron
transport process

The previous chapter described how photons are captured by an antenna
and conducted as excitons to the reaction centers. This chapter deals with
the function of these reaction centers and describes how photon energy is
converted to chemical energy to be utilized by the cell. As mentioned in
Chapter 2, plant photosynthesis probably evolved from bacterial photosyn-
thesis, so that the basic mechanisms of the photosynthetic reactions are alike
in bacteria and plants. Bacteria have proved to be very suitable objects for
studying the principles of photosynthesis since their reaction centers are
more simply structured than those of plants and they are more easily
isolated. For this reason, first bacterial photosynthesis and then plant
photosynthesis will be described.

3.1 The photosynthetic machinery
1s constructed from modules

The photosynthetic machinery of bacteria is constructed from defined com-
plexes, which also appear as components of the photosynthetic machinery
in plants. As will be described in Chapter 5, some of these complexes are
also components of mitochondrial electron transport. These complexes can
be thought of as modules that developed at an early stage of evolution and
have been combined in various ways for different purposes. For easier under-
standing, the functions of these modules in photosynthesis will be treated
first as black boxes and a detailed description of their structure and func-
tion will be given later.
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Figure 3.1 Scheme of the
photosynthetic apparatus
of purple bacteria. The
energy of a captured
exciton in the reaction
center elevates an electron
to a negative redox state.
The electron is transferred
to the ground state via an
electron transport chain
including the cytochrome-
blc, complex and
cytochrome-c. Free energy
of this process is conserved
by formation of a proton
potential which is used
partly for synthesis of ATP
and partly to enable an
electron flow for the
formation of NADH from
electron donors such as
H.,S.

3 Photosynthesis is an electron transport process

Purple bacteria have only one reaction center (Fig. 3.1). In this reaction
center the energy of the absorbed photon excites an electron, which means
it is raised to a negative redox state. The excited electron is transferred
back to the ground state by an electron transport chain, called the
cytochrome-b/c, complex, and the released energy is transformed to a
chemical form, which is then used for the synthesis of biomass (proteins,
carbohydrates). Generation of energy is based on coupling the electron
transport with the transport of protons across the membrane. In this way
the energy of the excited electron is conserved in the form of an electro-
chemical H'-potential across the membrane. The photosynthetic reaction
centers and the main components of the electron transport chain are always
located in a membrane.

Via ATP-synthase the energy of the H*-potential is used to synthesize
ATP from ADP and phosphate. Since the excited electrons in purple bacte-
ria return to the ground state of the reaction center, this electron transport
is called cyclic electron transport. In purple bacteria the proton gradient is
also used to reduce NAD via an additional electron transport chain named
the NADH dehydrogenase complex (Fig. 3.1). By consuming the energy of
the H*-potential, electrons are transferred from a reduced substance (e.g.,
organic acids or hydrogen sulfide) to NAD. The ATP and NADH formed
by bacterial photosynthesis are used for the synthesis of organic matter;
especially important is the synthesis of carbohydrates from CO, via the
Calvin cycle (see Chapter 6).

Electron NADH
= transport chain
‘ (NADH dehydro-
genase complex) NAD® + H®
/ Ared Ao><
Excitons Electron He e.g. H,S H,SO,
transport chain —> | potential
(Cyt-b/c, complex)
ATP
ATP
: ® -« synthase
ADP +P
Reaction
center




3.1 The photosynthetic machinery is constructed from modules

The reaction center of green sulfur bacteria (Fig. 3.2) is homologous to
that of purple bacteria, indicating that they have both evolved from a
common precursor. ATP is also formed in green sulfur bacteria by cyclic
electron transport. The electron transport chain (cytochrome-b/c, complex)
and the ATP-synthase involved here are very similar to those in purple bac-
teria. However, in contrast to purple bacteria, green sulfur bacteria are able
to form NADH by a noncyclic electron transport process. In this case, the
excited electrons are transferred to the ferredoxin-NAD-reductase complex,
which reduces NAD to NADH. Since the excited electrons in this noncyclic
pathway do not return to the ground state, an electron deficit remains in the
reaction center and is replenished by electron donors such as H,S, ultimately
being oxidized to sulfate.

Cyanobacteria and plants use water as an electron donor in photosyn-
thesis (Fig. 3.3). As oxygen is liberated, this process is called oxygenic pho-
tosynthesis. Two photosystems designated II and I are arranged here in
tandem. The machinery of oxygenic photosynthesis is made up of modules
that have already been described in bacterial photosynthesis. The structure
of the reaction center of photosystem II corresponds to that of the reaction
center of purple bacteria, and that of photosystem I corresponds to the
reaction center of green sulfur bacteria. The enzymes ATP-synthase and
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Figure 3.2 Scheme of the
photosynthetic apparatus in
green sulfur bacteria. In
contrast to the scheme in
Figure 3.1, part of the
electrons elevated to a
negative redox state are
transferred via an electron
transport chain (ferredoxin-
NAD reductase) to NAD,
yielding NADH. The
electron deficit arising in
the reaction center is
compensated for by
electron donors such as
H.,S.
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Figure 3.3 In the
photosynthetic apparatus
of cyanobacteria and
plants, two reaction centers
corresponding in their
function to the
photosynthetic reaction
centers of purple bacteria
and green sulfur bacteria
(shown in Figs. 3.1 and 3.2)
are arranged in sequence.

ferredoxin-NADP-reductase are very similar to those of photosynthetic bac-
teria. The electron transport chain of the cytochrome-bg/f complex has the
same basic structure as the cytochrome-b/c; complex in bacteria.

Four excitons are required in oxygenic photosynthesis to split one mole-
cule of water:

H,0+ NADP* + 4 excitons —— 1/2 O, + NADPH + H*

In this noncyclic electron transport, electrons are transferred to NADP
and protons are transported across the membrane to generate the proton
gradient that drives the synthesis of ATP. Thus, for each mol of NADPH
formed by oxygenic photosynthesis, about 1.5 molecules of ATP are gener-
ated simultaneously (section 4.4). Most of this ATP and NADPH is used
for assimilating CO, and nitrate to give carbohydrates and amino acids.
Oxygenic photosynthesis in plants takes place in the chloroplasts, a cell
organelle of the plastid family (section 1.3).



3.2 A reductant and an oxidant are formed during photosynthesis

3.2 A reductant and an oxidant are formed
during photosynthesis

In the 1920s Otto Warburg postulated that the energy of light is transferred
to CO, and that the CO,, activated in this way, reacts with water to form a
carbohydrate, accompanied by the release of oxygen. According to this
hypothesis, the oxygen released by photosynthesis was derived from the CO.,.
In 1931 this hypothesis was opposed by Cornelis van Niel by postulating
that during photosynthesis a reductant is formed, which then reacts with
CO,. The so-called van Niel equation describes photosynthesis in the
following way:

CO, +2H,A — 5 [CH,0]+ H,0 + 2A

([CH,0] = carbohydrate). He proposed that a substance H,A is split by
light energy into a reducing compound (H) and an oxidizing compound
(A). For oxygenic photosynthesis of cyanobacteria or plants, it can be
rewritten as:

CO, +2H,0 —" 5 [CH,0]+ H,0 + O,

In this equation the oxygen released during photosynthesis is derived from
water.

In 1937 Robert Hill in Cambridge proved that a reductant is actually
formed in the course of photosynthesis. He was the first to succeed in iso-
lating chloroplasts with some photosynthetic activity, which, however, had
no intact envelope membranes and consisted only of thylakoid membranes.
When these chloroplasts were illuminated in the presence of Fe** compounds
[initially ferrioxalate, later ferricyanide ([Fe(CN)sJ)], oxygen evolved
accompanied by reduction of the Fe*-compounds to the Fe** form.

H,0 +2Fe* —H 5 0H* +1/20, + 2Fe**

Since CO, was not involved in this “Hill reaction,” this experiment proved
that the photochemical splitting of water can be separated from the reduc-
tion of the CO,. The total reaction of photosynthetic CO, assimilation can
be divided into two partial reactions:

1. The so-called light reaction, in which water is split by photon energy to
yield reductive power (in the form of NADPH) and chemical energy (in
the form of ATP); and
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2. The so-called dark reaction (Chapter 6), in which CO, is assimilated at
the expense of this reductive power and of ATP.

In 1952 the Dutchman Louis Duysens made a very important observa-
tion that helped explain the photosynthesis mechanism. When illuminating
isolated membranes of the purple bacterium Rhodospirillum rubrum with
short light pulses, he found a decrease in light absorption at 890 nm, which
was immediately reversed when the bacteria were darkened again. The same
“bleaching” effect was found at 870 nm in the purple bacterium Rhodobac-
ter sphaeroides. Later, Bessil Kok (United States) and Horst Witt (Germany)
also found similar pigment bleaching at 700 nm and 680 nm in chloroplasts.
This bleaching was attributed to the primary reaction of photosynthesis,
and the corresponding pigments of the reaction centers were named Pgy
(Rb. sphaeroides) and Pgyy and Py, (chloroplasts). When an oxidant (e.g.,
[Fe(CN)s]*") was added, this bleaching effect could also be achieved in the
dark. These results indicated that these absorption changes of the pigments
were due to a redox reaction. This was the first indication that chlorophyll
can be oxidized. Electron spin resonance measurements revealed that radi-
cals are formed during this “bleaching.” “Bleaching” could also be observed
at the very low temperature of 1°K. This showed that in the electron trans-
fer leading to the formation of radicals, the reaction partners are located so
close to each other that thermal oscillation of the reaction partners (nor-
mally the precondition for a chemical reaction) is not required for this redox
reaction. Spectroscopic measurements indicated that the reaction partner of
this primary redox reaction are two closely adjacent chlorophyll molecules
arranged as a pair, called a “special pair.”

3.3 The basic structure of a photosynthetic
reaction center has been resolved
by X-ray structure analysis

The reaction centers of purple bacteria proved to be especially suitable
objects for explaining the structure and function of the photosynthetic
machinery. It was a great step forward when in 1970 Roderick Clayton
(United States) developed a method for isolating reaction centers from
purple bacteria. Analysis of the components of the reaction centers of the
different purple bacteria (shown in Table 3.1 for the reaction center of Rb.
sphaeroides as an example) revealed that the reaction centers had the same
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Table 3.1: Composition of the reaction center from Rhodobacter sphaeroides
(P87O)

Molecular mass

1 subunit L 21kDa
1 subunit M 24kDa
1 subunit H 28kDa

4 bacteriochlorophyll-a
2 bacteriopheophytin-a
2 ubiguinone
1 non-heme-Fe-protein
1 carotenoid

HsC

CH, CH, CH, CH, o}

HsC A 0~ “CH;,

Bacteriochlorophyll-a

basic structure in all the purple bacteria investigated. The minimum struc-
ture consists of the three subunits L, M, and H (light, medium, and heavy).
Subunits L and M are peptides with a similar amino acid sequence. They
are homologous. The reaction center of Rb. sphaeroides contains four bac-
teriochlorophyll-a (Bchl-a, Fig. 3.4) and two bacteriopheophytin-a (BPhe-
a). Pheophytins differ from chlorophylls in that they lack magnesium as the
central atom. In addition, the reaction center contains an iron atom that is
not a part of a heme. It is therefore called a non-heme iron. Furthermore,
the reaction center contains two molecules ubiquinone (Fig. 3.5), which are
designated as Q4 and Qsg. Q, is tightly bound to the reaction center, whereas
Qg is only loosely associated with it.

CH,
CH,—CH,
Figure 3.4

Bacteriochlorophyll-a.
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Ubiquinone

Figure 3.5 Ubiquinone.
The long isoprenoid side
chain gives the substance a
lipophilic character.

Figure 3.6 Scheme of X-
ray structural analysis of a
protein crystal. A capillary
containing the crystal is
made to rotate slowly and
the diffraction pattern is
monitored on an X-ray
film. Nowadays much more
sensitive detector systems
(image platers) are used
instead of films. The
diffraction pattern shown
was obtained by the
structural analysis of the
reaction center of Rb.
Sphaeroides. (By courtesy
of H. Michel, Frankfurt.)
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X-ray structure analysis of the photosynthetic reaction center

If ordered crystals can be prepared from a protein, it is possible to analyze
the spherical structure of the protein molecule by X-ray structure analysis.
[In a similar way a structural analysis can also be obtained from crystalline
molecular layers by using electron cryomicroscopy (section 2.4), but in this
method the experimental expenditure is particularly high.] In X-ray struc-
ture analysis, a protein crystal is irradiated by an X-ray source. The electrons
of the atoms in the molecule cause a scattering of X-rays. Diffraction is
observed when the irradiation passes through a regular repeating structure.
The corresponding diffraction pattern, consisting of many single reflections,
is measured by an X-ray film positioned behind the crystal or by an alter-
native detector. The principle is demonstrated in Figure 3.6. To obtain as
many reflections as possible, the crystal, mounted in a capillary, is rotated.
From a few dozen to up to several hundred exposures are required for one
set of data, depending on the form of the crystal and the size of the crystal
lattice. To evaluate a new protein structure, several sets of data are required
in which the protein has been changed by the incorporation or binding
of a heavy metal ion. With the help of elaborate computer programs, it
is possible to reconstruct the spherical structure of the exposed protein

Protein crystal
in capillary

X-ray
source

Q\i\

Rotation

Exposure
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CH,

o lo CH
O—ll\l—CHz/ 2

CH,

CHy CH, CHo CH, CH

CHy” " ?CHs” 2 CHsy " PYCHy T PYCHy

N,N-Dimethyldodecylamin-N -oxide

molecules by applying the rules for scattering X-rays by atoms of various
electron density.

X-ray structure analysis requires a high technical expenditure and is very
time-consuming, but the actual limiting factor in the elucidation of a spher-
ical structure is usually the preparation of suitable single crystals. Until 1980
it was thought to be impossible to prepare crystals suitable for X-ray struc-
ture analysis from hydrophobic membrane proteins. The application of the
detergent N,N’-dimethyldodecylamine-N-oxide (Fig. 3.7) was a great step
forward in helping to solve this problem. This detergent forms water-soluble
protein-detergent micelles with membrane proteins, which can then be made
to crystallize when ammonium sulfate or polyethylene glycol is added. The
micelles form a regular lattice in these crystals (Fig. 3.8). The protein in the
crystal remains in its native state since the hydrophobic regions of the mem-
brane protein, which normally border on the hydrophobic membrane, are
covered by the hydrophobic chains of the detergent.

Using this procedure, Hartmut Michel from Munich succeeded in
obtaining crystals from the reaction center of the purple bacterium
Rhodopseudomonas viridis and, together with his colleague Johann Deisen-
hofer from the department of Robert Huber, performed an X-ray structure
analysis of these crystals. The immense amount of time invested in these
investigations is illustrated by the fact that the evaluation of the stored data
sets alone took two and a half years. With the X-ray structure analysis of a
photosynthetic reaction center, for the first time the three-dimensional struc-
ture of a membrane protein had been elucidated. For this work, Michel,
Deisenhofer, and Huber in 1988 were awarded the Nobel Prize in Chemistry.
Using the same method, the reaction center of Rb. sphaeroides was analyzed
and it turned out that the basic structure of the two reaction centers are
astonishingly similar.

The reaction center of Rhodopseudomonas viridis
has a symmetric structure

Figure 3.9 shows the three-dimensional structure of the reaction center of
the purple bacterium Rhodopseudomonas viridis. The molecule has a cylin-
drical shape and is about 8 nm long. The homologous subunits L (red) and
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Figure 3.7 The detergent
N,N’-
dimethyldodecylamine-N-
oxide.
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Figure 3.8 A detergent
micelle is formed after
solubilization of a
membrane protein by a
detergent. The hydrophobic
region of the membrane
proteins, the membrane
lipids, and the detergent are
marked black and the
hydrophilic regions are red.
Crystal structures can be
formed by association of
the hydrophilic regions of
the detergent micelle.
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M (black) are arranged symmetrically and enclose the chlorophyll and
pheophytin molecules. The H subunit is attached like a lid to the lower part
of the cylinder.

In the same projection as in Figure 3.9, Figure 3.10 shows the location
of the chromophores in the protein molecule. All the chromophores are posi-
tioned as pairs divided by a symmetry axis. Two Bchl-a molecules (Dy;, Dy)
can be recognized in the upper part of the structure. The two tetrapyrrole
rings are so close (0.3 nm) that their orbitals overlap in the excited state. This
confirmed the actual existence of the “special pair” of chlorophyll molecules,
postulated earlier from spectroscopic investigations, as the site of the pri-
mary redox process of photosynthesis. The chromophores are arranged



3.4 How does a reaction center function?

below this chlorophyll pair in two nearly identical branches, each contain-
ing a Bchl-a molecule (B,, Bg) as monomer, followed in each branch by a
bacteriopheophytin (®,, ®3). Whereas the chlorophyll pair (Dy, Dy) is
bound by both subunits L and M, the chlorophyll B, and the pheophytin
®, are associated with subunit L, and By and ®; with subunit M. The
quinone ring of Q, is bound via hydrogen bonds and hydrophobic interac-
tion to subunit M, whereas the loosely associated Qg is bound to subunit L.

3.4 How does a reaction center function?

The analysis of the structure and extensive kinetic investigations allowed a
detailed description of the function of the bacterial reaction center. The
kinetic investigations included measurements by absorption and fluores-
cence spectroscopy after light flashes in the range of less than 107 s, as well
as measurements of nuclear spin and electron spin resonance. Although the
reaction center shows a symmetry with two almost identical branches of
chromophores, electron transfer proceeds only along the branch on the right
in Figure 3.10 (the L side). The chlorophyll monomer (Bg) on the M side is
in close contact with a carotenoid molecule, which abolishes a harmful triplet
state of chlorophylls in the reaction center (sections 2.3 and 3.7). The func-
tion of the pheophytin (®g) on the M side and of the non-heme iron is not
yet fully understood.
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Figure 3.9 Stereo pair of
the three-dimensional
structure of the reaction
center of Rp. viridis. The
peptide chain of subunit L
is marked red and that of
subunit M is black. The
polypeptide chains are
shown as bands and the
chromophores
(chlorophylls, pheophytins)
and quinones are shown as
wire models. The upper
part of the reaction center
borders on the
periplasmatic compartment
and the lower part on the
cytoplasm. (By courtesy of
H. Michel, and R. C. R. D.
Lancaster, Frankfurt.) How
to look at a stereo picture,
see legend Figure 1.29.
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Figure 3.10 Stereo pair of
the three-dimensional array
of chromophores and
quinones in the reaction
center of Rp viridis. The
projection corresponds to
the structure shown in
Figure 3.9. The Bchl-g-pair
DyDy (see text) is marked
red. (By courtesy of H.
Michel and R. C. R. D.
Lancaster, Frankfurt. The
production of the Figures
3.9 and 3.10 was made by
P. Kraulis, Uppsala, with
the program
MOLSCRIPT.)
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Figure 3.11 shows the scheme of the reaction center in which the reac-
tion partners are arranged according to their electrochemical potential. The
primary reaction with the exciton provided by the antenna (section 2.4)
excites the chlorophyll pair. This primary excitation state has only a very
short half-life, a charge separation occurs, and, as a result of the large poten-
tial difference, within picoseconds an electron is removed to reduce bacte-
riopheophytin (BPhe).

(Bchl), +1 Exciton — (Bchl)¥
(Bchl)* + BPhe —— (Bchl); + BPhe~

The electron is probably transferred first to the Bchl-monomer (B,) and then
to the pheophytin molecule (®,). The second electron transfer proceeds with
a half time of 0.9 picoseconds, about four times as fast as the electron trans-
fer to B,. The pheophytin radical has a tendency to return to the ground state
by a return of the translocated electron to the Bchl-monomer (B,). To
prevent this, within 200 picoseconds a high potential difference withdraws
the electron from the pheophytin radical to a quinone (Q,) (Fig. 3.11). The
semiquinone radical thus formed, in response to a further potential differ-
ence, transfers its electron to the loosely bound ubiquinone Q. In this way
first ubisemiquinone is formed and then ubihydroquinone is formed after a
second electron transfer (Fig. 3.12). In contrast to the very labile radical
intermediates of the pathway described so far, ubihydroquinone is a stable
reductant. However, this stability has its price. For the formation of ubihy-
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droquinone as a first stable product from the primary excitation state of the
chlorophyll, more than half of the exciton energy is dissipated as heat.
Ubiquinone (Fig. 3.5) contains a hydrophobic isoprenoid side chain,
which makes it very soluble in the lipid phase of the photosynthetic mem-
brane. The same function of an isoprenoid side chain has already been dis-
cussed in the case of chlorophyll (section 2.2). In contrast to chlorophyll,
pheophytin, and Q,, which are all tightly bound to proteins, the ubihydro-
quinone Qg is only loosely associated with the reaction center and can be
exchanged for another ubiquinone. Ubihydroquinone remains in the mem-
brane phase, is able to diffuse rapidly along the membrane, and functions as
a transport metabolite for reducing equivalents in the membrane phase. It
feeds the electrons into the cytochrome-b/c, complex, also located in the
membrane, and the electrons are transferred back through this complex via
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Figure 3.11 Scheme of
cyclic electron transport in
photosynthesis of Rb.
sphaeroides. The excited
state symbolized by a star
results in a charge
separation; an electron is
transferred via pheophytin,
the quinones Q,, Qp, and
the cyt-b/c complex to the
positively charged
chlorophyll radical. Q:
quinone, Q-: semiquinone
radical, QH,:
hydroquinone.
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cytochrome-c to the reaction center. Energy is conserved in this electron
transport to form a proton potential (section 4.1), which is used for ATP-
synthesis. The structure and mechanism of the cytochrome-b/c, complex and
of ATP-synthase will be described in section 3.7 and Chapter 4, respectively.

In summary, the cyclic electron transport of the purple bacteria may
resemble a simple electric circuit as shown in Figure 3.13. The chlorophyll
pair and pheophytin, between which an electron is transferred by light
energy, may be regarded as the two plates of a capacitor between which a
voltage is generated, driving a flux of electrons, a current. A very large part
of electron energy is dissipated as heat by a voltage drop via a resistor. This
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resistor functions as an electron trap, withdrawing the electrons rapidly from
the capacitor. A generator utilizes the remaining voltage to produce chemi-
cal energy.

3.5 Two photosynthetic reaction centers are
arranged in tandem in photosynthesis of
algae and plants

A quantum requirement (photons absorbed per molecule O, produced) of
about eight has been determined for photosynthetic water splitting by green
algae (section 2.4). Instead of the term quantum requirement, one often uses
the reciprocal term, quantum yield (molecules of O, produced per photon
absorbed). Investigations into the dependence of quantum yield on the
color of irradiated light (action spectrum) revealed that the quantum yield
dropped very sharply when the algae were illuminated with red light above
a wavelength of 680 nm (Fig. 3.14). At first this effect, named “red drop,”
remained unexplained since algae contain chlorophyll, which absorbs light
at 700 nm. Robert Emerson and coworkers solved this problem in 1957 when
they observed in an experiment that the quantum yield in the spectral range
above 680 nm increased dramatically when orange light of 650 nm was irra-
diated together with red light. When the algae were irradiated with the light
of the two colors simultaneously, the quantum yield was higher than the
sum of the yields obtained when algae were irradiated separately with the
light of each wavelength.
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Figure 3.14 The quantum
yield of O, release in green
algae (Chlorella) depending
on the wavelength of
irradiated light. The upper
curve shows the result of
supplementary irradiation
with 650nm light. (After
Emerson and
Rabinowitch.)
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Figure 3.15 The Z scheme
of photosynthesis in plants.
Electrons are transferred by
two photosystems arranged
in tandem from water to
NADP and during this
ATP is formed. The
amount of ATP formed is
not known but is probably
between two and three per
four excitons captured at
each reaction center
(section 4.4).
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This Emerson effect led to the conclusion that two different reaction
centers are involved in photosynthesis of green algae (and also of cyanobac-
teria and higher plants). In 1960 Robert Hill and Fay Bendall postulated a
reaction scheme (Fig. 3.15) in which two reaction centers are arranged in
tandem and connected by an electron transport chain containing
cytochromes-bs and -f (cytochrome-f is a cytochrome of the C type; see
section 3.7). Light energy of 700 nm was sufficient for the excitation of the
one reaction center, whereas excitation of the other reaction center required
light of higher energy with a wavelength up to 680 nm. A reaction diagram
according to the redox potentials shows a zigzag, leading to the name Z
scheme. The numbering of the two photosystems corresponds to the
sequence of their discovery. Photosystem II (PS II) can use light up to a
wavelength of 680 nm, whereas photosystem I (PS I) can utilize light with a
wavelength up to 700 nm. The sequence of the two photosystems makes it
possible that at PS II a very strong oxidant is generated for oxidation of water
and at PS I a very strong reductant for reduction of NADP (see also
Fig. 3.3).

Figure 3.16 gives an overview of electron transport through the photo-
synthetic complexes; the carriers of electron transport are drawn according
to their electric potential as in Figure 3.11. Figure 3.17 shows how the pho-
tosynthetic complexes are arranged in the thylakoid membrane. There is a
potential difference of about 1.2 volt between oxidation of water and reduc-
tion of the NADP. The two absorbed photons of 680 and 700 nm together
correspond to a total potential difference of 3.45 volt (see section 2.2, equa-
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Figure 3.16 Scheme of noncyclic electron transport in plants. The redox components
are placed according to their midpoint redox potential and their association with the
three complexes involved in the electron transport. A star symbolizes an excited state.
The electron transport between the photosystem II complex and the cyt-b¢/f complex
occurs by plastohydroquinone (PQH,), which is oxidized by the cyt-bs/f complex to
plastoquinone (PQ). The electrons are transferred from the cyt-by/f complex to
photosystem I by plastocyanin (PC). This reaction scheme is also valid for
cyanobacteria with the exception that instead of plastocyanin, cytochrome-c is
involved in the second electron transfer. For details, see Figures 3.18 and 3.31.

tion 2.7). Thus, only about one-third of the energy of the photons absorbed
by the two photosystems is used to transfer electrons from water to NADP.
In addition to this, about one-eighth of the light energy absorbed by the two
photosystems is conserved by pumping protons into the lumen of the thy-
lakoids via PS II and the cytochrome-b¢/f complex (Fig. 3.17). This proton
transport leads to the formation of a proton gradient between the lumen
and the stroma space. An H*-ATP synthase, also located in the thylakoid

membrane, uses the energy of the proton gradient for synthesis of ATP.

Thus about half the energy of the light absorbed by the two photosys-
tems is not used for chemical work but is dissipated as heat. The significance
of this loss of energy in the form of heat in photosynthetic electron trans-

port has been discussed in the previous section.
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Figure 3.17 Scheme showing the positioning of the photosynthetic complexes and the
H*-ATP synthase in the thylakoid membrane. Transport of electrons between PS II
and the cytochrome-b4/f complex is mediated by plastohydroquinone (PQH,) and that
between the cytochrome-b4/f complex and PS I by plastocyanin (PC). Splitting of the
water occurs on the luminal side of the membrane, and the formation of NADPH and
ATP occurs on the stromal side. The electrochemical gradient of protons pumped into
the lumen drives ATP synthesis. The number of protons transported to the lumen
during electron transport and the proton requirement of ATP synthesis is not known
(section 4.4).

3.6 Water is split by photosystem II

Recently the groups of Horst Witt and Wolfgang Saenger (both in Berlin)
resolved the three-dimensional structure of PS II by X-ray structure analy-
sis of crystals from the PS II of the thermophilic cyanobacteria Syne-
chococcus elongatis. This work revealed that PS II, and as later shown PS
I, are constructed after the same basic principles as the reaction centers of
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purple bacteria discussed in section 3.4. This, and the sequence analyses,
clearly demonstrate that all these photosystems have a common origin. Thus
PS II also has a chl-a pair in the center, although the distance between the
two molecules is so large that probably only one of the two chl-a molecules
reacts with the exciton. Two arms, each with one chl-a and one pheophytin
molecule, are connected with this central pair as in the purple bacteria shown
in Figure 3.10. Also in the cyanobacteria, only one of these arms appears
to be involved in the electron transport.

Upon the excitation of Pgo by an exciton, one electron is released and
transferred via the chl-a-monomer to pheophytin and from there to a tightly
bound plastoquinone (Q,), thus forming a semiquinone radical (Fig. 3.18).

STROMA
)( M
/Q Q f 1/2 PQ —F——
Exciton Phe® Phe +H®
\% Q)
e©
(Chl-a), ——— (Chl-a)}
Thylakoid
(C) membrane
H® + -OO Tyr HO—Q Tyr
?/4
Water splitting
LUMEN

Figure 3.18 Reaction scheme of photosynthetic electron transport in the photosystem
IT complex. Excitation by a photon results in the release of one electron. The
remaining positively charged chlorophyll radical is reduced by a tyrosine residue and
the latter by a cluster of probably four manganese atoms involved in the oxidation of
water (Fig. 3.20). The negatively charged chlorophyll radical transfers its electron via
chl-a (not shown) and pheophytin and a quinone Q, of which the entire structure is
not yet known, finally to plastoquinone.
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Figure 3.19
Plastoquinone.
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The electron is then further transferred to a loosely bound plastoquinone
(Qg). This plastoquinone (PQ) (Fig. 3.19) accepts two electrons and two
protons one after the other and is thus reduced to hydroquinone (PQH,).
The hydroquinone is released from the photosynthesis complex and may be
regarded as the final product of photosystem II. This sequence, consisting
of a transfer of a single electron between (chl-a), and Q, and the transfer of
two electrons between Q, and Qj, corresponds to the reaction sequence
shown for Rb. sphaeroides (Fig. 3.11). The only difference is that the
quinones are ubiquinone or menaquinone in bacteria and plastoquinone in
photosystem II.

However, the similarity between the reaction sequence in PS II and the
photosystem of the purple bacteria applies only to the electron acceptor
region. The electron donor function in PS II is completely different from
that in purple bacteria. The electron deficit in (chl-a); caused by noncyclic
electron transport is compensated for by electrons derived from oxidation
of water. Manganese cations and a tyrosine residue are involved in the trans-
port of electrons from water to chlorophyll. The (chl-a); radical with a redox
potential of about +1.1 volt is such a strong oxidant that it can withdraw an
electron from a tyrosine residue in the protein of the reaction center and a
tyrosine radical remains. This reactive tyrosine residue is often designated as
Z. The electron deficit in the tyrosine radical is restored by oxidation of a
manganese ion (Fig. 3.20). The PS II complex contains several manganese
ions, probably four, which are close to each other. This arrangement of Mn
ions is called the Mn cluster. The Mn cluster depicts a redox system that can
take up four electrons and release them again. During this process the Mn
ions probably change between the oxidation state Mn** and Mn*.

To liberate one molecule of O, from water, the reaction center must
withdraw four electrons and thus capture four excitons. The time differences
between the capture of the single excitons in the reaction center depends on
the intensity of illumination. If oxidation of water were to proceed stepwise,
oxygen radicals could be formed as intermediary products, especially at low
light intensities. Oxygen radicals have a destructive effect on biomolecules
such as lipids and proteins (section 3.10). The water splitting machinery of
the Mn clusters minimizes the formation of oxygen radical intermediates by
supplying the reaction center via tyrosine with four electrons one after the
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other (Fig. 3.20). The Mn cluster is transformed during this transfer from
the ground oxidation state stepwise to four different oxidation states (these
have been designated as S, and S;—S,).

Experiments by Pierre Joliot and Bessel Kok presented evidence that the
water splitting apparatus can be in five different oxidation states (Fig. 3.21).
When chloroplasts kept in the dark were illuminated by a series of light
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Figure 3.20 A scheme
showing the mechanism of
water splitting by
photosystem II. M means a
cluster of probably four
manganese atoms. The
different manganese atoms
are present in different
oxidation states. The cluster
functions as a redox unit
and feeds, one after the
other, a total of four
electrons into the reaction
center of PS II. The deficit
of these four electrons is
compensated for by
splitting of 2 H,O to

0O, and 4 H*. M means
(4Mn)™, M* means
(4Mn)™* and so on.

Figure 3.21 Yield of the
oxygen released by
chloroplasts as a function
of the number of light
pulses. The chloroplasts,
previously kept in the dark,
were illuminated by light
pulses of 2us duration,
interrupted by pauses of
0.3s. (After Forbush, Kok,
and McGoild, 1971.)
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pulses, an oscillation of the oxygen release was observed. Whereas after the
first two light pulses almost no O, was released, the O, release was maximal
after three pulses and then after a further four pulses, and so on. An increas-
ing number of light pulses, however, dampened the oscillation more and
more. This can be explained by some pulses not causing excitation of PS II
and thus desynchronizing oscillation. In darkened chloroplasts the water
splitting apparatus is apparently in the S; state. After the fourth oxidation
state (S,) has been reached, O, is released in one reaction and the Mn cluster
returns to its ground oxidation state (S,). In this reaction, protons from water
are released to the lumen of the thylakoids. The formal description of this
reaction is:

2H,O0 —— 4H* +20*
20 + M* — 0, +M

Figuratively speaking, the four electrons needed in the reaction center are
loaned in advance by the Mn cluster and then repaid at one stroke by
oxidation of water to one oxygen molecule. In this way the Mn cluster
minimizes the formation of oxygen radicals by photosystem II. Despite this
safety device, probably enough oxygen radicals are formed in the PS II
complex to have some damaging effect on the proteins of the complex, the
consequences of which will be discussed in section 3.10.

Photosystem II complex is very similar to the reaction center
in purple bacteria

Photosystem II is a complex consisting of at least 17 different subunits
(Table 3.2), only two of which are involved in the actual reaction center. The
exact function of several subunits is not yet known. For this reason the
scheme of the PS Il complex shown in Figure 3.22 contains only those
subunits for which functions are known. The PS II complex is surrounded
by an antenna consisting of light harvesting complexes (Fig. 2.13).

The center of the PS II complex is a heterodimer consisting of the sub-
units D, and D, with six chl-a, two pheophytin, two plastoquinone, and one
to two carotenoid molecules bound to it. The D, and the D, protein are
homologous to each other and also to the L proteins and M proteins from
the reaction center of the purple bacteria (section 3.4). As in purple bacte-
ria, only the pheophytin molecule bound to the D, protein of PS II is
involved in electron transport. On the other hand, Q, is bound to the D,
protein, whereas Qg is bound to the D, protein. The Mn cluster is probably
enclosed by both the D, and D, proteins. The tyrosine that is reactive in



Table 3.2: Protein components of photosystem Il (list not complete)

Protein Molecular mass Localization Encoded in Function
(kDa)
D 32 In membrane Chloroplast  Binding of Peg, Pheo, Qg Tyr,
Mn-cluster
D, 34 ” i Binding of Pego, Pheo, Qa,
Mn-cluster
CPy; 47 ” ” Core-antenna, binds peripheral
antennae LHC
CF)43 43 ” ” ”on
Cyt-bssaq 9 ” ” Binds heme, protection of PS Il against
light damage
Cyt-bssop 4 i ” ”
Manganese- 33 Peripheral: Nucleus Stabilization of Mn-cluster
stabilizing lumen
protein (MSP)
P 23 ” ” ?
Q 16 ” ” f)
R 10 Peripheral:stroma ”
(After Vermaas, 1993).
Photosystem Il complex STROMA
/"~ N\ /—r\
CP43 CP47 b a Cyt-bggg
Qg Plastoquinone
Qa
Core antenna ) Thylakoid
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Figure 3.22 Scheme of a simplified structure of the photosystem II complex. Basis
for this scheme are the structural analysis carried out by the collaborating groups of
Witt and Saenger (Berlin) and also investigations of the binding of quinone to the
subunits D; and D,, which are homologous to the subunits L and M in purple
bacteria. It appears that the structure of PS II and the structure of the reaction
centers in purple bacteria share the same basic features. See also Table 3.2. The two
core antennae CP,; and CP,; flank both sides of the D;-D, complex (not shown in

figure).
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electron transfer is a constituent of D,. The subunit MSP (manganese sta-
bilizing protein) stabilizes the Mn cluster. The two subunits CP 43 and CP
47 (CP means chlorophyll protein) each bind about 15 chlorophyll molecules
and form the core complex of the antenna shown in Figure 2.10. CP43 and
CP47 flank both sides of the D;-D, complex. Cyt-bsso does not seem to be
involved in the electron transport of PS II; possibly its function is to protect
the PS II complex from light damage.

The D, protein of the PS II complex has a high turnover; it is constantly
being resynthesized. It seems that the D, protein wears out during its func-
tion, perhaps through damage by oxygen radicals, which still occurs despite
all the protection mechanisms. It has been estimated that the D, protein is
replaced after 10°to 107 catalytic cycles of the reaction center of PS II.

A number of substances that are similar in their structure to plasto-
quinone can block the plastoquinone binding site at the D, protein, causing
inhibition of photosynthesis. Such substances are used as weed Kkillers
(herbicides). Before the effect of these substances is discussed in detail, some
general aspects of the application of herbicides shall be introduced.

Mechanized agriculture usually necessitates the use
of herbicides

Herbicides account for about half the money spent worldwide on substances
for plant protection. The high cost of labor is one of the main reasons for
using herbicides in agriculture. It is cheaper and faster to keep a field free of
weeds by using herbicides rather than manual labor. Weed control in agri-
culture is necessary not only to decrease harvest losses by weed competition,
but also because weeds hinder the operation of harvesting machinery; fields
free of weeds are a prerequisite for a mechanized agriculture. One uses as
herbicides various substances that block vital reactions of plant metabolism
and have a low toxicity for animals and therefore for humans. A large
number of herbicides (examples will be given at the end of this section)
inhibit photosystem II by being antagonists to plastoquinone. For this the
herbicide molecule has to be bound to most of the many photosynthetic
reaction centers. To be effective, 125 to 4,000 g of these herbicides have to
be applied per hectare.

In an attempt to reduce the amount of herbicides needed to be effective,
new herbicides have been developed that inhibit certain biosynthetic
processes such as the synthesis of fatty acids, certain amino acids,
carotenoids, or chlorophyll. There are also herbicides that act as analogues
of phytohormones or mitosis inhibitors. Some of these herbicides are effec-
tive with amounts as low as 5 g per hectare.
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Some herbicides are taken up only by the roots and others by the leaves.
For example, to keep the railway tracks free of weeds nonselective herbicides
are employed, which destroy all vegetation. For such purposes, herbicides
that are degraded slowly and are taken up by the roots or emerging shoots
are often used. Nonselective herbicides are also used in agriculture (e.g., to
combat weeds in citrus plantations), but in this case, herbicides that are
taken up only by the leaves of herbaceous plants are applied at ground level.
Especially interesting are those selective herbicides that combat only weeds
and affect cultivars as little as possible (sections 12.2 and 15.3). Selectivity
can be caused by various factors (e.g., by differences between the uptake of
the herbicide in different plants, between the sensitivity of metabolism in
different plants toward the herbicide, or between the ability of the plants
to detoxify the herbicide). Important mechanisms utilized by plants to
detoxify herbicides and other foreign substances (xenobiotics) are the intro-
duction of hydroxyl groups by P-450 monooxygenases (section 18.2) and the
formation of glutathione conjugates (section 12.2). Selective herbicides have
the advantage that weeds can be destroyed, for example, when it is oppor-
tune at a later growth stage of the cultivars and the dead weeds can form a
mulch layer conserving water and preventing erosion.

In some cases, the application of herbicides has led to the development
of herbicide-resistant plant mutants (section 10.4). Conventional breeding
has used such mutants to generate herbicide-resistant cultivars. In contrast
to these results, which have come about by chance, genetic engineering
makes it possible to generate made-to-measure herbicide-resistant cultivars.
This means that selective herbicides that are degraded rapidly and are effec-
tive in small amounts can be used. Examples of this will be discussed in
sections 10.1 and 10.4.

A large number of herbicides inhibit photosynthesis: the urea derivative
DCMU (Diuron, DuPont), the triazine Atrazine (earlier Ciba Geigy),
Bentazon (BASF) (Fig. 3.23), and many similar substances function as
herbicides by binding to the plastoquinone binding site on the D, protein
and thus blocking the photosynthetic electron transport. Nowadays,
DCMU is not often used, as the dosage required is high and its degradation
is slow. It is, however, often used in the laboratory to inhibit photosynthe-
sis (e.g., of leaves or isolated chloroplasts). Atrazine acts selectively: maize
plants are relatively insensitive to this herbicide since they have a particu-
larly efficient mechanism for its detoxification (section 12.2). Because of its
relatively slow degradation in the soil, the use of Atrazine has been restricted
in some countries. In areas where certain herbicides have been used contin-
uously over the years, some weeds have become resistant to these herbicides.
In some cases, the resistance can be traced back to mutations in a single
amino acid change in the D,-proteins. These changes do not markedly affect

91



Inhibitors of
photosystem II used as

3 Photosynthesis is an electron transport process

Cl
ﬁ /CHs Diuron (DuPont)
Cl II\I—C—N\ 3-(3,4-Dichlorphenyl)-1,1-
H CH;  dimethylurea (DCMU)
i
N—C,Hs
N= Atrazine
Cl— N
N—? CHs (Ciba Geigy)
e
H H
H
NS
§02 Bentazon
_NH (BASF)
C
[l
O

photosynthesis of these weeds, but they do decrease binding of the herbi-
cides to the D;-protein.

3.7 The cytochrome-b¢/f complex mediates
electron transport between photosystem
IT and photosystem 1

Iron atoms in cytochromes and in iron-sulfur centers have
a central function as redox carriers

Cytochromes occur in all organisms except a few obligate anaerobes. These
are proteins to which one to two tetrapyrrole rings are bound. These
tetrapyrroles are very similar to the chromophores of chlorophylls. However,
chlorophylls contain Mg as the central atom in the tetrapyrrole, whereas
the cytochromes have an iron atom (Fig. 3.24). The tetrapyrrole ring of the
cytochromes with iron as the central atom is called the heme. The bound
iron atom can change between the oxidation states Fe™™ and Fe*" so that
cytochromes function as one electron carrier, in contrast to quinones,
NAD(P) and FAD, which transfer two electrons together with protons.
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Cytochromes are divided into three main groups, the cytochromes-a, -b,
and -c. These correspond to heme-a, -b, and -c. Heme-b may be regarded as
the basic structure (Fig. 3.24). In heme-c the SH, group of a cysteine is added
to each of the two vinyl groups of heme-b. In this way heme-c is covalently
bound by a sulfur bridge to the protein of the cytochrome. Such a mode of
covalent binding has already been shown for phycocyanin in Figure 2.15,
and there is actually a structural relationship between the corresponding
apoproteins. In heme-a (not shown) an isoprenoid side chain consisting of
three isoprene units is attached to one of the vinyl groups of heme-b. This
side chain has the function of a hydrophobic membrane anchor, similar to
that found in quinones (Figs. 3.5 and 3.19). Heme-a is mentioned here only
for the sake of completeness. It plays no role in photosynthesis, but it does
have a function in the mitochondrial electron transport chain (section 5.5).

The iron atom in the heme can form up to six coordinative bonds. Four
of these bonds are formed with the nitrogen atoms of the tetrapyrrole ring.
This ring has a planar structure. The two remaining coordinative bonds to
the Fe-atom are formed by two histidine residues, which are positioned ver-
tically to the tetrapyrrole plane (Fig. 3.25). Cyt-f ( f = foliar, in leaves) con-
tains, like cyt-c, one heme-c and therefore belongs to the c-type cytochromes.
In cyt-f one coordinative bond of the Fe-atom is formed with the terminal
amino group of the protein and the other with a histidine residue.

Iron-sulfur centers are of general importance as electron carriers in elec-
tron transport chains and thus also in photosynthetic electron transport.
Cysteine residues of proteins within iron-sulfur centers (Fig. 3.26) are coor-
dinatively or covalently bound to Fe-atoms. These iron atoms are linked to
each other by S-bridges. Upon acidification of the proteins, the sulfur
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Figure 3.24 Heme-b and
heme-c as prosthetic group
of the cytochromes. Heme-
¢ is covalently bound to the
apoprotein of the
cytochrome by the addition
of two cysteine residues of
the apoprotein to the two
vinyl groups of heme-b.



Figure 3.25 Axial ligands
of the Fe atoms in the
heme groups of
cytochrome-b and
cytochrome-f. Of the six
possible coordinative bonds
of the Fe atom in the heme,
four are saturated with the
N-atoms present in the
planar tetrapyrrole ring.
The two remaining
coordinative bonds are
formed either with two
histidine residues of the
protein, located vertically
to the plane of the
tetrapyrrole, or with the
terminal amino group and
one histidine residue of the
protein. Prot = protein.

Figure 3.26 Structure of
metal clusters of iron-sulfur
proteins.
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between the Fe-atoms is released as H,S and for this reason has been called
labile sulfur. Iron-sulfur centers occur mainly as 2Fe-2S or 4Fe-4S centers.
The Fe-atoms in these centers are present in the oxidation states Fe™ and
Fe™. Irrespective of the number of Fe-atoms in a center, the oxidized and
reduced state of the center differs only by a single charge. For this reason,
iron-sulfur centers can take up and transfer only one electron. Various
iron-sulfur centers have very different redox potentials, depending on the
surrounding protein.

The electron transport by the cytochrome-b4/f complex
is coupled to a proton transport

Plastohydroquinone (PQH,) formed by PS II diffuses through the lipid
phase of the thylakoid membrane and transfers its electrons to the
cytochrome-b4/f complex (Fig. 3.17). This complex then transfers the elec-
trons to plastocyanin, which is thus reduced. Therefore the cytochrome-b¢/f
complex has also been called plastohydroquinone-plastocyanin oxidoreduc-
tase. Plastocyanin is a protein with a molecular mass of 10.5 kDa, contain-
ing a copper atom, which is coordinatively bound to one cysteine, one
methionine, and two histidine residues of the protein (Fig. 3.27). This copper
atom alternates between the oxidation states Cu* and Cu*" and thus is able
to take up and transfer one electron. Plastocyanin is soluble in water and is
located in the thylakoid lumen.

Electron transport through the cyt-b¢/f complex proceeds along a poten-
tial difference gradient of about 0.4 V (Fig. 3.16). The energy liberated by
the transfer of the electron down this redox gradient is conserved by trans-
porting protons to the thylakoid lumen. The cyt-b¢/f complex is a membrane
protein consisting of many subunits. The main components of this complex
are four subunits: cyt-bs, cyt-f, an iron-sulfur protein called Rieske protein
after its discoverer, and a subunit IV. Additionally, there are some smaller
peptides and a chlorophyll and a carotenoid of unknown function. The
Rieske protein has a 2Fe-2S center with the very positive redox potential of
+0.3 V, untypical of such iron-sulfur centers.
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Figure 3.27 Plastocyanin.
Two histidine, one
methionine, and one
cysteine residue of this
protein bind one Cu-atom,
which changes between the
redox states Cu* and Cu**
by the addition or removal
of an electron.
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Figure 3.28 Scheme of the
structure of the
cytochrome-b4/f complex.
The scheme is based on the
molecular structures
predicted from their amino
acid sequences. (After
Hauska.)
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Table 3.3: Function of cytochrome-b/c complexes

Purple bacteria Cyt-b/c; Reduction of Cyt-c Proton pump
Green sulfur bacteria Cyt-b/cy ” ”
Mitochondria Cyt-b/c; ” ”
Cyanobacteria Cyt-be/f ” ”
Chloroplasts Cyt-be/f Reduction of plastocyanin ”

The cyt-bs/f complex has an asymmetric structure (Fig. 3.28). Cyt-b,
which contains two molecules of heme-b, spans the membrane, as does
subunit IV. In the cyt-b¢/f complex, the two heme molecules are placed one
above the other and in this way form a redox chain reaching from one side
of the membrane to the other. One amino acid chain of cyt-f protrudes into
the membrane, forming an anchor. The heme-c, as the functional group of
cyt-f, is positioned at the periphery of the membrane on the luminal side.
On the same side there is also the Rieske-2Fe-2S-protein, which protrudes
only slightly into the membrane.

The cyt-b¢/f complex resembles in its structure the cyt-b/c; complex in
bacteria and mitochondria (section 5.5). Table 3.3 summarizes the function
of these cyt-bs/f and cyt-b/c; complexes. All these complexes possess one
iron-sulfur protein. The amino acid sequence of cyt-b in the cyt-b/c; complex
of bacteria and in mitochondria corresponds to the sum of the sequences
of cyt-bs and the subunit IV in the cyt-b¢/f complex. Apparently a cleavage
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Figure 3.29 Proton transport coupled to electron transport by PS II and the cyt-b¢/f’
complex in the absence of a Q-cycle. The basis of this scheme is that the oxidation of
water in PS II and the oxidation of plastohydroquinone (PQH,) by cyt-b4/f occurs at
the luminal side of the thylakoid membrane.

of the cyt-b gene into the two genes for cyt-bs and the subunit IV occurred
during evolution. Whereas in plants the cyt-b¢/f complex reduces plasto-
cyanin, the cyt-b/c; complex of bacteria and mitochondria reduces cyt-c.
Cyt-c is a very small cytochrome molecule that is water-soluble and, like
plastocyanin, transfers redox equivalents from the cyt-b¢/f complex to the
next complex along the aqueous phase. In cyanobacteria, which also possess
a cyt-be/f complex, the electrons are transferred from this complex to pho-
tosystem I via cyt-c instead of plastocyanin. The great similarity between
the cyt-b¢/f complex in plants and the cyt-b/c; complexes in bacteria and
mitochondria suggests that these complexes have basically similar functions
in photosynthesis and in mitochondrial oxidation: they are proton translo-
cators that are driven by a hydroquinone-plastocyanin (or -cyt-c) reductase.

The transfer of protons from the stroma to the thylakoid lumen is
explained by reduction and oxidation of the quinones taking place on
different sides of the membrane. The protons required for reduction of plas-
toquinone in the PS II complex come from the stromal side, whereas oxi-
dation of plastohydroquinone by plastocyanin, with the resultant release of
protons, occurs on the luminal side of the cyt-bs/f complex (Fig. 3.29). In
this way four protons are transferred from the stroma space to the lumen

STROMA

LUMEN
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after the capture of four excitons by the PS II complex. In addition to this,
four protons are released to the lumen during the splitting of water by
PS II.

The number of protons pumped through the cyt-b¢/f complex
can be doubled by a Q-cycle

Studies with mitochondria indicated that during electron transport through
the cyt-b/c; complex, the number of protons transferred per transported
electron is larger than shown in Figure 3.29. Peter Mitchell, who established
the chemiosmotic hypothesis of energy conservation (section 4.1), also pos-
tulated a so-called Q-cycle, by which the number of transported protons
for each electron transferred through the cyt-b/c; complex is doubled. It
later became apparent that the Q-cycle also has a role in photosynthetic
electron transport.

Figure 3.30 shows the principle of Q-cycle operation in the photosyn-
thesis of chloroplasts. The cyt-b¢/f complex contains two different binding
sites for conversion of quinones, one located at the stromal side and the
other at the luminal side of the thylakoid membrane. The plastohydro-
quinone (PQH,) formed in the PS II complex is oxidized by the Rieske
iron-sulfur center at the binding site adjacent to the lumen. Due to its very
positive redox potential, the Rieske protein tears off one electron from the
plastohydroquinone. Because its redox potential is very negative, the remain-
ing semiquinone is unstable and transfers its electron to the first heme-b of
the cyt-bs (b,) and from there to the second heme-b (b,), thus raising the
redox potential of heme b, to about —0.1 V. In this way a total of four
protons are transported to the thylakoid lumen per two molecules of plas-
tohydroquinone oxidized. Of the two plastoquinone molecules (PQ) formed,
only one molecule returns to the PS II complex. The other PQ diffuses
through the lipid phase of the membrane to the other binding site on the
stromal side and is reduced there by heme-b, with its high reduction poten-
tial via semiquinone to hydroquinone. This is accompanied by the uptake of
two protons from the stromal space. The hydroquinone thus regenerated is
oxidized, in turn, by the Rieske protein on the luminal side, and so on. In
total, the number of transported protons is doubled by the Q-cycle (1/2 +
1/4 + 1/8 + 1/16 + .. . + 1/n = 1). When the Q-cycle is operating fully, the
transport of four electrons through the Cyt-b¢/f complex leads in total to
the transfer of eight protons from the stroma to the lumen. The function
of this Q-cycle in mitochondrial oxidation is now undisputed. In the case of
photosynthetic electron transport, however, its function is still a matter of
controversy. It is to be expected from the analogy of the cyt-b¢/f complex
to the cyt-b/c; complex that the Q-cycle also plays an important role in
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Figure 3.30 The number of protons released by the cyt-by/f complex to the lumen is
doubled by the Q-cycle. This cycle is based on the finding that the redox reactions of
the PQH, and PQ occur at two binding sites, one in the lumen and one in the stromal
region of the thylakoid membrane. How the cycle functions is explained in the text.

chloroplasts. So far, the functioning of a Q-cycle in plants has been
observed mainly under low light conditions. The Q-cycle is perhaps sup-
pressed by a high proton gradient across the thylakoid membrane generated,
for instance, by irradiation with high light intensity. In this way the flow of
electrons through the Q-cycle could be adjusted to the energy demand of
the plant cell.

3.8 Photosystem I reduces NADP

Plastocyanin that has been reduced by the cyt-bs/f complex diffuses through
the lumen of the thylakoids, binds to a positively charged binding site of PS
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Figure 3.31 Reaction 1/,NADP®+ H® 1/, NADPH
scheme of electron
transport in photosystem I.
The negatively charged
chlorophyll radical formed
after excitation of a Ferredoxin ., Ferredoxin,,
chlorophyll pair results in
reduction of NADP via
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I, transfers its electron, and then diffuses back to the cyt-b¢/f complex in the
oxidized form (Fig. 3.31).

The reaction center of PS I with an absorption maximum of 700 nm also
contains a chlorophyll pair (chl-a), (Fig. 3.31). As in PS II, excitation by a
photon results in a charge separation giving (chl-a);, which is then reduced
by plastocyanin. It is assumed that (chl-a), transfers its electron to a chl-a
monomer (A,), which then transfers the electron to a strongly bound
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Table 3.4: Protein components of photosystem | (list not complete)

Protein Molecular mass Localization Encoded in Function
(kDa)

A 83 In membrane Chloroplast Binding of P, chl-a, Ay, A;, Q
F,, antennae function

B 82 ” ” (as in protein A)

C 9 Peripheral:stroma ” Binding of F,, Fg, ferredoxin

D 17 ” Nucleus ”

E 10 ” ” ”

F 18 Peripheral:lumen ” Binding of plastocyanin

H 10 Peripheral:stroma Nucleus Binding of phosphorylated LHC Il

| 5 In membrane Chloroplast ?

J 5 ” ” ?

After Andersson and Franzén, 1992, Schubert et al., 1997).

—

phylloquinone (Q) (Fig. 3.32). Phylloquinone contains the same phytol side
chain as chl-a and its function corresponds to Q, in photosystem II. The
electron is transferred from the semiquinone form of phylloquinone to an
iron-sulfur center named Fx.

Fx is a 4Fe-4S center with a very negative redox potential. It transfers
one electron to two further 4Fe-4S centers (F,, Fg), which in turn reduce
ferredoxin, a protein with the molecular mass of 11 kDa, containing a 2Fe-
2S center. Ferredoxin also takes up and transfers only one electron. The
reduction occurs at the stromal side of the thylakoid membrane. For this
purpose, the ferredoxin binds at a positively charged binding site on subunit
D of PS I (Fig. 3.33). The reduction of NADP" by ferredoxin, catalyzed by
ferredoxin-NADP reductase, yieclds NADPH as an end product of the pho-
tosynthetic electron transport.

The PS I complex consists of at least 11 different subunits (Table 3.4).
The center of the PS I complex is also a heterodimer (as is the center of PS
II) consisting of subunits A and B (Fig. 3.33). The molecular masses of A
and B each (82-83 kDa) correspond to about the sum of the molecular
masses of D, and CP4; and D, and CP,;, respectively, in PS II (Table 3.2).
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Figure 3.33 Scheme of the structure of the photosystem I complex. This scheme is
based on results of X-ray structure analyses. The basic structure of the PSI complex is
similar to that of the PSII complex.

In fact, both subunits A and B have a double function. Like D, and D, in
PS 1I, they bind chromophores (chl-a) and redox carriers (phylloquinone,
FeX) of the reaction center and, additionally, they contain about 100 chl-a
molecules as antennae pigments. Thus, the heterodimer of A and B contains
the reaction center and also the core antenna. Recently the groups of
Saenger and Witt in Berlin resolved the three-dimensional structure of pho-
tosystem I of the thermophilic cyanobacterium of Synechococcus elongatus
by X-ray structural analysis with a resolution of 2.5 A. The results show
that the basic structure of photosystem I, with a central pair of chl-a mol-
ecules and two branches, each with two chlorophyll molecules, are very
similar to photosystem II and to the bacterial photosystem shown in Figure
3.10. But it has not been definitely clarified whether both, or just one of
these branches, take part in the electron transport. The FS-centers F, and
Fy are ascribed to subunit C, and subunit F is considered to be the binding
site for plastocyanin.
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In cyclic electron transport by PS I light energy is used for
the synthesis of ATP only

Besides the noncyclic electron transport discussed so far, cyclic electron
transfer can also take place where the electrons from the excited photosys-
tem I are transferred back to the ground state of PS I, probably via the
cyt-b¢/f complex (Fig. 3.34). The energy thus released is used only for the
synthesis of ATP, and NADPH is not formed. This is termed cyclic pho-
tophosphorylation. In intact leaves, and even in isolated intact chloroplasts,
it is quite difficult to differentiate experimentally between cyclic and non-
cyclic photophosphorylation. It has been a matter of debate as to whether
and to what extent cyclic photophosphorylation occurs in a leaf under
normal physiological conditions. Recent evaluations of the proton stoi-
chiometry of photophosphorylation (see section 4.4) suggest that the yield
of ATP in noncyclic electron transport is not sufficient for the requirements
of CO, assimilation, and therefore cyclic photophosphorylation seems to be
required to fill the gap. Moreover, cyclic photophosphorylation must operate
at very high rates in the bundle sheath chloroplasts of certain C, plants
(section 8.4). These cells have a high demand for ATP and they contain high
PS T activity but very little PS II. In all likelihood, the cyclic electron flow
is governed by the redox state of the acceptor of photosystem I in such a
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Figure 3.34 Cyclic
electron transport between
photosystem I and the cyt-
be/f complex. The path of
the electrons from the
excited PS I to the cyt-b¢/f
complex is still not clear.



104

3 Photosynthesis is an electron transport process

way that an increased reduction of the NADP system, and consequently that
of ferredoxin, enhances the diversion of the electrons in the cycle. The func-
tion of cyclic electron transport is probably to adjust the rates of ATP and
NADPH formation according to demand.

Despite intensive investigations, the pathway of electron flow from PS I
to the cyt-b¢/f complex in cyclic electron transport remains unresolved. It
has been proposed that cyclic electron transport is structurally separated
from the linear electron transport chain in a supercomplex. Most experi-
ments on cyclic electron transport have been carried out with isolated thy-
lakoid membranes that catalyze only cyclic electron transport when redox
mediators, such as ferredoxin or flavin adenine mononucleotide (FMN, Fig.
5.16), have been added. Cyclic electron transport is inhibited by the anti-
biotic antimycin A. It is not clear at which site this inhibitor functions.
Antimycin A does not inhibit noncyclic electron transport.

Surprisingly, proteins of the NADP-dehydrogenase complex of the mito-
chondrial respiratory chain (section 5.5) have been identified in the thylakoid
membrane of chloroplasts. The function of these proteins in chloroplasts is
still not known. The proteins of this complex occur very frequently in
chloroplasts from bundle sheath cells of C, plants and, as mentioned previ-
ously, these cells have little PS II but a particularly high cyclic photophos-
phorylation activity. These observations raise the possibility that in cyclic
electron transport the flow of electrons from NADPH or ferredoxin to plas-
toquinone proceeds via a complex similar to the mitochondrial NADH
dehydrogenase complex. As will be shown in section 5.5, the mitochondrial
NADH dehydrogenase complex transfers electrons from NADH to
ubiquinone. In cyanobacteria the participation of an NADPH dehydroge-
nase complex, similar to the mitochondrial NADH dehydrogenase complex,
has been proved to participate in cyclic electron transport.

3.9 In the absence of other acceptors
electrons can be transferred from
photosystem I to oxygen

When ferredoxin is very highly reduced, it is possible that electrons are trans-
ferred from PS I to oxygen to form superoxide radicals (*O,") (Fig. 3.35).
This process is called the Mehler reaction. The superoxide radical reduces
metal ions present in the cell such as Fe* and Cu*" (M™):

*0; +M™ = 0, + M*
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Superoxide dismutase catalyzes the dismutation of *O, into H,O, and O,,
accompanied by the uptake of two protons:

2’O£+2H+ —>02+H202

*0,", H,0, and *OH are summarized as ROS (reactive oxygen species). The
metal ions reduced by superoxide react with hydrogen peroxide to form
hydroxyl radicals:

H,0, + MY —— OH™ +*OH +M™

The hydroxyl radical (*OH) is a very aggressive substance and damages
enzymes and lipids by oxidation. The plant cell has no protective enzymes
against *OH. Therefore it is essential that a reduction of the metal ions be
prevented by rapid elimination of *O,” by superoxide dismutase. But hydro-
gen peroxide also has a damaging effect on many enzymes. To prevent such
damage, hydrogen peroxide is eliminated by an ascorbate peroxidase located
in the thylakoid membrane. Ascorbate, an important antioxidant in plant
cells (Fig. 3.36), is oxidized by this enzyme to the radical monodehy-
droascorbate, which is spontaneously reconverted by photosystem I to ascor-
bate via reduced ferredoxin. Monodehydroascorbate also can be reduced to

.0 U -
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Figure 3.35 A scheme for
the Mehler reaction. When
ferredoxin becomes highly
reduced, electrons are
transferred by the Mehler
reaction to oxygen, and
superoxide is formed. The
elimination of this highly
aggressive radical involves
reactions catalyzed by
superoxide dismutase and
ascorbate peroxidase.
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Figure 3.36 The oxidation
of ascorbate proceeds via
the formation of the
monodehydroascorbate
radical.

Figure 3.37
Dehydroascorbate can be
reduced to form ascorbate
by an interplay of
glutathione and glutathione
reductase.
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ascorbate by an NAD(P)H-dependent monodehydroascorbate reductase
that is present in the chloroplast stroma and the cytosol.

As an alternative to the preceding reaction, two molecules monodehy-
droascorbate can dismutate to ascorbate and dehydroascorbate. Dehy-
droascorbate is reconverted to ascorbate by reduction with glutathione in a
reaction catalyzed by dehydroascorbate reductase present in the stroma (Fig.
3.37). Glutathione (GSH) occurs as an antioxidant in all plant cells (section
12.2). It is a tripeptide composed of the amino acids glutamate, cysteine,
and glycine (Fig. 3.38). Oxidation of GSH results in the formation of a disul-
fide (GSSG) between the cysteine residues of two glutathione molecules.
Reduction of GSSG is catalyzed by a glutathione reductase with NADPH
as the reductant (Fig. 3.37).
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The major function of the Mehler-ascorbate-peroxidase cycle is to dissi-
pate excessive excitation energy of photosystem I as heat. The absorption of
a total of eight excitons via PS I results in the formation of two superoxide
radicals and two molecules of reduced ferredoxin, the latter serving as a
reductant for eliminating H,O, (Fig. 3.35). In a sense, the transfer of elec-
trons to oxygen by the Mehler reaction could be viewed as a reversal of the
splitting of water by PS II. As will be discussed in the following section, the
Mehler reaction occurs when ferredoxin is very highly reduced. The only
gain from this reaction is the generation of a proton gradient from electron
transport through photosystem II and the cyt-b¢/f complex. This proton
gradient can be used for synthesis of ATP if ADP is present. But since
there is usually a shortage in ADP under the conditions of the Mehler reac-
tion, it mostly results in the formation of a high pH gradient. A feature
common to the Mehler reaction and cyclic electron transport is that there
is no net production of NADPH from reduction of NADP. For this reason,
electron transport via the Mehler reaction has been termed pseudocyclic
electron transport.

Yet another group of antioxidants was recently found in plants, the so-
called peroxiredoxins. These proteins, containing SH groups as redox carri-
ers, have been known in the animal world for some time. In the model plant
Arabidopsis, 10 different peroxiredoxin genes have been identified. Peroxire-
doxins, being present in chloroplasts as well as in other cell compartments,
differ from the aforementioned antioxidants glutathione and ascorbate in
that they reduce a remarkably wide spectrum of peroxides, such as H,0,,
alkylperoxides, and peroxinitrites. In chloroplasts, oxidized peroxiredoxins
are reduced by photosynthetic electron transport of photosystem I with
ferredoxin and thioredoxin as intermediates.

Instead of ferredoxin, PS I can also reduce methylviologen. Methylvio-
logen, also called paraquat, is used commercially as an herbicide (Fig. 3.39).
The herbicidal effect is due to the reduction of oxygen to superoxide radi-
cals by reduced paraquat. Additionally, paraquat competes with dehy-
droascorbate for the reducing equivalents provided by photosystem 1.

Figure 3.38 Redox
reaction of glutathione.
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Figure 3.39
Methylviologen, an
herbicide also called

paraquat, is reduced by the
transfer of an electron from

the excited PS I to form a
radical substance. The

latter transfers the electron

to oxygen with formation
of the aggressive
superoxide radical.
Paraquat is distributed as
an herbicide by ICI under
the trade name
Gramoxone.
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Therefore, in the presence of paraquat, ascorbate is no longer regenerated
from dehydroascorbate and the ascorbate peroxidase reaction can no longer
proceed. The increased production of superoxide and decreased detoxifica-
tion of hydrogen peroxide in the presence of paraquat causes severe oxida-
tive damage to mesophyll cells, noticeable by a bleaching of the leaves. In
the past, paraquat has been used to destroy marijuana fields.

3.10 Regulatory processes control the
distribution of the captured photons
between the two photosystems

Linear photosynthetic electron transport through the two photosystems
requires the even distribution of the captured excitons between them. As
discussed in section 2.4, the excitons are transferred preferentially to that
chromophore requiring the least energy for excitation. Photosystem I (P7)
requires less energy for excitation than photosystem II (Pg). Therefore, in
an unrestricted competition between the two photosystems for the excitons,
these would be directed mainly to PS I, and therefore distribution of the
excitons between the two photosystems must be regulated. The spatial
separation of PS I and PS II and their antennae in the thylakoid membrane
is an important element in this regulation.

In chloroplasts, the thylakoid membranes are present in two different
arrays as stacked and unstacked membranes. The outer surface of the
unstacked membranes has free access to the stromal space; these membranes
are called stromal lamellae (Fig. 3.40). In the stacked membranes, the neigh-
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Figure 3.40 Distribution of photosynthetic protein complexes between the stacked
and unstacked regions of thylakoid membranes. Stacking is probably caused by light
harvesting complexes II (LHC II).

boring thylakoid membranes are in direct contact with each other. These
membrane stacks can be seen as grains (grana) in light microscopy and are
therefore called granal lamellae.

ATP-synthase and the PS I complex (including its light harvesting com-
plexes, which will not be discussed here) are located either in the stromal
lamellae or in the outer membrane region of the granal lamellae. Therefore,
these proteins have free access to ADP and NADP in the stroma. The PS II
complex, on the other hand, is located mainly in the granal lamellae. Periph-
eral LHC II subunits attached to the PS II complex (section 2.4) contain a
protein chain protruding from the membrane, which can probably interact
with the LHC 1II subunit of the adjacent membrane and thus causes tight
membrane stacking. In addition to PS II and LHC II, the stacked mem-
branes contain only cyt-bs/f complexes. Since the proteins of PS I and F-
ATP-synthase project into the stroma space, they do not fit into the space
between the stacked membranes. Thus the PS II complexes in the stacked
membranes are separated spatially from the PS I complexes in the unstacked

LHC
I

\ Stacked

membranes
(granal lamellae)
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membranes. It is assumed that this prevents an uncontrolled spillover of exci-
tons from PS II to PS 1.

However, the spatial separation of the two photosystems and thus the
spillover of excitons from PS II to PS I can be regulated. If excitation of
PS 1II is greater than that of PS I, the result is an accumulation of plasto-
hydroquinone, which PS I cannot oxidize rapidly enough via the cyt-b¢/f
complex. Under these conditions, a protein kinase is activated, which
catalyzes the phosphorylation of hydroxyl groups in threonine residues of
peripheral LHC II subunits, causing a change of their conformation. As a
result of this, the affinity to PS II is decreased and the LHC II subunits
dissociate from the PS II complexes. On the other hand, due to the changed
conformation, LHC II subunits can now bind to PS I. Recently the H
subunit of PS II was identified as the corresponding binding site. This brings
about an increased spillover of excitons from LHC II to PS L. In this way
the accumulation of reduced plastoquinone might decrease the excitation of
PS II in favor of PS I. A protein phosphatase facilitates the reversal of this
regulation. This regulatory process, which has been simplified here, enables
the plant to distribute the captured photons optimally between the two pho-
tosystems, independent of the spectral quality of the absorbed light.

Excess light energy is eliminated as heat

Plants face the general problem that the energy of irradiated light can be
much higher than the demand of photosynthetic metabolism for NADPH
and ATP. This is the case with very high light intensities, when the metabo-
lism cannot keep pace. Such a situation arises at low temperatures, when the
metabolism is slowed down because of decreased enzyme activities (cold
stress) or at high temperatures, when stomata close to prevent loss of water.
Excess excitation of the photosystems could result in an excessive reduction
of the components of the photosynthetic electron transport.

Very high excitation of photosystem II, recognized by the accumulation
of plastohydroquinone, results in damage to the photosynthetic apparatus,
termed photoinhibition. A major cause for this damage is an overexcitation
of the reaction center, by which chlorophyll molecules attain a triplet state,
resulting in the formation of aggressive singlet oxygen (section 2.3). The
damaging effect of triplet chlorophyll can be demonstrated by placing a
small amount of chlorophyll under the human skin, after which illumina-
tion causes severe tissue damage. This photodynamic principle is utilized in
medicine for selective therapy of skin cancer.

Carotenoids (e.g., B-carotene, Fig. 2.9) are able to convert the triplet state
of chlorophyll and the singlet state of oxygen back to the corresponding
ground states by forming a triplet carotenoid, which dissipates its energy as
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heat. In this way carotenoids have an important protective function. This
protective function of carotenoids, however, may be unable to cope with
excessive excitation of PS II, and the singlet oxygen then has a damaging
effect on the PS II complex. The site of this damage could be the D, protein
of the photosynthetic reaction center in PS II, which even under normal
photosynthetic conditions has a high turnover (see section 3.6). When the
rate of DI-protein damage exceeds the rate of its resynthesis, the rate of
photosynthesis is decreased; in other words, there is photoinhibition.

Plants have developed several mechanisms to protect the photosynthetic
apparatus from light damage. One mechanism is chloroplast avoidance move-
ment, in which chloroplasts move from the cell surface to the side walls of
the cells under high light conditions. Another way is to dissipate the energy
arising from an excess of excitons as heat. This process is termed nonphoto-
chemical quenching of exciton energy. Although our knowledge of this
quenching process is still incomplete, it is undisputed that zeaxanthin plays
an important role in this. Zeaxanthin causes the dissipation of exciton
energy to heat by interacting with a chlorophyll-binding protein (CP 22) of
photosystem II. Zeaxanthin is formed by the reduction of the diepoxide
violaxanthin. The reduction proceeds with ascorbate as the reductant and
the monoepoxide antheraxanthin is formed as an intermediate. Zeaxanthin
can be reconverted to violaxanthin by epoxidation requiring NADPH and
O, (Fig. 3.41). Formation of zeaxanthin by diepoxidase takes place on the
luminal side of the thylakoid membrane at an optimum pH of 5.0, whereas
the regeneration of violaxanthin by the epoxidase proceeding at the stromal
side of the thylakoid membrane occurs at about pH 7.6. Therefore, the for-
mation of zeaxanthin requires a high pH gradient across the thylakoid mem-
brane. As discussed in connection with the Mehler reaction (section 3.9), a
high pH gradient can be an indicator of the high excitation of photosystem
I1. When there is too much exciton energy, an increased pH gradient initi-
ates zeaxanthin synthesis, dissipating excess exciton energy in the PS II
complex as heat. This is how during strong sunlight most plants convert 50%
to 70% of all the absorbed photons to heat. The nonphotochemical quench-
ing of exciton energy is the main way for plants to protect themselves from
too much light energy. In comparison, the Mehler reaction (section 3.9) and
photorespiration (section 7.7) under most conditions play only a minor role
in the elimination of excess excitation energy.
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ATP is generated by photosynthesis

Chapter 3 discussed the transport of protons across a thylakoid membrane
by photosynthetic electron transport and how, in this way, a proton gradi-
ent is generated. This chapter deals with how this proton gradient is utilized
for the synthesis of ATP.

In 1954 Daniel Arnon (Berkeley) discovered that when suspended thy-
lakoid membranes are illuminated, ATP is formed from ADP and inorganic
phosphate. This process is called photophosphorylation. Further experiments
showed that photophosphorylation is coupled to the generation of NADPH.
This result was unexpected, as it was then generally believed that the
synthesis of ATP in chloroplasts was driven, as in mitochondria, by an elec-
tron transport from NADPH to oxygen. It soon became apparent, however,
that the mechanism of photophosphorylation coupled to photosynthetic
electron transport was very similar to that of ATP synthesis coupled to
electron transport of mitochondria, termed oxidative phosphorylation
(section 5.6).

In 1961 Peter Mitchell (Edinburgh) postulated in his chemiosmotic
hypothesis that during electron transport-coupled ATP synthesis, a proton
gradient is formed, and that it is the proton motive force of this gradient that
drives the synthesis of ATP. At first this revolutionary hypothesis was
strongly opposed by many workers in the field, but in the course of time,
experimental results of many researchers supported the chemiosmotic
hypothesis, which is now fully accepted. In 1978 Peter Mitchell was awarded
the Nobel Prize in Chemistry for this hypothesis.
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4.1 A proton gradient serves as
an energy-rich intermediate state during
ATP synthesis

Let us first ask: How much energy is actually required in order to synthe-
size ATP?

The free energy for the synthesis of ATP from ADP and phosphate is
calculated from the van’t Hoff equation:

[ATP]

AG=AG"+RTIn———
"[ADP]-[P]

4.1)

The standard free energy for the synthesis of ATP is:
AG" =+30.5kJ/mol.

The concentrations of ATP, ADP, and phosphate in the chloroplast stroma
are very much dependent on metabolism. Typical concentrations are:

ATP=2.5-10"mol/L; ATP=0.5-10" mol/L; P=5-10" mol/L.

When these values are introduced into equation 4.1 (R = 8.32 J/mol-K,
T =298 K), the energy required for synthesis of ATP is evaluated as:

AG =+47.8 kJ/mol.

This value is, of course, variable because it depends on the metabolic con-
ditions. For further considerations an average value of 50 kJ/mol will be
employed for AGurp.

The transport of protons across a membrane can have different effects.
If the membrane is permeable to counter ions of the proton [e.g., a chloride
ion (Fig. 4.1A)], the charge of the proton will be compensated for, since each
transported proton will pull a chloride ion across a membrane. This is how
a proton concentration gradient can be generated. The free energy for the
transport of protons from A to B is:

AG = RTln@ [J mol™] (4.2)

[H"],

If the membrane is impermeable for counterions (Fig. 4.1B), a charge
compensation for the transported proton is not possible. In this case, the
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A Membrane is permeable to counter ion

B A

- H@

< cle

ApH | > |,
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transfer of only a few protons across the membrane results in the formation
of a membrane potential AW, measured as the voltage difference across the
membrane. By convention, AW is positive when a cation is transferred in the
direction of the more positive region. Voltage and free energy are connected
by the following equation:

AG=mF - AY 4.3)

where m is the charge of the ion (in the case of a proton 1), and F is the
Faraday constant, 96480 V™' J mol™.

Proton transport across a biological membrane leads to the formation of
a proton concentration gradient and a membrane potential. The free energy
for the transport of protons from A to B therefore consists of the sum of
the free energies for the generation of the H" concentration gradient and the
membrane potential:

H+
AG = RTln[ +]B + FAY 4.4)
[H"],
In chloroplasts, the energy stored in a proton gradient corresponds to

the change of free energy during the flux of protons from the lumen into
the stroma.
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Figure 4.1 A. Transport of
protons through a
membrane, permeable to a
counter ion such as
chloride, results in the
formation of a proton
concentration gradient.

B. When the membrane is
impermeable to a counter
ion, proton transport
results in the formation of
a membrane potential.
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H+
AG = RT1n. +]S + FAY (4.5)
[H*],

where S = stroma, L = lumen, and AY = voltage difference stroma-lumen.
The conversion of the natural logarithm into the decadic logarithm
yields:

[H]

AG =2.3- RTlog——5 + FAY (4.6)

[H"],

The logarithmic factor is the negative pH difference between lumen and
stroma:

log[H"]; —log[H*], =—-ApH

A rearrangement yields:

AG =23 RT - ApH + FAY 4.7)
At25°C: 2.3-RT =5700J mol ™.
Thus: AG = —-5700ApH+ FA¥Y [J mol™] (4.8)

The expression % is called proton motive force (PMF), with unit = volts:

% _pyr=_23RT ApH +AY [V] 4.9)
At 25°C: 2.3RT =0.059V
Thus: PMF =—0.059- ApH+A¥ [V] (4.10)

Equation 4.10 is of general significance for electron transport-coupled
ATP synthesis. In mitochondrial oxidative phosphorylation, the PMF is
primarily the result of a membrane potential. In chloroplasts, on the other
hand, the membrane potential does not contribute much to the PMF. Here
the PMF is almost entirely due to the concentration gradient of protons
across the thylakoid membrane. In illuminated chloroplasts, one finds a ApH
across the thylakoid membrane of about 2.5. Introducing this value into
equation 4.8 yields:
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AG =-14.3kJ/mol

A comparison of this value with AG for the formation of ATP (50 kJ/mol)
shows that at least four protons are required for the ATP synthesis from
ADP and phosphate.

4.2 The electron chemical proton gradient
can be dissipated by uncouplers to heat

Photosynthetic electron transport from water to NADP is coupled with pho-
tophosphorylation. Electron transport occurs only if ADP and phosphate
are present as precursor substances for ATP synthesis. When an uncoupler
is added, electron transport proceeds at a high rate in the absence of ADP;
electron transport is then uncoupled from ATP synthesis. Therefore, in the
presence of an uncoupler, ATP synthesis is abolished.

The chemiosmotic hypothesis explains the effect of uncouplers (Fig. 4.2).
Uncouplers are amphiphilic substances, soluble in both water and lipids.
They are able to permeate the lipid phase of a membrane by diffusion and
in this way to transfer a proton or an alkali ion across the membrane, thus
eliminating a proton concentration gradient or a membrane potential,
respectively. In the presence of an uncoupler, due to the absence of the
proton gradient, protons are transported by ATP synthase from the
stroma to the thylakoid lumen at the expense of ATP, which is hydrolyzed
to ADP and phosphate. This is the reason why uncouplers cause an ATP
hydrolysis (ATPase).

Figure 4.2A shows the effect of the uncoupler carbonylcyanide-p-
trifluormethoxyphenylhydrazone (FCCP), a weak acid. FCCP diffuses
in the undissociated (protonated) form from the compartment with a high
proton concentration (on the left in Fig. 4.2A), through the membrane into
the compartment with a low protein concentration, and dissociates there
into a proton and the FCCP anion. The proton remains and the FCCP anion
returns by diffusion to the other compartment, where it is protonated again.
In this way the presence of FCCP at a concentration of only 7 - 10 mol/L
results in complete dissipation of the proton gradient. The substance SF
6847 (3.5-Di (tert-butyl)-4-hydroxybenzyldimalononitril) (Fig. 4.3) has an
even higher uncoupler effect. Uncouplers such as FCCP or SF 6847, which
transfer protons across a membrane, are called protonophores.

In addition to the protonophores, there is a second class of uncouplers,
termed ionophores, which are able to transfer alkali cations across a
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Figure 4.2 The proton
motive force of a proton
gradient is eliminated by
uncouplers. A. The
hydrophobicity of FCCP
allows it to diffuse through
a membrane in the
protonated form as well as
in the deprotonated form.
This uncoupler, therefore,
can dissipate a proton
gradient by indirect proton
transport.

B. Valinomycin, an
antibiotic with a cyclic
structure, folds to a
hydrophobic spherical
molecule, which is able to
bind K* ions in the interior.
Loaded with K* ions,
valinomycin can diffuse
through a membrane. In
this way valinomycin can
eliminate a membrane
potential by transferring K*
ions across a membrane.

4 ATP is generated by photosynthesis
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membrane and thus dissipate a membrane potential. Valinomycin, an anti-
biotic from Streptomyces, is such an ionophore (Fig. 4.2B). Valinomycin is
a cyclic molecule containing the sequence (L-lactate)-(L-valine)-(D-
hydroxyisovalerate)-(D-valine) three times. Due to its hydrophobic outer
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surface, valinomycin is able to diffuse through a membrane. Oxygen atoms
directed toward the inside of the valinomycin molecule form the binding site
for dehydrated Rb"™-and K" ions. Na*ions are only very loosely bound. When
K™ ions are present, the addition of valinomycin results in the elimination
of the membrane potential. The ionophore gramicidine, not discussed here
in detail, is also a polypeptide. Gramicidine incorporates into membranes
and forms a transmembrane ion channel by which both alkali cations and
protons can diffuse through the membrane.

The chemiosmotic hypothesis was proved experimentally

In 1966 the American scientist André Jagendorf presented conclusive
evidence for the validity of the chemiosmotic hypothesis in chloroplast
photophosphorylation (Fig. 4.4). He incubated thylakoid membranes in
an acidic medium of pH 4 in order to acidify the thylakoid lumen by un-
specific uptake of protons. He added inorganic phosphate and ADP to the
thylakoid suspension and then increased the pH of the medium to pH 8
by adding an alkaline buffer. This led to the sudden generation of a proton
gradient of ApH =4, and for a short time ATP was found to be synthesized.
Since this experiment was carried out in the dark, it presented evidence that
synthesis of ATP in chloroplasts can be driven without illumination just by
a pH gradient across a thylakoid membrane.

4.3 H'-ATP synthases from bacteria,
chloroplasts, and mitochondria have
a common basic structure

How is the energy of the proton gradient utilized to synthesize ATP? A
proton coupled ATP synthase (H*-ATP synthase) is not unique to the
chloroplast. It evolved during an early stage of evolution and occurs in its
basic structure in bacteria, chloroplasts, and mitochondria. In bacteria this
enzyme catalyzes not only ATP synthesis driven by a proton gradient, but
also (in a reversal of this reaction) the transport of protons against the con-
centration gradient at the expense of ATP. This was probably the original
function of the enzyme. In some bacteria an ATPase homologous to the H*-
ATP synthase functions as an ATP-dependent Na" transporter.

Our present knowledge about the structure and function of the H*-ATP
synthase derives from investigations of mitochondria, chloroplasts, and bac-
teria. By 1960 progress in electron microscopy led to the detection of small
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Figure 4.3 Di(tert-butyl)-
4-hydroxybenzyl
malononitrile (SF6847) is
an especially effective
uncoupler. Only 10 mol/L
of this substance results in
the complete dissipation of
a proton gradient across a
membrane. This uncoupling
is based in the permeation
of the protonated and
deprotonated molecule
through the membrane, as
shown in Figure 4.2A for
FCCP.
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Figure 4.4 Thylakoid membranes can synthesize ATP in the dark by an artificially
formed proton gradient. In a suspension of thylakoid membranes, the pH in the
medium is lowered to 4.0 by the addition of succinic acid (a). After incubation for
about 30 minutes, the pH in the thylakoid lumen is equilibrated with the pH of the
medium due to a slow permeation of protons across the membrane (b). The next step
is to add ADP and phosphate, the latter being radioactively labeled by the isotope **P
(c). Then the pH in the medium is raised to 8.0 by adding KOH (d). In this way a ApH
of 4.0 is generated between the thylakoid lumen and the medium, and this gradient
drives the synthesis of ATP from ADP and phosphate. After a short time of reaction
(e), the mixture is denatured by the addition of perchloric acid, and the amount of
radioactively labeled ATP formed in the deproteinized extract is determined. (After
Jagendorf, 1966.)

particles, which are attached by stalks to the inner membranes of mito-
chondria and the thylakoid membranes of chloroplasts. These particles
occur only at the matrix or stromal side of the corresponding membranes.
By adding urea, Ephraim Racker and coworkers (Cornell University),
succeeded in removing these particles from mitochondrial membranes. The
particles thus separated catalyzed the hydrolysis of ATP to ADP and phos-
phate. Racker called them F;-ATPase. Mordechai Avron from Rehovot,
Israel, showed that the corresponding particles from chloroplast membranes
also have ATPase activity.
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Vesicles from the inner
mitochondrial membrane
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Fo: no ATPase activity F,: ATPase activity

binds oligomycin oligomycin insensitive

Vesicles containing F, particles could be prepared from the inner mem-
brane of mitochondria. These membrane vesicles were able to carry out
respiration coupled to ATP synthesis. As in intact mitochondria (section
5.6), the addition of uncouplers resulted in a high ATPase activity. The
uncoupler-induced ATPase, as well as ATP synthesis carried out by these
vesicles, was found to be inhibited by the antibiotic oligomycin. Mitochon-
drial vesicles where the F, particles had been removed showed no ATPase
activity but were highly permeable for protons. This proton permeability was
eliminated by adding oligomycin. The ATPase activity of the removed F,
particles, on the other hand, was not affected by oligomycin. These and
other experiments showed that the H-ATP synthase of the mitochondria
consists of two parts:

1. A soluble factor 1 (F)) that catalyzes the synthesis of ATP; and
2. A membrane-bound factor enabling the flux of protons through the
membrane to which oligomycin is bound.

Racker designated this factor F, (O, oligomycin) (Fig. 4.5). Basically the
same result has also been found for H*-ATP synthases of chloroplasts and
bacteria, with the exception that the H*-ATP synthase of chloroplasts is not
inhibited by oligomycin. Despite this, the membrane part of the chloro-
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Figure 4.5 Vesicles
prepared by ultrasonic
treatment of mitochondria
contain functionally intact
H*-ATP synthase. The
soluble factor F, with
ATPase function is
removed by treatment with
urea. The oligomycin
binding factor F, remains
in the membrane.
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Figure 4.6
Dicyclohexylcarbodiimide
(DCCD), an inhibitor of
the F, part of F-ATP
synthase.

4 ATP is generated by photosynthesis

Table 4.1: Compounds of the F-ATP-synthase from chloroplasts. Nomenclature as
in E. coli F-ATP synthase

Subunits Number in FoF4- Molecular mass (kDa) Encoded in
molecule

Fio 3 55 Plastid genome
B 3 54 Plastid genome”
Y 1 36 Plastid genome
) 1 21 Nuclear genome
€ 1 15 Plastid genome

Fo:a 1 27 Plastid genome
b 1 16 Nuclear genome
b’ 1 21 Plastid genome
c 12 8 Plastid genome

Dicyclohexylcarbodiimide
DCCD

plastic ATP synthase is also designated as F,. The H'-ATP synthases
of chloroplasts, mitochondria, and bacteria, as well as the correspon-
ding H*- and Na*-ATPases of bacteria, are collectively termed F-ATP syn-
thases or F-ATPases. The terms F F,-ATP synthase and F,F,-ATPase are
also used.

F,, after removal from the membrane, is a soluble oligomeric protein with
the composition o;f;y0e (Table 4.1). This composition has been found in
chloroplasts, bacteria, and mitochondria.

F, is a strongly hydrophobic protein complex that can be removed from
the membrane only by detergents. Dicyclohexylcarbodimide (DCCD) (Fig.
4.6) binds to the F, embedded in the membrane, and thus closes the proton
channel. In chloroplasts four different subunits have been detected as the
main constituents of F, and are named a, b, b’, and c¢. Subunit ¢, probably
occurring in the chloroplastic F, in 12 copies, contains two transmembrane
helices and is the binding site for DCCD. The ¢ subunits appear to form a
cylinder, which spans the membrane. In the membrane on the outside of the
cylinder, the subunits a, b, and b” are arranged, whereby b and b” are in
contact with the F, part via subunit 8. Subunits y and & form the central
connection between F, and F,.

Whereas the structure of the F, part shown in Figure 4.7 is still some-
what hypothetical, the structure of the F, part has been thoroughly investi-
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gated. The F, particles are so small that details of their structure are not
visible on a single electron micrograph. However, details of the structure
can be resolved if a very large number of F, images obtained by electron
microscopy are subjected to a computer-aided image analysis. Figure 4.8
shows an average image of an F-ATP synthase from chloroplasts. In the
side projection, the stalk connecting the F part with the membrane can
be recognized. Using more refined picture analysis (not shown here), two
stems, one thick and the other thin, were found recently between F, and F..
In the vertical projection, a hexagonal array is to be seen, corresponding
to an alternating arrangement of o- and B-subunits. Investigations of the
isolated F, protein showed that an F,F, protein has three catalytic bind-
ing sites for ADP or ATP. One of these binding sites is occupied by very
tightly bound ATP, which is released only when energy is supplied from the
proton gradient.

X-ray structure analysis of the F, part of ATP synthase yields
an insight into the machinery of ATP synthesis

In 1994 the group of John Walker in Cambridge (England) succeeded in
analyzing the three-dimensional structure of the F; part of ATP synthase.
Crystals of F; from beef heart mitochondria were used for this analysis.
Prior to crystallization, the F, preparation was loaded with a mixture of
ADP and an ATP analogue (5’adenylyl-imidodiphosphate, AMP-PNP).
This ATP analogue differs from ATP in that the last two phosphate residues
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Figure 4.7 Scheme of the
structure of an F-ATP
synthase. The structure of
the F, subunit concurs with
the results of X-ray
analysis discussed in the
text. (After Junge.)
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Figure 4.8 Averaged image of 483 electromicrographs of the F-ATP synthase from
spinach chloroplasts. A. Vertical projection of the F; part. A hexameric structure
reflects the alternating (ctf3)-subunits. B. Side projection, showing the stalk connecting
the F, part with the membrane. (By P. Graeber, Stuttgart.)

are connected by an N-atom. It binds to the ATP binding site as ATP, but
is not hydrolyzed by ATPase. The structural analysis confirmed the alter-
nating arrangement of the o- and B-subunits (Figs. 4.7 and 4.9). One a- and
one B-subunit form a unit with a binding site for one adenine nucleotide.
The B-subunit is primarily involved in catalysis of ATP synthesis. In the F,;
crystal investigated, one (o8)-unit contained one ADP, the second the ATP-
analogue, whereas the third (of)-subunit was vacant. These differences in
nucleotide binding were accompanied by differences in the conformation of
the three B-subunits, shown in Figure 4.9 in a schematic drawing. The -
subunit is arranged asymmetrically; protrudes through the center of the F,
part, and is bent to the side of the (o3)-unit loaded with ADP (Figs. 4.7 and
4.9). This asymmetry gives an insight into the function of the F, part of ATP
synthase. Some general considerations about ATP synthase shall be made
before dealing with this in more detail.
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4.4 The synthesis of ATP is effected by
a conformation change of the protein

For the reaction:

ATP+H,0 2 ADP + Phosphate
the standard free energy is:

AG® =-30.5kJ/mol.

Because of its high free energy of hydrolysis, ATP is regarded as an energy-
rich compound. It may be noted, however, that the standard value AG® has
been determined for an aqueous solution of 1 mol of ATP, ADP, and phos-
phate per liter, respectively, corresponding to a water concentration of 55
mol/L. If the concentration of water were only 10~ mol/L, the AG for ATP
hydrolysis would have a value of +2.2 kJ/mol. This means that at very low
concentrations of water the reaction proceeds toward the synthesis of ATP.
This example demonstrates that in the absence of water the synthesis of ATP
does not require the uptake of energy.

The catalytic site of an enzyme can form a reaction site where water is
excluded. Catalytic sites are often located in a hydrophobic area of the
enzyme protein in which the substrates are bound in the absence of water.
Thus, with ADP and P tightly bound to the enzyme, the synthesis of ATP
could proceed spontaneously without requiring energy (Fig. 4.10). This has
been proved for H*-ATP synthase. Since the actual ATP synthesis does
proceed without the uptake of energy, the amount of energy required to
form ATP from ADP and phosphate in the aqueous phase has to be other-
wise consumed (e.g., for the removal of the tightly bound newly synthesized
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Figure 4.9 Scheme of the
vertical projection of the F,
part of the F-ATP
synthase. The enzyme
contains three nucleotide
binding sites, each
consisting of an a-subunit
and a B-subunit. Each of
the three B-subunits occurs
in a different conformation.
The y-subunit in the center,
vertical to the viewer, is
bent to the o- and B-
subunit loaded with ADP.
This representation
corresponds to the results
of X-ray structure analysis
by Walker and coworkers
mentioned in the text.
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Figure 4.10 In the absence
of H,0, ATP synthesis can
occur without the input of
energy. In this case, the
energy required for ATP
synthesis in an aqueous
solution has to be spent on
binding ADP and P and/or
on the release of the newly
formed ATP. From
available evidence, the latter
case is more likely.
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ATP from the binding site). This could occur by an energy-dependent
conformation change of the protein.

In 1977 Paul Boyer (United States) put forth the hypothesis that the three
identical sites of the F, protein alternate in their binding properties (Fig. 4.11).
One of the binding sites is present in the L form, which binds ADP and P
loosely but is not catalytically active. A second binding site, T, binds ADP
and ATP tightly and is catalytically active. The third binding site, O, is open,
binds ADP and ATP only very loosely, and is catalytically inactive. Accord-
ing to this “binding change” hypothesis, the synthesis of ATP proceeds in a
cycle. First, ADP and P are bound to the loose binding site, L. A confor-
mation change of the F, protein converts site L to a binding site, T, where
ATP is synthesized from ADP and phosphate in the absence of water. The
ATP formed remains tightly bound. Another conformation change converts
the binding site T to an open binding site, O, and the newly formed ATP is
released. A crucial point of this hypothesis is that with the conformation
change of the F, protein, driven by the energy of the proton gradient, the
conformation of each of the three catalytic sites is converted simultaneously

to the next conformation
(L->T T—-O0 O—-1L).

The results of X-ray analysis, shown above, support the binding change
hypothesis. The evaluated structure clearly shows that the three subunits of
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F,—one free, one loaded with ADP, and one with the ATP analogue AMP-
PNP—have different conformations. Paul Boyer and John Walker were
awarded the 1997 Nobel Prize for these results.

Further investigations showed that the central y subunit rotated. The -
and e-subunits of F, form together with the 12 c-subunits of F, a rotor
(marked red in Fig. 4.7). In a stator consisting of subunits-(a3);, 9, a, b, b’,
this rotor rotates, by which the conformations of each of the catalytic centers
shown in Fig. 4.11 is changed. The velocity of rotation of the F-ATP-
synthase in chloroplasts has been estimated to be about 160 revolutions
per second. It has still not been fully explained how the proton transport
drives this rotation. Recent structure analyses suggest that the rotation is the
result of an interplay between subunit a, which is regarded as part of the
stator, and subunit ¢, attributed to the rotor. According to a preliminary
model, subunit a contains a proton channel, which is open to the lumen side
but closed in the middle. It is assumed that via this channel protons from
the thylakoid lumen reach a binding site of subunit ¢ (possibly the carboxyl
group of an aspartyl residue). A rotation of the rotor by one step through
thermal movement shifts the binding site with the proton to another proton
channel, which opens to the opposite direction and in this way allows the
release of the proton to the stroma space. According to this model, the trans-
fer of a proton from the lumen to the stroma space would cause the pro-
gressive rotation of the rotor for one c-subunit step. The proton gradient
existing between the thylakoid lumen and the stroma space would render the
resulting rotation irreversible.

As discussed previously, several bacteria contain an F-ATP synthase that
is driven by an Na* gradient. The model of a proton driven rotor described
previously gives an explanation for this by assuming that in the Na* F-ATP
synthase the subunit ¢ binds Na* ions and the two partial ion channels
conduct Na™.

It is still unclear how many c-subunits make up the rotor. To date, inves-
tigations of the number of c-subunits per F-ATP synthase molecule yielded

Figure 4.11 ATP synthesis
by the binding change
mechanism as proposed by
Boyer. The central feature
of this postulated
mechanism is that synthesis
of ATP proceeds in the F,
complex by three nucleotide
binding sites, which occur
in three different
conformations:
conformation L binds ADP
and P loosely, T binds
ADP and P tightly and
catalyzes the ATP
formation; the ATP thus
formed is tightly bound.
The open form, O, releases
the newly formed ATP. The
flux of protons through the
F-ATP synthase, as driven
by the proton motive force,
results in a concerted
conformation change of the
three binding sites,
probably as a rotation.
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values of 12 to 14 (chloroplasts), 10 (yeast mitochondria), and 12 (E. coli.).
These results, however, remain uncertain. Studies with E. coli indicated that
the number of c-subunits per rotor might be variable in one and the same
organism, depending on its metabolism. In view of this, the general validity
of these numbers must be treated with caution.

In photosynthetic electron transport the stoichiometry
between the formation of NADPH and ATP is still a matter
of debate

According to the model discussed previously, in chloroplasts with 14 ¢ sub-
units per rotor, a complete rotation would require 14 protons. Since three
ATP molecules are formed during one rotation, this would correspond to
an H'/ATP stoichiometry of 4.7. Independent measurements indicated that
in chloroplasts at least four protons are necessary for the synthesis of one
ATP, which would be similar to the proton stoichiometry of the rotor model.
It is still not clear to what extent the Q-cycle plays a part in proton trans-
port. In linear (noncyclic) electron transport, for each NADPH formed
without a Q-cycle, four protons (PS II: 2H", Cyt-b4/f complex: 2H"), and
with a Q-cycle (Cyt-b4/f complex: 4H"), six protons are transported into the
lumen (section 3.7). With a stoichiometry H*/ATP = 4.7, in noncyclic elec-
tron transport with the Q-cycle operating for each NADPH 1.3 ATP would
be generated, whereas without a Q-cycle just 0.9. If these stoichiometries
hold, noncyclic photophosphorylation would not be sufficient to meet the
demands of CO, assimilation by the Calvin cycle (ATP/NADPH = 1.5, see
Chapter 6) and cyclic photophosphorylation (section 3.8) would be required
as well. The question concerning the stoichiometry of photophosphoryla-
tion is still not finally answered.

H*-ATP synthase of chloroplasts is regulated by light

H™-ATP synthase catalyzes a reaction that is in principle reversible. In
chloroplasts, a pH gradient across the thylakoid membrane is generated only
during illumination. In darkness, therefore, due to the reversibility of ATP
synthesis, one would expect that the ATP synthase then operates in the
opposite direction by transporting protons into the thylakoid lumen at the
expense of ATP. In order to avoid such a costly reversal, chloroplast ATP
synthase is subject to strict regulation. This is achieved in two ways. If the
pH gradient across the thylakoid membrane decreases below a threshold
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value, the catalytic sites of the B-subunits are instantaneously switched
off, and they are switched on again when the pH gradient is restored
upon illumination. The mechanism of this is not yet understood. Further-
more, chloroplast ATP synthase is regulated by thiol modulation. By
this process, described in detail in section 6.6, a disulfide bond in the -
subunit of F| is reduced in the light by ferredoxin to two SH groups, as medi-
ated by reduced thioredoxin. The reduction of the y-subunit causes the
activation of the catalytic centers in the B-subunits. In this way illumination
switches F-ATP synthase on. Upon darkening, the two SH groups are
deoxidized by oxygen from air to disulfide, and as a result of this, the cat-
alytic centers in the B-subunits are switched off. The simultaneous action of
the two regulatory mechanisms allows an efficient control of ATP synthase
in chloroplasts.

V-ATPase is related to the F-ATP synthase

A proton transporting V-ATPase is conserved in all eukaryotes. In plants,
V-ATPases are located not only in vacuoles (from which the name comes),
but also in plasma membranes and membranes of the endoplasmic reticu-
lum and the Golgi apparatus. Genes for at least 12 different subunits have
been identified in Arabidopsis thaliana. Major functions of this pump are to
acidify the vacuole and to generate proton gradients across membranes
for driving the transport of ions. V-ATPase also has a role in stomatal
closure by the guard cells. The V-ATPase resembles the F-ATP synthase in
its basic structure, but it is more complex. It consists of several proteins
embedded in the membrane, similar to the F, part of the F-ATPase, to which
a spherical part (similar to F)) is attached by a stalk and protrudes into the
cytosol. The spherical part consists of 3A- and 3B-subunits, which are
arranged alternately like the (of)-subunits of F-ATP synthase. F-ATP syn-
thase and V-ATPase are derived from a common ancestor. The V-ATPase
pumps two protons per molecule of ATP consumed and is able to generate
titratable proton concentrations of up to 1.4 mol/L within the vacuoles
(section 8.5).

Vacuolar membranes also contain an H*-pyrophosphatase, which, upon
the hydrolysis of one molecule pyrophosphate to phosphate, pumps one
proton into the vacuole, but it does not reach such high proton gradients as
the V-ATPase. H*-pyrophosphatase probably consists only of a single
protein with 16 transmembrane helices. The division of labor between H*-
pyrophosphatase and V-ATPase in transporting protons into the vacuole
has not yet been resolved. It remains to be elucidated why there are two
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enzymes transporting H" across the vacuolar membrane. Plasma membranes
contain a proton transporting P-ATPase, which will be discussed in section
8.2.
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Mitochondria are the power station
of the cell

In the process of biological oxidation, substrates such as carbohydrates are
oxidized to form water and CO,. Biological oxidation can be seen as a rever-
sal of the photosynthesis process. It evolved only after the oxygen in the
atmosphere had been accumulated by photosynthesis. Both biological oxi-
dation and photosynthesis serve the purpose of generating energy in the
form of ATP. Biological oxidation involves a transport of electrons through
a mitochondrial electron transport chain, which is in part similar to the pho-
tosynthetic electron transport discussed in Chapter 3. The present chapter
will show that the machinery of mitochondrial electron transport is also con-
structed from modules. Of its three complexes, the middle one has the same
basic structure as the cytochrome-by/f complex of the chloroplasts. Just as
in photosynthesis, in mitochondrial oxidation electron transport and ATP
synthesis are coupled to each other via the formation of a proton gradient.
The synthesis of ATP proceeds by an F-ATP synthase, which was described
in Chapter 4.

5.1 Biological oxidation is preceded by
a degradation of substrates to form
bound hydrogen and CO,

The total reaction of biological oxidation is equivalent to combustion. In
contrast to combustion, however, biological oxidation proceeds in a
sequence of partial reactions, which allow the major part of the free energy
to be utilized for synthesis of ATP.
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The principle of biological oxidation was formulated in 1932 by the
Nobel Prize winner Heinrich Wieland:

XH, + 0, — X+ H,0

First, hydrogen is removed from substrate XH, and afterward oxidized to
water. Thus, during oxidation, carbohydrates [CH,O], are first degraded by
reaction with water to form CO, and bound hydrogen [H], and the latter is
then oxidized to water:

[CH,O]+H,0 —— CO, +4[H]
4[H]+0, — 2H,0

In 1934 Otto Warburg (winner of the 1931 Nobel Prize in Medicine) showed
that the transfer of hydrogen from substrates to the site of oxidation occurs
as bound hydrogen in the form of NADH. From results of studies with
homogenates from pigeon muscle in 1937, Hans Krebs formulated the citrate
cycle (also called the Krebs cycle) as a mechanism for substrate degradation,
yielding the reducing equivalents for the reduction of oxygen via biological
oxidation. In 1953 he was awarded the Nobel Prize in Medicine for this dis-
covery. The operation of the citrate cycle will be discussed in detail in section
5.3.

5.2 Mitochondria are the sites of
cell respiration

Light microscopic studies of many different cells showed that they contain
small granules, similar in appearance to bacteria. At the beginning of the
last century, the botanist C. Benda named these granules mitochondria,
which means threadlike bodies. For a long time, however, the function of
these mitochondria remained unclear.

As early as 1913, Otto Warburg realized that cell respiration involves the
function of granular cell constituents. He succeeded in isolating a protein
from yeast that he termed “Atmungsferment” (respiratory ferment), which
catalyzes the oxidation by oxygen. He also showed that iron atoms are
involved in this catalysis. In 1925 David Keilin from Cambridge (England)
discovered the cytochromes and their participation in cell respiration. Using
a manual spectroscope, he identified the cytochromes-a, -as, -b, and -c¢
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(Fig. 3.24). In 1928 Otto Warburg showed that his “Atmungsferment” con-
tained cytochrome-a;. A further milestone in the clarification of cell respi-
ration was reached in 1937, when Hermann Kalckar observed that the
formation of ATP in aerobic systems depends on the consumption of
oxygen. The interplay between cell respiration and ATP synthesis, termed
oxidative phosphorylation, was now apparent. In 1948 Eugene Kennedy and
Albert Lehninger showed that mitochondria contain the enzymes of the
citrate cycle and oxidative phosphorylation. These findings demonstrated
the function of the mitochondria as the power station of the cell.

Mitochondria form a separated metabolic compartment

Like plastids, mitochondria also form a separated metabolic compartment.
The structure of the mitochondria is discussed in section 1.4. Figure 5.1 pro-
vides an overview of mitochondrial metabolism. The degradation of sub-
strates to CO, and hydrogen (the latter bound to the transport metabolite
NADH) takes place in the mitochondrial matrix. NADH thus formed dif-
fuses through the matrix to the mitochondrial inner membrane and is oxi-
dized there by the respiratory chain. The respiratory chain consists of a
sequence of redox reactions by which electrons are transferred from NADH
to oxygen. As in photosynthetic electron transport, in mitochondrial elec-

Figure 5.1 Scheme of
mitochondrial energy
metabolism.
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Figure 5.2 Overall
reaction of the oxidation of
pyruvate by mitochondria.
The acetate is formed as
acetyl coenzyme A. [H]
means bound hydrogen in
the form of NADH and
FADH,, respectively.

5 Mitochondria are the power station of the cell

H,0 Co, 2H,0 + H®
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CH,
2[H] 8 [H]
Pyruvate Acetate

tron transport the released energy is used to generate a proton gradient,
which in turn drives the synthesis of ATP. ATP thus formed is exported from
the mitochondria and provides the energy required for cell metabolism. This
is the universal function of mitochondria in all eukaryotic cells.

5.3 Degradation of substrates for
biological oxidation takes place
in the matrix compartment

Pyruvate, which is formed by the glycolytic catabolism of carbohydrates in
the cytosol, is the starting compound for substrate degradation by the citrate
cycle (Fig. 5.2). Pyruvate is first oxidized to acetate (in the form of acetyl
coenzyme A), which is then completely degraded to CO, by the citrate cycle,
yielding 10 reducing equivalents [H] to be oxidized by the respiratory chain
to generate ATP. Figure 5.3 shows the reactions of the citrate cycle.

Pyruvate is oxidized by a multienzyme complex

Pyruvate oxidation is catalyzed by the pyruvate dehydrogenase complex, a
multienzyme complex located in the mitochondrial matrix. It consists of
three different catalytic subunits: pyruvate dehydrogenase, dihydrolipoyl
transacetylase, and dihydrolipoyl dehydrogenase (Fig. 5.4). The pyruvate
dehydrogenase subunit contains thiamine pyrophosphate (TPP, Fig. 5.5A) as
the prosthetic group. The reactive group of TPP is the thiazole ring. Due to
the presence of a positively charged N-atom, the thiazole ring contains an
acidic C-atom. After dissociation of a proton, a carbanion is formed, which
is able to bind to the carbonyl group of the pyruvate. The positively charged
N-atom of the thiazole ring enhances the decarboxylation of the bound
pyruvate to form hydroxethyl-TPP (Fig. 5.4). The hydroxethyl group is now
transferred to lipoic acid.
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Figure 5.3 Scheme of the citrate cycle. The enzymes are localized in the
mitochondrial matrix, with the exception of succinate dehydrogenase, which is located
in the inner mitochondrial membrane. As a special feature, plant mitochondria contain
NAD malic-enzyme in the mitochondrial matrix. Therefore plant mitochondria are
able to oxidize malate via the citrate cycle also in the absence of pyruvate. Glutamate
dehydrogenase enables mitochondria to oxidize glutamate.

Lipoic acid is the prosthetic group of the dihydrolipoyl transacetylase
subunit. It is covalently bound by its carboxyl group to a lysine residue of
the enzyme protein via an amide bond (Fig. 5.5B). The lipoic acid residue
is attached to the protein virtually by a long chain and so is able to react
with the various reaction sites of the multienzyme complex. Lipoic acid con-
tains two S-atoms linked by a disulfide bond. When the hydroxyethyl residue
is transferred to the lipoic acid residue, lipoic acid is reduced to dihydrolipoic
acid and the hydroxyethyl residue is oxidized to an acetyl residue. The latter
is attached to the dihydrolipoic acid by a thioester bond. This is how energy
released during oxidation of the carbonyl group is conserved to generate an
energy-rich thioester. The acetyl residue is now transferred by dihydrolipoyl
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Figure 5.4 Oxidation
of pyruvate by the
pyruvate dehydrogenase
complex, consisting of
the subunits pyruvate
dehydrogenase (with the
prosthetic group
thiamine
pyrophosphate),
dihydrolipoyl
transacetylase
(prosthetic group lipoic
acid), and dihydrolipoyl
dehydrogenase
(prosthetic group FAD).
The reactions of the
cycle are described in
the text.
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transacetylase to the sulfhydryl group of coenzyme A (Fig. 5.5C) to form
acetyl coenzyme A. Acetyl CoA—also called active acetic acid—was dis-
covered by Feodor Lynen from Munich (1984 Nobel Prize in Medicine).
Dihydrolipoic acid is reoxidized to lipoic acid by dihydrolipoyl dehydroge-
nase and NAD" is reduced to NADH via FAD (see Fig. 5.16). It should
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be noted that a pyruvate dehydrogenase complex is also found in the
chloroplasts, but its function in lipid biosynthesis will be discussed in
section 15.3.

Acetate is completely oxidized in the citrate cycle

Acetyl coenzyme A now enters the actual citrate cycle and condenses with
oxaloacetate to citrate (Fig. 5.6). This reaction is catalyzed by the enzyme
citrate synthase. The thioester group promotes the removal of a proton of
the acetyl residue, and the carbanion thus formed binds to the carbonyl
carbon of oxaloacetate. Subsequent release of CoA-SH makes the reac-
tion irreversible. The enzyme aconitase (Fig. 5.7) catalyzes the reversible
1somerization of citrate to isocitrate. In this reaction, first water is released,
and the cis-aconitate thus formed remains bound to the enzyme and is
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Figure 5.5 Reaction
partners of pyruvate
oxidation:

A. Thiamine
pyrophosphate, B. Lipoic
amide, C. Coenzyme A.



142

Figure 5.6 Condensation
of acetyl CoA with
oxaloacetate to form
citrate.

Figure 5.7 Isomerization
of citrate to form isocitrate.
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converted to isocitrate by the addition of water. In addition to the mito-
chondrial aconitase, there is an isoenzyme of aconitase in the cytosol of
plant cells.

Oxidation of isocitrate to o-ketoglutarate by NAD isocitrate dehydroge-
nase (Fig. 5.8) results in the formation of NADH. Oxalosuccinate is formed
as an intermediate, which, still tightly bound to the enzyme, is decarboxy-
lated to a-ketoglutarate (also termed 2-oxo-glutarate). This decarboxylation
makes the oxidation of isocitrate irreversible. Besides NAD-isocitrate
dehydrogenase, mitochondria also contain an NADP-dependent enzyme.
NADP-isocitrate dehydrogenases also occur in the chloroplast stroma
and in the cytosol. The function of the latter enzyme will be discussed in
section 10.4.

Oxidation of o-ketoglutarate to succinyl-CoA (Fig. 5.8) is catalyzed
by the o-ketoglutarate dehydrogenase multienzyme complex, also involving
thiamine pyrophosphate, lipoic acid, and FAD, analogously to the oxida-
tion of pyruvate to acetyl CoA described previously.
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The thioester bond of the succinyl CoA is rich in energy. In the succinate
thiokinase reaction, the free energy released upon the hydrolysis of this
thioester is utilized to form ATP (Fig. 5.9). It may be noted that in animal
metabolism the mitochondrial succinate thiokinase reaction yields GTP. The
succinate formed is oxidized by succinate dehydrogenase to form fumarate.
Succinate dehydrogenase is the only enzyme of the citrate cycle that is
located not in the matrix, but in the mitochondrial inner membrane, with
its succinate binding site accessible from the matrix (section 5.5). Reducing
equivalents derived from succinate oxidation are transferred to ubiquinone.
Catalyzed by fumarase, water reacts by trans-addition with the C-C double
bond of fumarate to form L-malate. This is a reversible reaction (Fig. 5.9).
Oxidation of malate by malate dehydrogenase, yielding oxaloacetate and
NADH, is the final step in the citrate cycle (Fig. 5.9). The reaction equilib-
rium of this reversible reaction lies strongly toward the educt malate.

[NADH]-[oxaloacetate]
[NAD"]-[malate]

=2.8-10"(pH 7)

Because of this equilibrium, it is essential for the operation of the citrate
cycle that the citrate synthase reaction be irreversible. In this way oxaloac-
etate can be withdrawn from the malate dehydrogenase equilibrium to react
further in the cycle. Isoenzymes of malate dehydrogenase also occur outside
the mitochondria. Both the cytosol and the peroxisomal matrix contain
NAD-malate dehydrogenases, and the chloroplast stroma contains NADP-
malate dehydrogenase. These enzymes will be discussed in Chapter 7.
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Succinyl CoA

Figure 5.8 Oxidation of
isocitrate to form succinyl
CoA.
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Figure 5.9 Conversion of succinyl CoA to form oxaloacetate.

A loss of intermediates of the citrate cycle is replenished by
anaplerotic reactions

The citrate cycle can proceed only when the oxaloacetate required as accep-
tor for the acetyl residue is fully regenerated. Section 10.4 describes how
citrate and o-ketoglutarate are withdrawn from the citrate cycle to synthe-
size the carbon skeletons of amino acids in the course of nitrate assimila-
tion. It is necessary, therefore, to replenish the loss of citrate cycle
intermediates by anaplerotic reactions. In contrast to mitochondria from
animal tissues, plant mitochondria are able to transport oxaloacetate into
the chloroplasts via a specific translocator of the inner membrane (section
5.8). Therefore, the citrate cycle can be replenished by the uptake of oxaloac-
etate, which has been formed by phosphoenolpyruvate carboxylase in the
cytosol (section 8.2). Oxaloacetate can also be delivered by oxidation of
malate in the mitochondria. Malate is stored in the vacuole (sections 1.2,
8.2, and 8.5) and is an important substrate for mitochondrial respiration. A
special feature of plant mitochondria is that malate is oxidized to pyruvate
with the reduction of NAD and the release of CO, via NAD-malic enzyme
in the matrix (Fig. 5.10). Thus an interplay of malate dehydrogenase and
NAD malic-enzyme allows citrate to be formed from malate without the
operation of the complete citrate cycle (Fig. 5.3). It may be noted that an
NADP-dependent malic enzyme is present in the chloroplasts, especially in
C, plants (section 8.4).

Another important substrate of mitochondrial oxidation is glutamate,
which is one of the main products of nitrate assimilation (section 10.1) and,
besides sucrose, is the most highly concentrated organic compound in the
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cytosol of many plant cells. Glutamate oxidation, accompanied by
formation of NADH, is catalyzed by glutamate dehydrogenase located in the
mitochondrial matrix (Fig. 5.11). This enzyme also reacts with NADP.
NADP-glutamate dehydrogenase activity is also found in plastids, although
its function there is not clear.

Glycine is the main substrate of respiration in the mitochondria from
mesophyll cells of illuminated leaves. The oxidation of glycine as a partial
reaction of the photorespiratory pathway will be discussed in section 7.1.

Glutamate dehydrogenase |

° R R 1S

GO0 NAD® NADH+H® OO

T T

e, e
H—C—NH; ‘C:O

®

COo0® H20 NH, CO0°®

L-Glutamate o-Ketoglutarate

5.4 How much energy can be gained by
the oxidation of NADH?

Let us first ask ourselves how much energy is released during mitochondrial
respiration or, to be more exact, how large is the difference in free energy in
the mitochondrial redox processes? To answer this question, one must know
the differences of the potentials of the redox pairs involved. This potential
difference can be calculated by the Nernst equation:

145

Figure 5.10 Oxidative
decarboxylation of malate
to form pyruvate.

Figure 5.11 Oxidation of
glutamate.
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oxidized substance

E-p"+ X,
nF  reduced substance

(5.1)

where E” = standard potential at pH 7, 25°C; R (gas constant) =
8.31J- K- mol™; T=298 K; n is the number of electrons transferred; and
(Faraday constant) = 96480 JV~' - s - mol™.
The standard potential for the redox pair NAD*/NADH is:
EY =-0.320V.
Under certain metabolic conditions, a NAD*/NADH ratio of 3 was

found in mitochondria from leaves. The introduction of this value into equa-
tion 5.1 yields:

ENAD+/NADH = _0320+ %11’13 = _0306V (52)

The standard potential for the redox pair H,O/O, is :
EY =+0.815V. ([H,O]in water 55mol/L)

The partial pressure of the oxygen in the air is introduced for the evaluation
of the actual potential for [O,].

RT
EiL000, :0.815+Eln«/; 0, (5.3)

The partial pressure of the oxygen in the air (pO,) amounts to 0.2. Intro-
ducing this value into equation 5.3 yields:

Ey,00, =0.805V
The difference of the potentials amounts to:

AE = Ey,0/0, — Enapsnapn = +1.11V (54
The free energy (AG) is related to AE as follows:

AG = —-nFAE (5.5)
Two electrons are transferred in the reaction. The introduction of AE into

equation 5.5 shows that the change of free energy during the oxidation of
NADH by the respiratory chain amounts to:
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AG = -214kJ mol ™.

How much energy is required for the formation of ATP? It has been
calculated in section 4.1 that the synthesis of ATP under the metabolic
conditions in the chloroplasts requires a change of free energy of AG =
+50 kJ mol™. This value also applies approximately to the ATP provided
by the mitochondria for the cytosol.

The free energy released with the oxidation of NADH would therefore
be sufficient to generate four molecules of ATP, but in fact the amount of
ATP formed by NADH oxidation is much lower (section 5.6).

5.5 The mitochondrial respiratory chain
shares common features with the
photosynthetic electron transport chain

The photosynthesis of cyanobacteria led to the accumulation of oxygen in
the early atmosphere and thus formed the basis for the oxidative metabo-
lism of mitochondria. Many cyanobacteria can satisfy their ATP demand
both by photosynthesis and by oxidative metabolism. Cyanobacteria
contain a photosynthetic electron transport chain that consists of three
modules (complexes), namely, photosystem II, the cyt-b¢/f complex, and
photosystem I (Chapter 3, Fig. 5.12). These complexes are located in the

Light Light
H,0 \ Photo- Photo- / 2 Fd,
system system
Il |
1,0, +2 H@‘/ N Fd,oq
Plasto-\  Cyt-b./f
; 6
quinonej complex Cytc
NADH NADH H,O
\ dehydro- Cyt-ala, /' 2
genase complex \
NAD® + H® complex 1,0, +2H®

Figure 5.12 Scheme of photosynthetic and oxidative electron transport in
cyanobacteria. In both electron transport chains the cytochrome-b4/f complex
functions as the central complex.

NADPH

NADP® + H®
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Figure 5.13 Scheme of
mitochondrial electron
transport. The respiratory
chain consists of three
complexes; the central cyt-
blc; complex corresponds
to the cyt-by/f complex of
cyanobacteria and
chloroplasts.
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inner membrane of cyanobacteria, where, however, there are also the
enzymes of the respiratory electron transport chain. This respiratory chain
consists once more of three modules: an NADH dehydrogenase complex, cat-
alyzing the oxidation of NADH; the same cyt-bq/f complex that is also part
of the photosynthetic electron transport chain; and a cyt-a/a; complex, by
which oxygen is reduced to water. Plastoquinone feeds the electrons into the
cyt-b¢/f complex not only in photosynthesis (section 3.7), but also in the res-
piratory chain of the cyanobacteria. Likewise, cytochrome-¢ mediates the
electron transport from the cyt-b¢/f complex to photosystem I as well as to
the cyt-a/a; complex. The relationship between photosynthetic and oxida-
tive electron transport in cyanobacteria is obvious; both electron transport
chains possess the same module as their middle part, the cyt-b¢/f complex.
Section 3.7 described how in the cyt-b¢/f complex the energy released by elec-
tron transport is used to form a proton gradient. The function of the cyt-
be/f complex in respiration and photosynthesis shows that the basic principle
of energy conservation in photosynthetic and oxidative electron transport is
the same.

The mitochondrial respiratory chain is analogous to the respiratory chain
of cyanobacteria (Fig. 5.13), but with ubiquinone instead of plastoquinone
as redox carrier and slightly different cytochromes. The mitochondria
contain a related cyt-b/c; complex instead of a cyt-b¢/f complex. Both
Cyt-c and cyt-f contain heme-c.

Figure 5.13 shows succinate dehydrogenase as an example of another
electron acceptor of the mitochondrial respiratory chain. This enzyme
(historically termed complex II) catalyzes the oxidation of succinate to
fumarate, a partial reaction of the citrate cycle (Fig. 5.9).
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The complexes of the mitochondrial respiratory chain

The subdivision of the respiratory chain into several complexes goes
back to the work of Youssef Hatefi, who in 1962, when working with beef
heart mitochondria, succeeded in isolating four different complexes, which
he termed complexes I-IV. It has been shown recently for plant mito-
chondria that complex I and III together form a supercomplex. In the
complexes I, III, and IV, the electron transport is accompanied by a decrease
in the redox potential (Fig. 5.14); the energy thus released is used to form a
proton gradient.
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The NADH dehydrogenase complex (complex I) (Fig. 5.15) feeds the res-
piratory chain with the electrons from NADH, formed from the degrada-
tion of substrates in the matrix. The electrons are transferred to ubiquinone
via a flavin adenine mononucleotide and several iron-sulfur centers.
Complex I has the most complicated structure of all the mitochondrial elec-
tron transport complexes. Made up of more than 40 different subunits (of
which, depending on the organism, seven to nine are encoded in the mito-
chondria), it consists of one part that is embedded in the membrane (mem-
brane part) and a peripheral part that protrudes into the matrix space. The
peripheral part contains the binding site for NADH, a bound flavin
mononucleotide (FMN) (Fig. 5.16) and at least three Fe-S-centers

Figure 5.14 Scheme of the
complexes of the
respiratory chain arranged
according to their redox
potentials.
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Figure 5.15 Scheme of the location of the respiratory chain complexes I, 111, and IV
in the mitochondrial inner membrane.
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(Fig. 3.26). The membrane part contains a further Fe-S-center, as well as the
binding site for ubiquinone. The electron transport is inhibited by a variety
of poisons deriving from plants and bacteria, such as rotenone (which pro-
tects plants from being eaten by animals); the antibiotic piericidin A; and
amytal, a barbiturate. The electron transport catalyzed by complex I is
reversible. It is therefore possible for electrons to be transferred from
ubiquinone to NAD, driven by the proton motive force of the proton gra-
dient. In this way purple bacteria are provided with NADH by means of a
homologous NADH dehydrogenase complex (see Fig. 3.1).

Succinate dehydrogenase (complex II) (Fig. 5.9) in plants consists of
seven subunits. It contains a flavin adenine nucleotide (FAD, Fig. 5.16) as
the electron acceptor; several Fe-S-centers (Fig. 3.26) as redox carriers; and
one cytochrome-b, the function of which is not known. Electron transport
by succinate dehydrogenase to ubiquinone proceeds with no major decrease
in the redox potential, so no energy is gained in the electron transport from
succinate to ubiquinone.

Ubiquinone reduced by the NADH dehydrogenase complex or succinate
dehydrogenase is oxidized by the cyt-b/c; complex (complex III) (Fig. 5.15).
In mitochondria this complex consists of 11 subunits, only one of which (the
cyt-b subunit) is encoded in the mitochondria. The cyt-b/c; complex is very
similar in structure and function to the cyt-b¢/f complex of chloroplasts,
(section 3.7). Electrons are transferred by the cyt-b/c, complex to cyt-c,
which is bound to the outer surface of the inner membrane. Several anti-
biotics, such as antimycin A and myxothiazol, inhibit the electron transport
by the cyt-b/c, complex.

Due to its positive charge, reduced cyt-¢ diffuses along the negatively
charged surface of the inner membrane to the cyt-a/a; complex (Fig. 5.15),
also termed complex IV or cytochrome oxidase. The cyt-a/a; complex con-
tains 13 different subunits, three of which are encoded in the mitochondria.
Recently the three-dimensional structure of the cyt-a/a; complex has been
resolved by X-ray structure analysis of these complexes from beef heart
mitochondria and from Paracoccus denitrificans. The complex has a large
hydrophilic region that protrudes into the intermembrane space and con-
tains the binding site for cyt-c. In the oxidation of cyt-¢, the electrons are
transferred to a copper sulfur cluster containing two Cu atoms called Cu,.
These two Cu atoms are linked by two S-atoms of cysteine side chains (Fig.
5.17). This copper-sulfur cluster probably takes up one electron and trans-
fers it via cyt-a to a binuclear center, consisting of cyt-a; and a Cu atom
(Cug), bound to histidine. This binuclear center functions as a redox unit in
which the Fe-atom of the cyt-a;, together with Cus, take up two electrons.

[Fe*™ - Cug'|+2e” — [Fe™ - Cuj]
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Figure 5.17 In a copper-
sulfur cluster of the
cytochrome-a/a; complex,
termed Cu,, a Cu®*- and a
Cu*-ion are linked by two
cysteine residues of the
protein and bound further
to the protein by two
histidines, one glutamate
and one methionine
residue. Cu, probably
transfers one electron. The
structure of this novel
redox cluster was revealed
by X-ray structural analysis
of the cytochrome-a/a;
complex carried out
simultaneously in
Frankfurt, Germany, (Iwata
et al., 1995) and in Osaka,
Japan (Tsukihara et al.,
1995).

Figure 5.18 Axial ligands
of the Fe-atoms in the
heme groups of
cytochrome-a and -a;. Of
the six coordinative bonds
formed by the Fe-atom
present in the heme, four
are saturated by the N
atoms present in the planar
tetrapyrrole ring. Whereas
in cytochrome-a the two
remaining coordination
positions of the central Fe-
atom bind to histidine
residues of the protein,
positioned at either side
vertically to the plane of
the tetrapyrrole, in
cytochrome-a; one of these
coordination positions is
free and functions as
binding site for the O,
molecule.
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In contrast to cyt-a and the other cytochromes of the respiratory chain, in
cyt-as the sixth coordination position of the Fe-atom is not saturated by an
amino acid of the protein (Fig. 5.18). This free coordination position as well
as Cug are the binding site for the oxygen molecule, which is reduced to water
by the uptake of four electrons:

0, +4e” —» 20 +4H* - 2H,0

Cug probably has an important function in electron-driven proton transport,
which is discussed in the next section. Instead of O,, also CO and CN™ can
be very tightly bound to the free coordination position of the cyt-as;, result-
ing in the inhibition of respiration. Therefore both carbon monoxide and
prussic acid (HCN) are very potent poisons.
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5.6 Electron transport of the respiratory
chain is coupled to the synthesis of

ATP via proton transport

The electron transport of the respiratory chain is coupled to the formation
of ATP. This is illustrated in the experiment of Figure 5.19, in which the
velocity of respiration in a mitochondrial suspension was determined by
measuring the decrease of the oxygen concentration in the suspension
medium. The addition of a substrate alone (e.g., malate) causes only a minor
increase in respiration. The subsequent addition of a limited amount of
ADP results in a considerable acceleration of respiration. After some time,
however, respiration returns to the lower rate prior to the addition of ADP,
as the ADP has been completely converted to ATP. Respiration in the pres-
ence of ADP is called active respiration, whereas that after ADP is consumed
is called controlled respiration. As the ADP added to the mitochondria is
completely converted to ATP, the amount of ATP formed with the oxida-
tion of a certain substrate can be determined from the ratio of ADP added
to oxygen consumed (ADP/O). An ADP/O of about 2.5 is determined for
substrates oxidized in the mitochondria via the formation of NADH (e.g.,
malate), and of about 1.6 for succinate, from which the redox equivalents
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Figure 5.19 Registration
of oxygen consumption by
isolated mitochondria.
Phosphate and malate are
added one after the other
to mitochondria suspended
in a buffered osmotic.
Addition of ADP results in
a high rate of respiration.
The subsequent decrease of
oxygen consumption
indicates that the
conversion of the added
ADP into ATP is
completed. Upon the
addition of an uncoupler, a
high respiration rate is
attained without ADP: the
respiration is now
uncoupled.
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Figure 5.20 ATP synthesis
by mitochondria requires
an uptake of phosphate by
the phosphate translocator
in counter-exchange for
OH~ ions, and an
electrogenic exchange of
ADP for ATP, as catalyzed
by the ADP/ATP
translocator. Due to the
membrane potential
generated by electron
transport of the respiratory
chain, ADP is preferentially
transported inward and
ATP outward, and as a
result of this the ATP/ADP
ratio in the cytosol is
higher than in the
mitochondrial matrix.
ATP/ADP transport is
inhibited by
carboxyactractyloside
(binding from the outside)
and bongkrekic acid
(binding from the matrix
side). F-ATP synthase of
the mitochondria is
inhibited by oligomycin.
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are directly transferred to ubiquinone. The problem of ATP stoichiometry
of respiration will be discussed at the end of this section.

Like photosynthetic electron transport (Chapter 4), the electron trans-
port of the respiratory chain is accompanied by the generation of a proton
motive force (Fig. 5.15), which in turn drives the synthesis of ATP (Fig.
5.20). Therefore substances such as FCCP (Fig. 4.2) function as uncouplers
of mitochondrial as well as photosynthetic electron transport. Figure 5.19
shows that the addition of the uncoupler FCCP results in high stimulation
of respiration. As discussed in section 4.2, the uncoupling function of the
FCCP is due to a short circuit of protons across a membrane, resulting in
the elimination of the proton gradient. The respiration is then uncoupled
from ATP synthesis and the energy set free during electron transport is
dissipated as heat.
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To match respiration to the energy demand of the cell, it is regulated by
an overlapping of two different mechanisms. The classic mechanism of res-
piratory control is based on the fact that when the ATP/ADP ratio increases,
the proton motive force also increases, which in turn causes a decrease of
electron transport by the respiratory chain. In addition, it was found recently
that ATP also impedes the electron transport by binding to a subunit of
cytochrome oxidase, which results in a decrease of its activity.

Mitochondrial proton transport results in the formation of
a membrane potential

Mitochondria, in contrast to chloroplasts, have no closed thylakoid space
for forming a proton gradient. Instead, in mitochondrial electron transport,
protons are transported from the matrix to the intermembrane space, which
is connected to the cytosol by pores [formed by porines (Fig. 1.30)]. The
formation in chloroplasts of a proton gradient of ApH = 2.5 in the light
results in a decrease of pH in the thylakoid lumen from about pH 7.5 to pH
5.0. If in the case of mitochondrial oxidation such a strong acidification were
to occur in the cytosol, it would have a grave effect on the activity of the
cytosolic enzymes. In fact, during mitochondrial controlled respiration the
ApH across the inner membrane is only about 0.2. This is because mito-
chondrial proton transport leads primarily to the formation of a membrane
potential (AY ~ 200 mV). Mitochondria are unable to generate a larger
proton gradient, as their inner membrane is impermeable for anions, such
as chloride. As shown in Figure 4.1, a proton concentration gradient can be
formed only when the charge of the transported protons is compensated for
by the diffusion of a counter anion.

Our knowledge of the mechanism of coupling between mitochondrial
electron transport and transport of protons is still incomplete, despite inten-
sive research for more than 30 years. Four protons are probably taken up
during the transport of two electrons from the NADH dehydrogenase
complex to ubiquinone on the matrix side and released again into the inter-
membrane space by the cyt-b/c, complex (Fig. 5.15). It is generally accepted
that in mitochondria the cyt-b/c; complex catalyzes a Q-cycle (Fig. 3.30) by
which, when two electrons are transported, two additional protons are trans-
ported out of the matrix space into the intermembrane space. The cyt-a/a;
complex transports two protons per two electrons. The three-dimensional
structure of the cyt-a/a; complex determined recently indicates that the bin-
uclear center from cytochrome-a; and Cuyis involved in this proton trans-
port. If these stoichiometries are correct, altogether 10 protons would be
transported during the oxidation of NADH and only six with the oxidation
of succinate.
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Mitochondrial ATP synthesis serves the energy demand
of the cytosol

The energy of the proton gradient is used in the mitochondria for ATP
synthesis by an F-ATP-synthase (Fig. 5.20), which has the same basic struc-
ture as the F-ATP-synthase of chloroplasts (section 4.3). However, there
are differences regarding the inhibition by oligomycin, an antibiotic from
Streptomyces. Whereas the mitochondrial F-ATP-synthase is very strongly
inhibited by oligomycin, due to the presence of an oligomycin binding
protein, the chloroplast enzyme is insensitive to this inhibitor. Despite these
differences, the mechanism of ATP synthesis appears to be identical for both
ATP synthases. Also, the proton stoichiometry in mitochondrial ATP syn-
thesis has not been resolved unequivocally. In the event that it is correct that
the rotor of the F-ATP-synthase in mitochondria has 10 c-subunits, then,
according to the mechanism for ATP synthesis discussed in section 4.4, 3.3
protons would be required for the synthesis of 1 mol of ATP. This rate
corresponds more or less with previous independent investigations.

In contrast to chloroplasts, which synthesize ATP essentially for their
own consumption, the ATP in mitochondria is synthesized mainly for export
to the cytosol. This requires the uptake of ADP and phosphate from the
cytosol into the mitochondria and the release of the ATP formed there. The
uptake of phosphate proceeds by the phosphate translocator in a counter-
exchange for OH™ ions, whereas the uptake of ADP and the release of ATP
is mediated by the ATP/ADP translocator (Fig. 5.20). The mitochondrial
ATP/ADP translocator is inhibited by carboxyatractyloside, a glucoside
from the thistle Atractylis gumnifera, and by bonkrekic acid, an antibiotic
from the bacterium Cocovenerans, growing on coconuts. Both substances are
deadly poisons.

The ATP/ADP translocator catalyzes a strict counter-exchange; for each
ATP or ADP transported out of the chloroplasts, an ADP or ATP is trans-
ported inward. Since the transported ATP contains one negative charge
more than the ADP, the transport is electrogenic. Due to the membrane
potential generated by the proton transport of the respiratory chain, there
is a preference for ADP to be taken up and ATP to be transported outward.
The result of this asymmetric transport of ADP and ATP is that the
ADP/ATP ratio outside the mitochondria is much higher than in the matrix.
In this way mitochondrial ATP synthesis maintains a high ATP/ADP ratio
in the cytosol. With the exchange of ADP for ATP, one negative charge is
transferred from the matrix to the outside, which is in turn compensated for
by the transport of a proton in the other direction. This is why protons from
the proton gradient are required not only for ATP synthesis as such, but also
for export of the synthesized ATP from the mitochondria.
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Let us return to the stoichiometry between the transported protons and
the ATP formation during respiration. It is customary to speak of three cou-
pling sites of the respiratory chain, which correspond to the complexes I,
II1, and IV. Textbooks often state that when NADH is oxidized by the mito-
chondrial respiratory chain, one molecule of ATP is formed per coupling
site, and as a result of this, the ADP/O quotient for oxidation of NADH
amounts to three, and that for succinate to two. However, considerably lower
values have been found in experiments with isolated mitochondria. The
attempt was made to explain this discrepancy by assuming that owing to a
proton leakage of the membrane, the theoretical ADP/O values were not
attained in the isolated mitochondria. It appears now that even in theory
these whole numbers for ADP/O values are incorrect. Probably 10 protons
are transported upon the oxidation of NADH. In the event that 3.3 protons
are required for the synthesis of ATP and another one for its export from
the mitochondria, the resulting ADP/O would be 2.3. With isolated mito-
chondria, values of about 2.5 have been obtained experimentally.

At the beginning of this chapter, the change in free energy during the oxi-
dation of NADH was evaluated as —214 kJ mol™ and for the synthesis of
ATP as about +50 kJ mol™'. An ADP/O of 2.3 for the respiration of NADH-
dependent substrates would mean that about 54% of the free energy released
during oxidation is used for the synthesis of ATP. However, these values
must still be treated with caution.

5.7 Plant mitochondria have special
metabolic functions

The function of the mitochondria as the power station of the cell, as dis-
cussed so far, is relevant for all mitochondria, from unicellular organisms to
animals and plants. In plant cells performing photosynthesis, the role of the
mitochondria as a supplier of energy is not restricted to the dark phase; the
mitochondria provide the cytosol with ATP also during photosynthesis.

In addition, plant mitochondria fulfill special functions. The mitochon-
drial matrix contains enzymes for the oxidation of glycine to serine, an
important step in the photorespiratory pathway (section 7.1):

2 glycine+ NAD™* + H,O —— serine+ NADH + CO, + NH}

The NADH generated from glycine oxidation is the main fuel for mito-
chondrial ATP generation during photosynthesis. Another important role
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of plant mitochondria is the conversion of oxaloacetate and pyruvate to
form citrate, a precursor for the synthesis of o-ketoglutarate. This pathway
is important for providing the carbon skeletons for amino acid synthesis
during nitrate assimilation (Fig. 10.11).

Mitochondria can oxidize surplus NADH without
forming ATP

In mitochondrial electron transport, the participation of flavins,
ubisemiquinones, and other electron carriers leads to the formation of
superoxide radicals, H,O,, and hydroxyl radicals (summarized as ROS, reac-
tive oxygen species) as by-products. These by-products cause severe cell
damage. Since the formation of ROS is especially high, when the compo-
nents of the respiratory chain are highly reduced, there is a necessity to avoid
an overreduction of the respiratory chain. On the other hand, it is essential
for a plant that glycine, formed in large quantities by the photorespiratory
cycle (section 7.1), is converted by mitochondrial oxidation even when the
cell requires no ATP. Plant mitochondria have overflow mechanisms, which
oxidize surplus NADH without synthesis of ATP in order to prevent an
overreduction of the respiratory chain (Fig. 5.21). The inner mitochondrial
membrane contains at the matrix side an alternative NADH dehydrogenase,
which transfers electrons from NADH to ubiquinone, without coupling to
proton transport. This pathway is not inhibited by rotenone. However,
oxidation of NADH via this rotenone-insensitive pathway proceeds only
when the NADH/NAD™ quotient in the matrix is exceptionally high. In
addition, the matrix side of the mitochondrial inner membrane contains an
alternative NADPH dehydrogenase, which is not shown in Figure 5.21.

Moreover, mitochondria possess an alternative oxidase by which elec-
trons can be transferred directly from ubiquinone to oxygen; this pathway
too is not coupled to proton transport. This alternative oxidation is insen-
sitive to antimycin-A and KCN (inhibitors of complex III and II, respec-
tively), but is inhibited by salicyliydroxamate (SHAM). Recent results show
that the alternative oxidase is a membrane protein consisting of two equal
subunits (each 36 kDa). From the amino acid sequence it can be predicted
that each subunit forms two transmembrane helices. The two subunits
together form a di-iron oxo-center (like in the fatty acid desaturase, Fig.
15.16), which catalyzes the oxidation of ubiquinone by oxygen.

Electron transport via the alternative oxidase can be understood as a
short circuit. It occurs only when the mitochondrial ubiquinone pool is
reduced to a very high degree. When metabolites in the mitochondria are in
excess, the interplay of the alternative NADH dehydrogenase and the alter-
native oxidase leads to their elimination by oxidation without accompany-
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Figure 5.21 Besides the rotenone-sensitive NADH dehydrogenase (NADH DH), there
are further dehydrogenases that transfer electrons to ubiquinone without
accompanying proton transport. There also exists an alternative NADPH
dehydrogenase that is directed to the matrix side, not shown here. An alternative
oxidase enables the oxidation of ubihydroquinone (UQH,). This pathway is insensitive
to the inhibitors antimycin A and KCN, but it is inhibited by salicylhydroxamate
(SHAM).

ing ATP synthesis, and the oxidation energy is dissipated as heat. The capac-
ity of the alternative oxidase in the mitochondria from different plant tissues
is variable and also depends on the developmental state. An especially high
alternative oxidase activity has been found in the spadix of the voodoo lily
Sauromatum guttatum, which uses the alternative oxidase to heat the spadix
by which volatile amine compounds are emitted, which produce a nasty
smell like carrion or dung. This strong stench attracts insects from far and
wide. The formation of the alternative oxidase is synchronized in these
spadices with the beginning of flowering.

NADH and NADPH from the cytosol can be oxidized by
the respiratory chain of plant mitochondria

In contrast to mitochondria from animal tissues, plant mitochondria can
also oxidize cytosolic NADH and in some cases cytosolic NADPH. Oxida-
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tion of this external NADH and NADPH proceeds via two specific dehy-
drogenases of the inner membrane, of which the substrate binding site is
directed toward the intermembrane space. As in the case of succinate dehy-
drogenase, the electrons from external NADH and NADPH dehydrogenase
are fed into the respiratory chain at the site of ubiquinone, and therefore this
electron transport is not inhibited by rotenone. As oxidation of external
NADH and NADPH (like the oxidation of succinate) does not involve a
proton transport by complex I (Fig. 5.21), in the oxidation of external pyri-
dine nucleotides the yield of ATP is lower than that in the oxidation of
NADH provided from the matrix. Oxidation by external NADH dehydro-
genase proceeds only when the cytosolic NAD* pool is excessively reduced.
Also, the external NADH dehydrogenase may be regarded as part of an
overflow mechanism, which comes into action only when the NADH in the
cytosol is overreduced. As discussed in section 3.10, in certain situations
photosynthesis may produce a surplus of reducing power, which is
hazardous for a cell. The plant cell has the capacity to eliminate excessive
reducing power by making use of the external NADH dehydrogenase,
the alternative dehydrogenase for internal NADH from the matrix, and
the alternative oxidase mentioned earlier.

5.8 Compartmentation of mitochondrial
metabolism requires specific
membrane translocators

The mitochondrial inner membrane is impermeable for metabolites. Specific
translocators enable a specific transport of metabolites between the mito-
chondrial matrix and the cytosol in a counter-exchange mode (Fig. 5.22).
The role of the ATP/ADP and the phosphate translocators (Fig. 5.20) has
been discussed in section 5.6. Malate and succinate are transported into the
mitochondria in counter-exchange for phosphate by a dicarboxylate translo-
cator. This transport is inhibited by butylmalonate. oi-Ketoglutarate, citrate,
and oxaloacetate are transported in counter-exchange for malate. By these
translocators, substrates can be fed into the citrate cycle. Glutamate is trans-
ported in counter-exchange for aspartate, and pyruvate in counter-exchange
for OH  ions. Although these translocators all occur in plant mitochondria,
most of our present knowledge about them is based on studies with mito-
chondria from animal tissues. A comparison of the amino acid sequences
known for the ATP/ADP, phosphate, citrate, and glutamate/aspartate
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translocators shows that these are homologous; the proteins of these
translocators represent a family deriving from a common ancestor. As men-
tioned in section 1.9, all these translocators are composed of 2 - 6 trans-
membrane helices.

The malate-oxaloacetate translocator is a special feature of plant mito-
chondria and has an important function in the malate-oxaloacetate cycle
described in section 7.3. It also transports citrate and is involved in provid-
ing the carbon skeletons for nitrate assimilation (Fig. 10.11). The oxaloac-
etate translocator and, to a lesser extent, the o-ketoglutarate translocator
are inhibited by the dicarboxylate phthalonate. The transport of glycine and
serine, involved in the photorespiratory pathway (section 7.1), has not yet
been characterized. Although final proof is still lacking, it is to be expected
that this transport is mediated by one or two mitochondrial translocators.
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Figure 5.22 Important
translocators of the inner
mitochondrial membrane.
The phosphate- and the
ATP/ADP-translocator
have been already shown in
Figure 5.20.
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The Calvin cycle catalyzes
photosynthetic CO, assimilation

Chapters 3 and 4 showed how the electron transport chain and the ATP
synthase of the thylakoid membrane use the energy from light to provide
reducing equivalents in the form of NADPH, and chemical energy in the
form of ATP. This chapter will describe how this NADPH and ATP are used
for CO, assimilation.

6.1 CO, assimilation proceeds via the dark
reaction of photosynthesis

It is relatively simple to isolate chloroplasts with intact envelope from leaves
(see section 1.7). When these chloroplasts are added to an isotonic medium
containing an osmoticum, a buffer, bicarbonate, and inorganic phosphate,
and the light is switched on, one observes the generation of oxygen. Water
is split to oxygen by the light reaction described in Chapter 3, and the result-
ing reducing equivalents are used for CO, assimilation (Fig. 6.1). With intact
chloroplasts, there is no oxygen evolution in the absence of CO, or phos-
phate, demonstrating that the light reaction in the intact chloroplasts is
coupled to CO, assimilation and the product of this assimilation contains
phosphate. The main assimilation product of the chloroplasts is dihydroxy-
acetone phosphate, a triose phosphate. Figure 6.2 shows that the synthesis of
triose phosphate from CO, requires energy in the form of ATP and reduc-
ing equivalents in the form of NADPH, which have been provided by the
light reaction of photosynthesis. The reaction chain for the formation of
triose phosphate from CO,, ATP, and NADPH was formerly called the dark
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Figure 6.1 Basic scheme
of photosynthesis by a
chloroplast.

Figure 6.2 Overall
reaction of photosynthetic
CO, fixation.

6 The Calvin cycle catalyzes photosynthetic CO, assimilation
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reaction of photosynthesis, as it requires no light per se and theoretically it
should also be able to proceed in the dark. The fact is, however, that in leaves
this reaction does not proceed during darkness, since some of the enzymes
of the reaction chain, due to regulatory processes, are active only during
illumination (section 6.6).
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Between 1946 and 1953 Melvin Calvin and his collaborators, Andrew
Benson and James Bassham, in Berkeley, California, resolved the mechanism
of photosynthetic CO, assimilation. In 1961 Calvin was awarded the Nobel
Prize in Chemistry for this fundamental discovery. A prerequisite for the elu-
cidation of the CO, fixation pathway was the discovery in 1940 of the
radioactive carbon isotope “C, which, as a by-product of nuclear reactors,
was available in larger amounts in the United States after 1945. Calvin chose
the green alga Chlorella for his investigations. He added radioactively labeled
CO, to illuminated algal suspensions, killed the algae after a short incubation
period by adding hot ethanol, and, using paper chromatography, analyzed
the radioactively labeled products of CO, fixation. By successively shorten-
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Figure 6.3 Overview of the basic reactions of the Calvin cycle without
stoichiometries.

ing the incubation time, he was able to show that 3-phosphoglycerate
was formed as the first stable product of CO, fixation. More detailed
studies revealed that CO, fixation proceeds by a cyclic process, which has
been named Calvin cycle after its discoverer. Reductive pentose phosphate
pathway is another term that will be used in some sections of this book. This
name derives from the fact that a reduction occurs and pentoses are formed
in the cycle.
The Calvin cycle can be subdivided into three sections:

1. The carboxylation of the Cs sugar ribulose 1,5-bisphosphate leading to
the formation of two molecules 3-phosphoglycerate;

2. The reduction of the 3-phosphoglycerate to triose phosphate; and

3. The regeneration of the CO, acceptor ribulose 1,5-bisphosphate from
triose phosphate (Fig. 6.3).

As a product of photosynthesis, triose phosphate is exported from the
chloroplasts by specific transport. However, most of the triose phosphate
remains in the chloroplasts to regenerate ribulose 1,5-bisphosphate. These
reactions will be discussed in detail in the following sections.
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Figure 6.4 Ribulose
bisphosphate carboxylase
catalyzes two reactions with
RuBP: the carboxylation,
which is the actual CO,
fixation reaction; and the
oxygenation, an
unavoidable side reaction.

6 The Calvin cycle catalyzes photosynthetic CO, assimilation

6.2 Ribulose bisphosphate carboxylase
catalyzes the fixation of CO,

The key reaction for photosynthetic CO, assimilation is the binding of
atmospheric CO, to the acceptor ribulose 1,5-bisphosphate (RuBP) to form
two molecules of 3-phosphoglycerate. The reaction is very exergonic (AG"/
—35 kJ/mol) and therefore virtually irreversible. It is catalyzed by the enzyme
ribulose bisphosphate carboxylase/oxygenase (abbreviated RubisCO), so
called because the same enzyme also catalyzes a side-reaction in which the
ribulose bisphosphate reacts with O, (Fig. 6.4).

O _0°
Carboxylase \(‘3/
|‘-| co, 2 % H*C‘i*OH
H=C-0—PO3 H-C-0-PO3®
o=C H
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H O H=C-OH +  H-C-0-POI°
H
3-Phospho- 2-Phospho-
glycerate glycolate

Figure 6.5 shows the reaction sequence of the carboxylase reaction. Keto-
enol isomerization of RuBP yields an enediol, which reacts with CO, to form
the intermediate 2-carboxy 3-ketoarabinitol 1,5-bisphosphate, which is
cleaved to two molecules of 3-phosphoglycerate. In the oxygenase reaction,
an unavoidable by-reaction, probably O, reacts in a similar way as CO, with
the enediol to form a peroxide as an intermediate. In a subsequent cleavage
of the O, adduct, one atom of the O, molecule is released in the form
of water and the other is incorporated into the carbonyl group of 2-
phosphoglycolate (Fig. 6.6). The final products of the oxygenase reaction
are 2-phosphoglycolate and 3-phosphoglycerate.

Ribulose bisphosphate-carboxylase/oxygenase is the only enzyme that
enables the fixation of atmospheric CO, for the formation of biomass. This
enzyme is therefore a prerequisite for the existence of the present life on
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Figure 6.5 Reaction sequence in the carboxylation of RuBP by RubisCO. For

the sake of simplicity, —PO;> is symbolized as —P. An enediol, formed by keto-
enol-isomerization of the carbonyl group of the RuBP (A), allows the nucleophilic
reaction of CO, with the C-2 atom of RuBP by which 2-carboxy 3-ketoarabinitol 1,5-
bisphosphate (B) is formed. After hydration (C), the bond between C-2 and C-3 is
cleaved and two molecules of 3-phosphoglycerate are formed (D).

earth. In plants and cyanobacteria it consists of eight identical large sub-
units (depending on the species of a molecular mass of 51-58 kDa) and eight
identical small subunits (molecular mass 12-18 kDa). With its 16 subunits,
RubisCO is one of the largest enzymes in nature. In plants the genetic infor-
mation for the large subunit is encoded in the plastid genome and for the
small subunit in the nucleus. Each large subunit contains one catalytic center.
The function of the small subunits is not yet fully understood. It has been
proposed that the eight small subunits stabilize the complex of the eight
large subunits. The small subunit apparently is not essential for the process
of CO, fixation per se. RubisCO occurs in some phototrophic purple
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Figure 6.6 Part of the reaction sequence in the oxygenation of RuBP as catalyzed by
RubisCO.

bacteria as a dimer only of large subunits, and the catalytic properties of the
corresponding bacterial enzymes are not basically different from those in
plants. The one difference in these bacterial enzymes, which consist of only
two large subunits, is that the ratio between oxygenase and carboxylase
activity is higher than in the plant enzyme, which is made up of eight large
and eight small subunits.

The oxygenation of ribulose bisphosphate:
a costly side-reaction

Although the CO, concentration required for half saturation of the enzyme
(Ky [COy)) 1s much lower than that of O, (Ky [O,]) (Table 6.1), the velocity
of the oxygenase reaction is very high since the concentration of O, in air
amounts to 21% and that of CO, to only 0.035%. Moreover, the CO, con-
centration in the gaseous space of the leaves can be considerably lower than
the CO, concentration in the outside air. For these reasons, the ratio of oxy-
genation to carboxylation during photosynthesis of a leaf at 25°C is mostly
in the range of 1:4 to 1: 2. This means that every third to fifth ribulose 1,5-
bisphosphate molecule is consumed in the side-reaction. When the tempera-
ture rises, the CO,/O, specificity (Table 6.1) decreases, and as a consequence,
the ratio of oxygenation to carboxylation increases. On the other hand, a
rise in the CO, concentration in the atmosphere lowers oxygenation, which
in many cases leads to higher plant growth.

It will be shown in Chapter 7 that recycling of the by-product 2-
phosphoglycolate, produced in very large amounts, is a very costly process
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Table 6.1: Kinetic properties of ribulose bisphosphate carboxylase/oxygenase
(RubisCO) at 25°C

Substrate concentrations at half saturation of the enzyme
KM[COQ] . 9}lm0|/|_*
KulO2] . 535umol/L*
Kuw(RuBP) : 28umol/L

Maximal turnover (related to one subunit)
Kcat [CO,] 3.3s7"
Kcat [O,] 2.4s™

e Kcat[COQ]/Kcat[Oz])
f = =82
CO2/02 specificity ( KM[COQ] KM[OQ] 8

* For comparison:
In equilibrium with air (0.085% = 350ppm CO,, 21% O,) the concentrations in
water at 25°C amount to

CO, : 11umol/L

O, . 253umol/L

(Data from Woodrow and Berry, 1988).

for plants. This recycling process requires a metabolic chain with more than
10 enzymatic reactions distributed over three different organelles (chloro-
plasts, peroxisomes, and mitochondria), as well as very high energy con-
sumption. Section 7.5 describes in detail that about a third of the photons
absorbed during photosynthesis of a leaf are consumed to reverse the con-
sequences of oxygenation.

Apparently evolution has not been successful in eliminating this costly
side-reaction of ribulose bisphosphate carboxylase. Between cyanobacteria
and higher plants the ratio in the activities of carboxylase and oxygenase of
RubisCO is increased by a factor of less than two. It seems as if we are
confronted here with a case in which the evolutionary refinement of a key
process of life has reached a limit set by the chemistry of the reaction. The
reason is probably that early evolution of the RubisCO occurred at a time
when there was no oxygen in the atmosphere. A comparison of the RubisCO
proteins from different organisms leads to the conclusion that RubisCO was
already present about three and a half billion years ago, when the first
chemolithotrophic bacteria evolved . When more than one and a half billion
years later, due to photosynthesis, oxygen appeared in the atmosphere in
higher concentrations, the complexity of the RubisCO protein probably
made it too difficult to change the catalytic center to eliminate oxygenase
activity. Experimental results support this notion. A large number of exper-
iments, in which genetic engineering was employed to obtain site-specific
mutations of the amino acid sequence in the region of the active center of
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RubisCO, were unable to improve the ratio between the activities of car-
boxylation to oxygenation. The only chance of lowering oxygenation by
molecular engineering may lie in simultaneously exchanging several amino
acids in the catalytic binding site of RubisCO, which would be an extremely
unlikely event in the process of evolution. Section 7.7 will show how plants
make a virtue of necessity, and use the energy-consuming oxygenation to
eliminate surplus NADPH and ATP produced by the light reaction.

Ribulose bisphosphate carboxylase/oxygenase: special features

The catalysis of the carboxylation of RuBP by RubisCO is very slow (Table
6.1): the turnover number for each subunit amounts to 3.3 s™\. This means
that at substrate saturation only about three molecules of CO, and RuBP
are converted per second at a catalytic site of RubisCO. In comparison, the
turnover numbers of dehydrogenases and carbonic anhydrase are on the
order of 10°s™ and 10° s™. Because of the extremely low turnover number
of RubisCO, very large amounts of enzyme protein are required to catalyze
the fluxes required for photosynthesis. RubisCO can amount to 50% of the
total soluble proteins in leaves. The wide distribution of plants makes
RubisCO by far the most abundant protein on earth. The concentration of
the catalytic large subunits in the chloroplast stroma is as high as 4-10 x
10~ mol/L. A comparison of this value with the aqueous concentration of
CO, in equilibrium with air (at 25°C about 11-107° mol/L) shows the abnor-
mal situation in which the concentration of an enzyme is up to 1,000 times
higher than the concentration of the substrate CO, and is at a similar con-
centration as the substrate RuBP.

Activation of ribulose bisphosphate carboxylase/oxygenase

All the large subunits of RubisCO contain a lysine in position 201 of their
sequence of about 470 amino acids. RubisCO is active only when the &-
amino group of this lysine reacts with CO, to form a carbamate (carbonic
acid amide), to which an Mg*" ion is bound (Fig. 6.7). The activation is due
to a change in the conformation of the protein of the large subunit. The
active conformation is stabilized by the complex formation with Mg**". This
carbamylation is a prerequisite for the activity of all known RubisCO pro-
teins. It should be noted that the CO, bound as carbamate is different from
the CO, that is a substrate of the carboxylation reaction of RubisCO.

The activation of RubisCO requires ATP and is catalyzed by the enzyme
RubisCO activase. The noncarbamylated, inactive form of RubisCO binds
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RuBP very tightly, resulting in a blockage of the enzyme. Upon the con-
sumption of ATP, the activase releases the tightly bound RuBP and thus
enables the carbamylation of the free enzyme. The regulation of RubisCO
activase is discussed in section 6.6.

RubisCO is inhibited by several hexose phosphates and by 3-phospho-
glycerate, which all bind to the active site instead of RuBP. A very strong
inhibitor is 2-carboxyarabinitol 1-phosphate (CA1P) (Fig. 6.8). This sub-
stance has a structure very similar to that of 2-carboxy 3-ketoarabinitol 1,5-
bisphosphate (Fig. 6.5), which is an intermediate of the carboxylation
reaction. CA1P has a 1,000-fold higher affinity than RuBP for the RuBP
binding site of RubisCO. In a number of species, CA1P accumulates in the
leaves during the night, blocking a large number of the binding sites of
RubisCO and thus inactivating the enzyme. During the day, CAIP is
released by RubisCO activase and is degraded by a specific phosphatase,
which hydrolyzes the phosphate residue from CA1P and thus eliminates the
effect of the RubisCO inhibitor. CA1P is synthesized from fructosel.6-
bisphosphate with the hexosephosphates hamamelose bisphosphate and
hamamelose monophosphate as intermediary substances. Since CAIP is
not formed in all plants, its role in the regulation of RubisCO is still a matter
of debate.
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Figure 6.7 RubisCO is
activated by the
carbamylation of a lysine
residue.

Figure 6.8
2-Carboxyarabinitol 1-
phosphate, an inhibitor of
RubisCO.
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6.3 The reduction of 3-phosphoglycerate
yields triose phosphate

For the synthesis of dihydroxyacetone phosphate, the carboxylation product
3-phosphoglycerate is phosphorylated to 1,3-bisphosphoglycerate by the
enzyme phosphoglycerate kinase. In this reaction, with the consumption of
ATP, a mixed anhydride is formed between the new phosphate residue and
the carboxyl group (Fig. 6.9). As the free energy for the hydrolysis of this
anhydride is similarly high to that of the phosphate anhydride in ATP, the
phosphoglycerate kinase reaction is reversible. An isoenzyme of the chloro-
plast phosphoglycerate kinase is also involved in the glycolytic pathway pro-
ceeding in the cytosol, where it catalyzes the formation of ATP from ADP
and 1,3-bisphosphoglycerate.

The reduction of 1,3-bisphosphoglycerate to D-glyceraldehyde 3-
phosphate is catalyzed by the enzyme glyceraldehyde phosphate dehydroge-
nase (Fig. 6.9). A thioester is formed as an intermediate of this reaction by
the exchange of the phosphate residue at the carboxyl group for an SH-
group of a cysteine residue in the active center of the enzyme (Fig. 6.10).
The free energy for the hydrolysis of the so formed thioester is similarly high
to that of the anhydride (“energy-rich bond”). When a thioester is reduced,
a thio-semiacetal is formed which has a low free energy of hydrolysis.

Through the catalysis of phosphoglycerate kinase and glyceraldehyde
phosphate dehydrogenase, the large difference in redox potentials between

NADP-Glycerin-
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ATP ADP NADPH + H® NADP®
H
o o 206
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Figure 6.9 Conversion of 3-phosphoglycerate to triose phosphate.
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the aldehyde and the carboxylate in the reduction of 3-phosphoglycerate
to glyceraldehyde phosphate is overcome by the consumption of ATP.
It is therefore a reversible reaction. A glyceraldehyde phosphate dehy-
drogenase in the cytosol catalyzes the conversion of glyceraldehyde phos-
phate to 1,3-bisphosphoglycerate. In contrast to the cytosolic enzyme,
which mainly catalyzes the oxidation of glyceraldehyde phosphate with
NAD* as hydrogen acceptor, the chloroplast enzyme uses NADPH as a
hydrogen donor.

This is an example of the different roles that the NADH/NAD" and
NADPH/NADP* systems play in the metabolism of eukaryotic cells.
Whereas the NADH system is specialized in collecting reducing equivalents
to be oxidized for the synthesis of ATP, the NADPH system mainly gathers
reducing equivalents to be donated to synthetic processes. Figuratively
speaking, the NADH system has been compared with a hydrogen low
pressure line through which reducing equivalents are pumped off for
oxidation to generate energy, and the NADPH system as a hydrogen high
pressure line through which reducing equivalents are pressed into synthesis
processes. Usually the reduced/oxidized ratio is about 100 times higher for
the NADPH system than for the NADH system. The relatively high degree
of reduction of the NADPH system in chloroplasts (about 50-60% reduced)
allows the very efficient reduction of 1,3-bisphosphoglycerate to glyceralde-
hyde-3-phosphate.

Triose phosphate isomerase catalyzes the isomerization of glyceraldehyde
phosphate to dihydroxyacetone phosphate. This conversion of an aldose to
a ketose proceeds via an 1,2-enediol as intermediate and is basically similar
to the reaction catalyzed by ribose phosphate isomerase. The equilibrium of
the reaction lies toward the ketone. Triose phosphate as a collective term,
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Figure 6.10 Reaction
sequence catalyzed by
glyceraldehyde phosphate
dehydrogenase. H-S-enzyme
symbolizes the sulthydryl
group of a cysteine residue
in the active center of the
enzyme.



176

Figure 6.11 Five-sixths of
the triose phosphate
formed by photosynthesis is
required for the
regeneration of ribulose
1,5-bisphosphate. One
molecule of triose
phosphate represents the
net product and can be
utilized by the chloroplast
or exported.
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therefore, consists of about 96% of dihydroxyacetone phosphate and only
4% glyceraldehyde phosphate.

6.4 Ribulose bisphosphate is regenerated
from triose phosphate

From the fixation of three molecules of CO, in the Calvin cycle, six mole-
cules of phosphoglycerate are formed and are converted to six molecules of
triose phosphate (Fig. 6.11). Of these, only one molecule of triose phosphate
is the actual gain, which is provided to the cell for various biosynthetic
processes. The remaining five triose phosphates are needed to regenerate
three molecules of ribulose bisphosphate so that the Calvin cycle can con-
tinue. Figure 6.12 shows the metabolic pathway for the conversion of the
five triose phosphates (white boxes) to three pentose phosphates (red boxes).
The two trioses dihydroxyacetone phosphate and glyceraldehyde phos-
phate are condensed in a reversible reaction to fructose 1,6-bisphosphate, as
catalyzed by the enzyme aldolase (Fig. 6.13). Figure 6.14 shows the reaction
mechanism. As an intermediate of this reaction, a protonated Schiff base is
formed between a lysine residue in the active center of the enzyme and the
keto group of the dihydroxyacetone phosphate. This Schiff base enhances
the release of a proton from the C-3 position and enables a nucleophilic reac-
tion with the C-atom of the aldehyde group of glyceraldehyde phosphate.
Fructose 1,6-bisphosphate is hydrolyzed in an irreversible reaction to fruc-
tose 6-phosphate, as catalyzed by fructose 1,6 bisphosphatase (Fig. 6.15).

3Co,
3 Ribulose 1,5- 6 3-Phospho-
bisphosphate glycerate
1 Triose
phosphate
5 Triose
phosphate

Inner chloroplast
envelope
membrane
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Glyceraldehyde P Dihydroxyacetone P
Cs Cs

Fructose 1,6-bisphosphate

P
Fructose 6-P Glyceraldehyde P
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Dihydroxyacetone P Erythrose 4-P Xylulose 5-P
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Sedoheptulose 1,7-bisphosphate

P
Glyceraldehyde P Sedoheptulose 7-P
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The enzyme transketolase transfers a carbohydrate residue with two
carbon atoms from fructose 6-phosphate to glyceraldehyde 3-phosphate
yielding, xylulose 5-phosphate, and erythrose 4-phosphate in a reversible
reaction (Fig. 6.16). In this reaction, thiamine pyrophosphate (Fig. 5.5),
already discussed as a reaction partner of pyruvate oxidation (section 5.3),
is involved as the prosthetic group (Fig. 6.17).

Once more aldolase (Fig. 6.13) catalyzes a condensation, this time of
erythrose 4-phosphate with dihydroxyacetone phosphate to form sedohep-
tulose 1,7-bisphosphate. Subsequently, the enzyme sedoheptulose 1,7-
bisphosphatase catalyzes the irreversible hydrolysis of sedoheptulose
1,7-bisphosphate. This reaction is similar to the hydrolysis of fructose
1,6-bisphosphate, although the two reactions are catalyzed by different
enzymes. Again, a carbohydrate residue with two C-atoms is transferred
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Figure 6.12 Reaction
chain for the conversion of
five molecules of triose
phosphate to three
molecules of pentose
phosphate.
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Figure 6.13 Aldolase
catalyzes the condensation
of dihydroxyacetone
phosphate with the aldoses
glyceraldehyde 3-phosphate
or erythrose 4-phosphate.
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by transketolase from sedoheptulose 7-phosphate to dihydroxyacetone
phosphate and this forms ribose 5-phosphate and xylulose 5-phosphate
(Fig. 6.16).

The three pentose phosphates formed are now converted to ribulose 5-
phosphate (Fig. 6.18). The conversion of xylulose 5-phosphate is catalyzed
by ribulose phosphate epimerase; this reaction proceeds via a keto-enol iso-
merization with a 2,3-enediol as the intermediary product. The conversion
of the aldose ribose 5-phosphate to the ketose ribulose 5-phosphate is cat-
alyzed by ribose phosphate isomerase, again via an enediol as intermediate,
although in the 1,2-position. The three molecules of ribulose 5-phosphate
formed in this way are converted to the CO, acceptor ribulose
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Fructose 1,6-bisphosphate
or sedoheptulose 1,7-bisphosphate
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Figure 6.14 Pathway of the aldolase reaction. Dihydroxyacetone phosphate forms a
Schiff base with the terminal amino group of a lysine residue of the enzyme protein.
The positive charge at the nitrogen atom favors the release of a proton at C-3, and
thus a carbanion is formed. In one mesomeric form of the glyceraldehyde phosphate,
the C-atom of the aldehyde group is positively charged. This enables condensation
between this C-atom and the negatively charged C-3 of the dihydroxyacetone
phosphate. After condensation, the Schiff base is cleaved again and fructose 1,6-
bisphosphate is released. Sedoheptulose 1,7-bisphosphate is formed by the same
enzyme from reaction with erythrose 4-phosphate. The aldolase reaction is reversible.

1,5-bisphosphate upon consumption of ATP by ribulose-phosphate kinase
(Fig. 6.19). This kinase reaction is irreversible, since a phosphate is converted
from the “energy-rich” anhydride in the ATP to a phosphate ester with a
low free energy of hydrolysis.
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Figure 6.17 Mechanism of the transketolase reaction. The enzyme contains as a
prosthetic group thiamine pyrophosphate with a thiazole ring as the reactive
component. The positive charge of the N-atom in this ring enhances the release of a
proton at the neighboring C-atom, resulting in a negatively charged C-atom
(carbanion), to which the partially positively charged C-atom of the keto group of the
substrate is bound. The positively charged N-atom of the thiazole favors the cleavage
of the carbon chain, and the carbon atom in position 2 becomes a carbanion. The
reaction mechanism is basically the same as that of the aldolase reaction in Figure
6.14. The C, carbohydrate moiety bound to the thiazole is transferred to the C-1
position of the glyceraldehyde 3-phosphate.
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Figure 6.18 The
conversion of xylulose 5-
phosphate and ribose 5-
phosphate to ribulose
S-phosphate. In both cases
a cis-enediol is formed as
the intermediate.

Figure 6.19 Ribulose
phosphate kinase catalyzes
the irreversible formation
of ribulose 1,5-
bisphosphate.
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The scheme in Figure 6.20 gives a summary of the various reactions of Figure 6.20 The Calvin
the Calvin cycle. There are four irreversible steps in the cycle, marked by cycle (reductive pentose
bold arrows: carboxylation, hydrolysis of fructose bisphosphate, hydrolysis pggzp}ﬁztz'pl;‘;hwa}’)' P,
of sedoheptylose bisphosphate, and phosph(?ryla'tion of ribulose 5-phos- Eispff)osph;te.)
phate. Fixation of one molecule of CO, requires in total two molecules of

NADPH and three molecules of ATP.

6.5 Besides the reductive pentose phosphate
pathway there 1s also an oxidative
pentose phosphate pathway

Besides the reductive pentose phosphate pathway discussed in the preceding

section, the chloroplasts also contain the enzymes of an oxidative pentose
phosphate pathway. This pathway, which occurs in both the plant and
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Figure 6.21 Oxidative Glucose 6-phosphate
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animal kingdoms, oxidizes a hexose phosphate to a pentose phosphate with
the release of one molecule of CO,. This pathway provides NADPH as “high
pressure hydrogen” for biosynthetic processes. Figure 6.21 shows the
pathway. Glucose 6-phosphate is first oxidized by glucose 6-phosphate dehy-
drogenase to 6-phosphogluconolactone (Fig. 6.22). This reaction is highly
exergonic and therefore is not reversible. 6-Phosphogluconolactone, an
internal ester, is hydrolyzed by lactonase. The gluconate 6-phosphate thus
formed is oxidized by the enzyme gluconate 6-phosphate dehydrogenase
to ribulose 5-phosphate. In this reaction, CO, is released and NADPH
is formed.

In the oxidative pathway, xylulose 5-phosphate is formed from ribulose
5-phosphate by ribulose phosphate epimerase and from ribose 5-phosphate
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Glucose 6-phosphate Gluconate 6-phosphate Figure 6.22  The two

dehydrogenase Lactonase dehydrogenase oxidation reactions of the
pentose phosphate pathway.
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by ribose-phosphate isomerase. These two products are then converted
by transketolase to sedoheptulose 7-phosphate and glyceraldehyde 3-
phosphate. This reaction sequence is a reversal of the reductive pentose
phosphate pathway. The further reaction sequence is a special feature of the
oxidative pathway: Transaldolase transfers a nonphosphorylated C; residue
from sedoheptulose 7-phosphate to glyceraldehyde 3-phosphate, forming
fructose 6-phosphate and erythrose 4-phosphate (Fig. 6.23). The reaction
mechanism is basically the same as in the aldolase reaction (Fig. 6.13), with
the only difference being that after the cleavage of the C-C bond, the remain-
ing C; residue continues to be bound to the enzyme via a Schiff base, until
it is transferred. Erythrose 4-phosphate reacts with another xylulose 5-
phosphate via transketolase to form glyceraldehyde 3-phosphate and fruc-
tose 6-phosphate. In this way two hexose phosphates and one triose phos-
phate are formed from three pentose phosphates:

3CsP22Cs-P+1C5-P

This reaction chain is reversible. It allows the cell to provide ribose 5-phos-
phate for nucleotide biosynthesis even when no NADPH is required.

In the oxidative pathway, two molecules of NADPH are gained from the
oxidation of glucose 6-phosphate with the release of one molecule of CO,,
whereas in the reductive pathway the fixation of one molecule of CO,
requires not only two molecules of NADPH but also three molecules of ATP
(Fig. 6.24). This expenditure of energy makes it possible for the reductive



H
H-C-OH
c=0
Ho—C—H
H-C—OH
H-C—OH
H-C-OH
H*%*O*C)

H

Sedoheptulose
7-phosphate

NADPH + H®

NADP®

Gluconate
6-phosphate

NADPH + H®

NADP®

186

Transaldolase

I
H—C—-OH
H
(‘::lglenzyme
HO-C-H
e —— |
® © ®
H-C-0 H R
(&)
—= | H-C-oH H\e-0
H-C-OH H*é*OH
! \
H-c-0-® H-C-0-®
L H | H
Glyceraldehyde

3-phosphate

4-phosphate

H
Hfé*OH
¢=o
#° HO*é*H
HCOH + H*%*OH
H,é,OH H-C-OH
H*?*OACD H*?*O*C)
H H
Erythrose Fructose

6-phosphate

Figure 6.23 Transaldolase catalyzes the transfer of the C; residue from a ketone to an
aldehyde. The reaction is reversible. The reaction mechanism is the same as with
aldolase, with the difference that after the cleavage of the C-C bond the C;-residue
remains bound to the enzyme and is released only after the transfer to glyceraldehyde
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A simultaneous operation of the reductive and the oxidative pentose
phosphate pathway would result in a futile, ATP wasting cycle.
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pentose phosphate pathway to proceed in the opposite direction to the
oxidative pathway with a very high flux rate.

6.6 Reductive and oxidative pentose
phosphate pathways are regulated

The enzymes of the reductive as well as the oxidative pentose phosphate
pathways are located in the chloroplast stroma (Fig. 6.24). A simultaneous
operation of both metabolic pathways, in which one molecule of CO, is
reduced to a carbohydrate residue at the expense of three ATP and two
NADPH, which would then be reoxidized by the oxidative pathway to CO,,
yielding two molecules of NADPH, would represent a futile cycle in which
three molecules of ATP are wasted in each turn. This is prevented by meta-
bolic regulation, which ensures that key enzymes of the reductive pentose
phosphate pathway are active only during illumination and switched off in
darkness, whereas the key enzyme of the oxidative pentose phosphate
pathway is active only in the dark.

Reduced thioredoxins transmit the signal for “illumination”
to enzyme proteins

An important signal for the state “illumination” is provided by photosyn-
thetic electron transport as reducing equivalents in the form of reduced
thioredoxin (Fig. 6.25). These reducing equivalents are transferred from
ferredoxin to thioredoxin by the enzyme ferredoxin-thioredoxin reductase, an
iron sulfur protein of the 4Fe4S type.

Thioredoxins form a family of small proteins, consisting of about 100
amino acids, which contain as a reactive group the sequence Cys-Gly-Pro-
Cys, located at the periphery of the protein. Due to the neighboring cys-
teine groups, the thioredoxin can be present in two redox states: the reduced
thioredoxin with two SH-groups and the oxidized thioredoxin in which the
two cysteines are linked by a disulfide (S-S) bond.

Thioredoxins are found in all living organisms from the archaebacteria
to plants and animals. They function as protein disulfide oxido-reductases, in
reducing disulfide bonds in target proteins to the SH form and reoxidizing
them again to the S-S form. Despite their small size, they have a relatively
high substrate specificity. Thioredoxins participate as redox carriers in the
reduction of high as well as low molecular substances [e.g., the reduction of
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Figure 6.25 The light
regulation of chloroplast
enzymes is mediated by
reduced thioredoxin.
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ribonucleotides to deoxyribonucleotides; the reduction of sulfate, a process
occurring in plants and microorganisms (section 12.1); and the reductive
activation of seed proteins during germination]. An abundance of other
processes are known in which thioredoxins play an essential role, for
instance, the assembly of bacteriophages and hormone action or the blood-
clotting process in animals. The involvement of thioredoxins in the light
regulation of chloroplast enzymes may be looked upon as a special function
in addition to their general metabolic functions.

The chloroplast enzymes ribulose phosphate kinase, sedoheptulose 1,7-bis-
phosphatase and the chloroplast isoform of fructose 1,6-bisphosphatase are
converted from an inactive state to an active state by reduced thioredoxin
and are thus switched on by light. This also applies to other chloroplast
enzymes such as NADP-malate-dehydrogenase (section 7.3) and F-ATPase
(section 4.4). Reduced thioredoxin also converts RubisCO-activase (section
6.2) and NADP glyceraldehyde phosphate dehydrogenase contained in the
chloroplasts from a less active state to a more active state. On the other hand,
reduced thioredoxin inactivates glucose 6-phosphate dehydrogenase, the first
enzyme of the oxidative pentose phosphate pathway.
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The thioredoxin modulated activation of chloroplast enzymes
releases an inbuilt blockage

Important knowledge of the mechanism of thioredoxin action on the
chloroplast enzymes has been obtained from comparison with the corre-
sponding isoenzymes from other cellular compartments. Isoenzymes of
chloroplast fructose 1,6-bisphosphatase and malate dehydrogenase exist in
the cytosol and are not regulated by thioredoxin. This also applies to F-
ATPase in the mitochondria. A comparison of the amino acid sequences
shows that at least in some cases the chloroplast isoenzymes possess addi-
tional sections at the end or in an inner region of their sequence, containing
two cysteine residues (Fig. 6.26). The SH-groups of these cysteine residues
can be converted by oxidation to a disulfide and represent the substrate for
the protein disulfide oxidoreductase activity of thioredoxin.

The isoenzymes that are not regulated by thioredoxin, and therefore do
not contain these additional sequences, often have a higher activity than the
isoenzymes regulated by thioredoxin. An exchange of the cysteine residues
involved in the regulation for other amino acids by genetic engineering
(Chapter 22) resulted in enzymes that were fully active in the absence of
reduced thioredoxin. Under oxidizing conditions, the enzymes regulated by
thioredoxin are forced by the formation of a disulfide bridge into a confor-
mation in which the catalytic center is inactivated. The reduction of this
disulfide bridge by thioredoxin releases this blockage and the enzyme protein
is converted to a relaxed conformation in which the catalytic center is active.

The light activation discussed so far is not an all or nothing effect. It is
due to a continuous change between the thioredoxin-mediated reduction of
the enzyme protein and its simultaneous oxidation by oxygen. The degree
of activation of the enzyme depends on the rate of reduction. This is due
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Figure 6.26 In contrast to
the non-plastid isoenzymes,
several thioredoxin-
modulated chloroplast
enzymes contain additional
sections in the sequence
(marked red) in which two
cysteine residues are
located (After Scheibe
1990).
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not only to the degree of the reduction of thioredoxin (and thus to the degree
of reduction of ferredoxin), but also to the presence of metabolites. Thus
the reductive activation of fructose- and sedoheptulose bisphosphatase is
enhanced by the corresponding bisphosphates. These effectors cause a
decrease in the redox potential of the SH groups in the corresponding
enzymes, which enhances the reduction of the disulfide group by thiore-
doxin. In this way the activity of these enzymes increases when the concen-
tration of their substrates rises. On the other hand, the reductive activation
of NADP malate dehydrogenase is decreased by the presence of NADP".
This has the effect that the enzyme is active only at a high NADPH/NADP
ratio. In contrast, the oxidative activation of glucose 6-phosphate dehydro-
genase is enhanced by NADP and this increases the activity of the oxida-
tive pentose phosphate pathway when there is a demand for NADPH.

An abundance of further regulatory processes ensures that
the various steps of the reductive pentose phosphate pathway
are matched

An additional light regulation of the Calvin cycle is based on the effect of
light-dependent changes of the proton and Mg"™ concentrations in the
stroma on the activity of chloroplast enzymes. When isolated chloroplasts
are illuminated, the acidification of the thylakoid space (Chapter 3) is
accompanied by an alkalization and an increase in the Mg™ concentration
in the stroma. During a darklight transition, the pH in the stroma may
change from about pH 7.2 to 8.0. CO, fixation by isolated chloroplasts shows
an optimum at about pH 8.0 with a sharp decline toward the acidic range.
An almost identical pH dependence is found with the light-activated
enzymes fructose 1,6-bisphosphatase and sedoheptulose 1,7-bisphosphatase.
Moreover, the catalytic activity of both these enzymes is increased by the
light-dependent increase in the Mg*™ concentration in the stroma. The light
activation of these enzymes by the thioredoxin system, together with the
increase in enzyme activity by light-induced changes of the pH and Mg"™
concentration in the stroma, of which each alone results in an extensive inac-
tivation of the corresponding enzymes during darkness, is a very efficient
system for switching these enzymes on and off, according to demand.

The activities of several stromal enzymes are also regulated by metabo-
lite levels. The chloroplast fructose 1,6-bisphosphatase and sedoheptulose 1,7-
bisphosphatase are inhibited by their corresponding products, fructose
6-phosphate and sedoheptulose 7-phosphate, respectively. This can decrease
the activity of these enzymes when their products accumulate. Ribulose phos-
phate Kkinase is inhibited by 3-phosphoglycerate and also by ADP. Inhibition
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by ADP is important for coordinating the two kinase reactions of the reduc-
tive pentose phosphate pathway. Whereas ribulose phosphate kinase cat-
alyzes an irreversible reaction, the phosphoglycerate kinase reaction is
reversible. If both reactions were to compete for ATP in an unrestricted
manner, in the case of a shortage of ATP, the irreversible phosphorylation
of ribulose 5-phosphate would be at an advantage, resulting in an imbalance
of the Calvin cycle. A decrease in the activity of ribulose phosphate kinase
at an elevated level of ADP can prevent this.

Finally, one observes a strong inhibition of fructose 1,6-bisphosphatase
and of sedoheptulose 1,7-bisphosphatase by glycerate. As shown in section
7.1, glycerate is an intermediate in the recycling of phosphoglycolate formed
by the oxygenase activity of RubisCO. This inhibition allows the accumu-
lation of glycerate to slow down the regeneration of RuBP and its car-
boxylation, and thus also to lower the accompanying oxygenation resulting
in the formation of glycolate as the precursor of glycerate.

Also, RubisCO is subject to regulation. Experiments with whole leaves
demonstrated that the degree of the activation of RubisCO correlates
with the intensity of illumination and the rate of photosynthesis. The acti-
vation state of RubisCO is adjusted via a regulation of the RubisCO-
activase (section 6.2). RubisCO-activase is activated by reduced thioredoxin
and is also dependent on the ATP/ADP ratio. When there is rise in the
ATP/ADP ratio in the stroma, the activity of the activase also rises. It is
speculated that this is how the activity of RubisCO is adjusted to the supply
of ATP by the light reaction of photosynthesis. However, many observa-
tions suggest that this cannot be the only mechanism for a light regulation
of RubisCO. It has been suggested that RubisCO activase is regulated by
the light-dependent proton gradient across the thylakoid membrane. Fur-
thermore, the activity of RubisCO is inhibited by its product 3-phospho-
glycerate. In this way the activity of RubisCO could be decreased when its
product accumulates.

Figure 6.27 shows a scheme of the various factors that influence the reg-
ulation of the enzymes of the reductive and oxidative pentose pathways. An
abundance of regulatory processes ensures that the various steps of both
reaction chains are adjusted to each other and to the demand of the cell.
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Figure 6.27 Regulation of the reductive and oxidative pentose phosphate pathways.
Both pathways are represented in a simplified scheme. Only those enzymes for which
regulation has been discussed are highlighted. [+] increase and [-] decrease indicate an
activity caused by the factors marked in red, such as reduced thioredoxin (TR), light-
dependent alkalization (ApH), the increase in Mg™ concentration in the stroma and
the presence of metabolites. The regulation of RubisCO proceeds via a regulation of
the RubisCO activase.
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In the photorespiratory pathway
phosphoglycolate formed by the
oxygenase activity of RubisCo i1s
recycled

Section 6.2 described how large amounts of 2-phosphoglycolate are formed
as a by-product during CO, fixation by RubisCO, due to the oxygenase activ-
ity of this enzyme. In the photorespiratory pathway, discovered in 1972 by
the American scientist Edward Tolbert, the by-product 2-phosphoglycolate
is recycled to ribulose 1,5-bisphosphate. The term photorespiration indicates
that it involves oxygen consumption occurring in the light, which is accom-
panied by the release of CO,. Whereas in mitochondrial respiration (cell res-
piration; Chapter 5), the oxidation of substrates to CO, serves the purpose
of producing ATP, in the case of photorespiration ATP is consumed.

7.1 Ribulose 1,5-bisphosphate is recovered by
recycling 2-phosphoglycolate

Figure 7.1 gives an overview of the reactions of the photorespiratory
pathway and their localization. Recycling of 2-phosphoglycolate begins with
the hydrolytic release of phosphate by phosphoglycolate phosphatase present
in the chloroplast stroma (Fig. 7.2). The resultant glycolate leaves the chloro-
plasts by a specific translocator located in the inner envelope membrane and
enters the peroxisomes via nonspecific pores in the peroxisomal boundary
membrane, probably formed by a porin (section 1.11).
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Figure 7.1
Compartmentation of the
photorespiratory pathway.
This scheme does not show
the outer membranes of
the chloroplasts and
mitochondria, which are
nonspecifically permeable
for metabolites, due to the
presence of porins. T =
translocator. Translocators
for glycine and serine have
not been identified yet.

7 Phosphoglycolate formed by the oxygenase activity of RubisCo is recycled

-

~

CHLOROPLAST Ribulose
20, 1,5-bisphosphate
ADP
NHs _ _ ATP
2 Ferredoxin 2 Ferrgdoxm NADP®
reduced oxidized ADP + P
ATP ADP + P
2 2-Phospho- 3-Phospho- NADPH + H®
>—< glycolate glycerate ATP
a-Keto- ADP
glutarate ClmEmEE 2P
ATP
Malate \ 2 Glycolate Glycerate
= | /
T< >T_J
Malate
L ] L
/‘I r 1 r \
2 Glycolate Glycerate
20, NAD®
2H,0 < 2H,0, NADH + H®
+ 0, 2 Glyoxylate Hydroxypyruvate
 /
Glutamate
a-Ketoglutarate -
\ PEROXISOME 2 Glycine Serine /
2 Glycine Serine
NAD® NADH
MITOCHONDRIUM CO, + NH®
4

In the peroxisomes the alcoholic group of glycolate is oxidized to a car-
bonyl group in an irreversible reaction catalyzed by glycolate oxidase, result-
ing in the formation of glyoxylate. The reducing equivalents are transferred
to molecular oxygen forming H,O, (Fig. 7.2). Like other H,0O, forming
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oxidases, glycolate oxidase contains a flavin mononucleotide cofactor
(FMN, Fig. 5.16) as redox mediator between glycolate and oxygen. The
H,O, formed is converted to water and oxygen by the enzyme catalase
present in the peroxisomes. Thus, in total, 0.5 mol of O, is consumed for the
oxidation of one mole of glycolate to glyoxylate.

The glyoxylate formed is converted to the amino acid glycine by two dif-
ferent reactions proceeding in the peroxisome simultaneously at a 1 : 1 ratio.
The enzyme glutamate-glyoxylate aminotransferase catalyzes the transfer of
an amino group from the donor glutamate to glyoxylate. This enzyme also
reacts with alanine as the amino donor. In the other reaction, the enzyme
serine glyoxylate aminotransferase catalyzes the transamination of glyoxy-
late by serine. These two enzymes, like other aminotransferases, (e.g. gluta-
mate-oxaloacetate aminotransferase, see section 10.4) contain bound
pyridoxal phosphate with an aldehyde function as reactive group (Fig. 7.3).
Figure 7.4 shows the reaction sequence.

The glycine thus formed, leaves the peroxisomes via pores and is trans-
ported into the mitochondria. Although this transport has not yet been
characterized in detail, one would expect it to proceed via a specific translo-
cator. In the mitochondria two molecules of glycine are oxidized yielding
one molecule of serine with release of CO, and NH," and a transfer
of reducing equivalents to NAD" (Fig. 7.5). The oxidation of glycine is
catalyzed by the glycine decarboxylase-serine hydroxymethyltransferase
complex. This is a multi-enzyme complex, consisting of four different sub-
units (Fig. 7.7), which shows a great similarity to the pyruvate dehydroge-

Glyoxylate Glycine

Figure 7.2 Reaction
sequence for the conversion
of 2-phosphoglycolate to
form glycine.



198

0PO3*

Pyridoxal phosphate

Figure 7.3 Pyridoxal
phosphate.
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nase complex described in section 5.3. The so-called H-protein with the pros-
thetic group lipoic acid amide (Fig. 5.5) represents the center of the glycine
decarboxylase complex. Around this center are positioned the pyridoxal
phosphate-containing P-protein, the T-protein with a tetrahydrofolate (Fig.
7.6) as a prosthetic group, and the L-protein, also named dihydrolipoate-
dehydrogenase, which is identical to the dihydrolipoate-dehydrogenase of
the pyruvate and o-ketoglutarate dehydrogenase complex (Figs. 5.4 and 5.8).
Since the disulfide group of the lipoic acid amide in the H-protein is located
at the end of a flexible polypeptide chain (see also Fig. 5.4), it is able to react
with the three other subunits. Figure 7.7 shows the reaction sequence. The
enzyme serine hydroxymethyltransferase, which is in close proximity to the
glycine decarboxylase complex, catalyzes the transfer of the formyl residue
to another molecule of glycine to form serine.

The NADH produced in the mitochondrial matrix from glycine oxida-
tion can be oxidized by the mitochondrial respiratory chain in order to gen-
erate ATP. Alternatively, these reducing equivalents can be exported from
the mitochondria to other cell compartments, as will be discussed in section
7.3. The capacity for glycine oxidation in the mitochondria of green plant
cells is very high. The glycine decarboxylase complex of the mitochondria

oa-Amino acid Pyridoxal o-Keto acid Pyridoxamine
phosphate phosphate

CO0® (lzooe

H H
I | I

H—C—H, ¢+ O=C—@D c=o + HaN—C—~@)
H

Formation of A C Hydrolysis of
Schiff H20 H20  gschiff
base base
?009 H Shift of double bond ~ COO° T
[©] (©]
H—C —NIC—O@ < > C=N—C—.®
I H B I H
H

Figure 7.4 Reaction sequence of the aminotransferase reaction. The aldehyde group
of pyridoxal phosphate forms a Schiff base with the o-amino group of the amino acid
(in this case glutamate or serine) (A), which is subsequently converted to an isomeric
form (B) by a base-catalyzed movement of a proton. Hydrolysis of the isomeric Schiff
base results in the formation of an o-ketoacid (o-ketoglutarate or hydroxypyruvate),
and pyridoxamine remains (C). The amino group of this pyridoxamine then forms a
Schiff base with another o-ketoacid (in this case glyoxylate), and glycine is formed by
a reversal of the steps C, B, and A. Pyridoxal is thus regenerated and is available for
the next reaction cycle.
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can amount to 30% to 50% of the total content of soluble proteins. In mito-
chondria of non-green plant cells, however, the proteins of glycine oxida-
tion are present only in very low amounts or are absent.

Serine probably leaves the mitochondria via a specific translocator, pos-
sibly the same translocator by which glycine is taken up. After entering the
peroxisomes through pores, serine is converted to hydroxypyruvate by the
enzyme serine-glyoxylate aminotransferase mentioned previously (Fig. 7.8).
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Figure 7.5 Overall
reaction scheme for the
conversion of two
molecules of glycine to
form one molecule of
serine as catalyzed by the
glycine-decarboxylase
complex.

Figure 7.6
Tetrahydrofolate.
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Figure 7.8 Reaction sequence for the conversion of serine to form
3-phosphoglycerate.

At the expense of NADH, hydroxypyruvate is reduced by hydroxypyruvate
reductase to glycerate, which is released from the peroxisomes and imported
into the chloroplasts.

The uptake into the chloroplasts proceeds by the same translocator as
that catalyzing the release of glycolate from the chloroplasts (glycolate-
glycerate translocator). This translocator facilitates a glycolate-glycerate
counter-exchange as well as a co-transport of just glycolate with a proton.
In this way, the translocator enables the export of two molecules of glyco-
late from the chloroplasts in exchange for the import of one molecule of
glycerate. Glycerate is converted to 3-phosphoglycerate, consuming ATP by
glycerate kinase present in the chloroplast stroma. Finally, 3-phosphoglyc-
erate is reconverted to ribulose 1,5-bisphosphate via the reductive pentose
phosphate pathway (section 6.3, 6.4). These reactions complete the recycling
of 2-phosphoglycolate.

7.2 The NH," released in the
photorespiratory pathway is refixed
in the chloroplasts

Nitrogen is an important plant nutrient. Nitrogen supply is often a limiting
factor in plant growth. It is therefore necessary for the economy of plant
metabolism that the ammonium, which is released at very high rates in the
photorespiratory pathway during glycine oxidation, is completely refixed.
This refixation occurs in the chloroplasts. It is catalyzed by the same enzymes
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Figure 7.9 Reaction sequence for the fixation of ammonia with subsequent formation
of glutamate from o-ketoglutarate.

that participate in nitrate assimilation (Chapter 10). However, the rate of
NH," refixation in the photorespiratory pathway is 5 to 10 times higher than
the rate of NH," fixation in nitrate assimilation.

In a plant cell, chloroplasts and mitochondria are mostly in close prox-
imity to each other. The NH," formed during oxidation of glycine passes
through the inner membrane of the mitochondria and the chloroplasts.
Whether this passage occurs by simple diffusion or is facilitated by specific
translocators or ion channels is still a matter of debate. The enzyme gluta-
mine synthetase, present in the chloroplast stroma, catalyzes the transfer of
an ammonium ion to the d-carboxyl group of glutamate (Fig. 7.9) to form
glutamine. This reaction is driven by the conversion of one molecule of ATP
to ADP and P. In an intermediary step, the d-carboxyl group is activated by
reaction with ATP to form a carboxy-phosphate anhydride. Glutamine syn-



7.3 Peroxisomes have to be provided with external reducing equivalents

thetase has a high affinity for NH," and catalyzes an essentially irreversible
reaction. This enzyme has a key role in the fixation of NH," not only in
plants, but also in bacteria and animals.

The nitrogen fixed as amide in glutamine is transferred by reductive ami-
nation to o-ketoglutarate (Fig. 7.9). In this reaction, catalyzed by glutamate
synthase, two molecules of glutamate are formed. The reducing equivalents
are provided by reduced ferredoxin, which is a product of photosynthetic
electron transport (see section 3.8). In green plant cells, glutamate synthase
is located exclusively in the chloroplasts.

Of the two glutamate molecules thus formed in the chloroplasts, one
is exported by the glutamate-malate translocator in exchange for malate
and, after entering the peroxisomes, is available as a reaction partner for
the transamination of glyoxylate. The o-ketoglutarate thus formed is
re-imported from the peroxisomes into the chloroplasts by a malate-o-
ketoglutarate translocator, again in counter-exchange for malate.

7.3 For the reduction of hydroxypyruvate,
peroxisomes have to be provided with
external reducing equivalents

NADH is required as reductant for the conversion of hydroxypyruvate to
glycerate in the peroxisomes. Since leaf peroxisomes have no metabolic
pathway capable of delivering NADH at the very high rates required, per-
oxisomes are dependent on the supply of reducing equivalents from outside.

Reducing equivalents are taken up into the peroxisomes
via a malate-oxaloacetate shuttle

The cytosolic NADH system of a leaf cell is oxidized to such an extent
(NADH/NAD* = 107), that the concentration of NADH in the cytosol is
only about 10° mol/L. This very low concentration would not allow a dif-
fusion gradient to build up, which is large enough to drive the necessary high
diffusive fluxes of reducing equivalents in the form of NADH into the per-
oxisomes. Instead, the reducing equivalents are imported indirectly into the
peroxisomes via the uptake of malate and the subsequent release of oxaloac-
etate (this is termed a malate-oxaloacetate shuttle) (Fig. 7.10).

Malate dehydrogenase (Fig. 5.9), which catalyzes the oxidation of malate
to oxaloacetate in a reversible reaction, has a key function in this shuttle.
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Figure 7.10 Reaction scheme for the transfer of reducing equivalents from the
chloroplasts and the mitochondria to the peroxisomes. MDH: malate-dehydrogenase.

High malate dehydrogenase activity is found in the cytosol as well as in
chloroplasts, mitochondria, and peroxisomes. The malate dehydrogenases in
the various cell compartments are considered to be isoenzymes. They show
some differences in their structure and are encoded by different, but homol-
ogous genes. Apparently, these are all related proteins, which have derived
in the course of evolution from a common precursor. Whereas the NADH
system is the redox partner for malate dehydrogenases in the cytosol,
mitochondria and peroxisomes, the chloroplast isoenzyme reacts with the

NADPH system.



7.3 Peroxisomes have to be provided with external reducing equivalents

Mitochondria export reducing equivalents via a malate
oxaloacetate shuttle

In contrast to mitochondria from animal tissues, where the inner membrane
is impermeable for oxaloacetate, plant mitochondria contain in their inner
membrane a specific malate-oxaloacetate translocator, which transports
malate and oxaloacetate in a counter-exchange mode. Since the activity of
malate dehydrogenase in the mitochondrial matrix is very high, NADH
formed in mitochondria during glycine oxidation can be captured to reduce
oxaloacetate to form malate, for export by the malate-oxaloacetate shuttle.
This shuttle has a high capacity. As can be seen from Figure 7.1, the amount
of NADH generated in the mitochondria from glycine oxidation is equal to
that of NADH required for the reduction of hydroxypyruvate in the perox-
isomes. If all the oxaloacetate formed in the peroxisomes should reach the
mitochondria, the NADH generated from glycine oxidation would be totally
consumed in the formation of malate and would be no longer available to
support ATP synthesis by the respiratory chain. However, mitochondrial
ATP synthesis is required during photosynthesis to supply energy to the
cytosol of mesophyll cells. In fact, mitochondria deliver only about half the
reducing equivalents required for peroxisomal hydroxypyruvate reduction,
with the remaining portion being provided by the chloroplasts (Fig. 7.10).
Thus only about half of the NADH formed during glycine oxidation is cap-
tured by the malate-oxaloacetate shuttle for export, and the remaining
NADH is oxidized by the respiratory chain for synthesis of ATP.

A “malate valve” controls the export of reducing equivalents
from the chloroplasts

Chloroplasts are also able to export reducing equivalents by a malate-
oxaloacetate shuttle. Malate and oxaloacetate are transported across the
chloroplast inner envelope membrane via a specific translocator, in a
counter-exchange mode. Despite the high activity of the chloroplast malate-
oxaloacetate shuttle, a high gradient exists between the chloroplast and
cytosolic redox systems: The ratio NADPH/NADP" in chloroplasts is more
than 100 times higher than the corresponding NADH/NAD" ratio in the
cytosol. Whereas malate dehydrogenases usually catalyze a reversible equi-
librium reaction, the reduction of oxaloacetate by chloroplast malate dehy-
drogenase is virtually irreversible and does not reach equilibrium. This is
due to a regulation of chloroplast malate dehydrogenase.

Section 6.6 described how chloroplast malate dehydrogenase is activated
by thioredoxin and is therefore active only in the light. In addition to this,

205



206

Phospho-
glycerate
kinase

NADP®-
Glyceraldehyde
phosphate
dehydrogenase

Triose
phosphate
isomerase

7 Phosphoglycolate formed by the oxygenase activity of RubisCo is recycled

ATP

ADP
1,3-B
NADPH + H®

NADP® + p
Glycer

CHLOROPLAST STROMA CYTOSOL
3-Phosphoglycerate 3-Phosphoglycerate
A
ATP Phospho-
glycerate
ADP kinase
isphosphoglycerate 1,3-Bisphosphoglycerate
! NADH + H® | NAD® -
T Glyceraldehyde
phosphate
NAD® + P | dehydrogenase
aldehyde phosphate Glyceraldehyde phosphate
Triose
Triose-P Triose-P phosphate
isomerase
Dihydroxyacetone phosphate Dihydroxyacetone phosphate

Figure 7.11 Triose phosphate-3-phosphoglycerate shuttle operating between the
chloroplast stroma and the cytosol. In the chloroplast stroma triose phosphate is
formed from 3-phosphoglycerate at the expense of NADPH and ATP. Triose
phosphate is transported by the triose phosphate-phosphate translocator across the
inner envelope membrane in exchange for 3-phosphoglycerate. In the cytosol, triose
phosphate is reconverted to 3-phosphoglycerate with the generation of NADPH and
ATP.

increasing concentrations of NADP* inhibit the reductive activation of the
enzyme by thioredoxin. NADP" increases the redox potential of the regula-
tory SH-groups of malate dehydrogenase, and, as a result of this, the reduc-
tive activation of the enzyme by thioredoxin is lowered. Thus a decrease in
the NADP" concentration, which corresponds to an increase in the reduc-
tion of the NADPH/NADP* system, switches on chloroplast malate dehy-
drogenase. This allows the enzyme to function like a valve, through which
excessive reducing equivalents can be released by the chloroplasts to prevent
harmful overreduction of the redox carriers of the photosynthetic electron
transport chain. At the same time, this valve makes it possible for the chloro-
plasts to provide reducing equivalents for the reduction of hydroxypyruvate
in the peroxisomes and also for other processes [e.g., nitrate reduction in the
cytosol (section 10.1)].

An alternative way for exporting reducing equivalents from chloroplasts
to the cytosol is the triose phosphate-3-phosphoglycerate shuttle (Fig. 7.11).
By this shuttle, together with NADH also ATP is delivered to the cytosolic
compartment.



7.4 The peroxisomal matrix is a special compartment

7.4 The peroxisomal matrix is a special
compartment for the disposal of
toxic products

The question arises, why besides the chloroplasts, are two other organelles
involved in the recycling process of 2-phosphoglycolate? That mitochondria
are the site of the conversion of glycine to serine appears to have the advan-
tage that the respiratory chain can utilize the resultant NADH for the
synthesis of ATP. During the conversion of glycolate to glycine, two toxic
intermediates are formed: glyoxylate and H,0,. In isolated chloroplasts,
photosynthesis is completely inhibited by the addition of low concentrations
of H,0, or glyoxylate. The inhibitory effect of H,O, is due to the oxidation
of SH-groups in thioredoxin-activated enzymes of the reductive pentose
phosphate pathway (section 6.6), resulting in their inactivation. Glyoxylate,
a very reactive carbonyl compound, also has a strong inhibitory effect on
thioredoxin activated enzymes by also reacting with their SH-groups. Gly-
oxylate also inhibits RubisCO. Compartmentalization of the conversion of
glycolate to glycine in the peroxisomes serves the purpose of eliminating the
toxic intermediate products glyoxylate and H,0O, at the site of their forma-
tion, so that they do not invade other cell compartments.

How is such a compartmentalization possible? Compartmentalization of
metabolic processes in other cell compartments (e.g., the chloroplast stroma
or the mitochondrial matrix), is due to separating membranes, which contain
specific translocators for the passage of certain metabolites, but are imper-
meable to metabolic intermediates present in these different compartments.
This principle, however, does not apply to the compartmentalization of gly-
colate oxidation, since membranes are normally quite permeable to H,0O, as
well as to glyoxylate. For this reason, a boundary membrane would be
unable to prevent these substances from escaping from the peroxisomes.

The very efficient compartmentalization of the conversion in the perox-
isomes of glycolate to glycine, and of serine to glycerate is due to specific
properties of the peroxisomal matrix. When the boundary membrane of
chloroplasts or mitochondria is disrupted (e.g., by suspending the organelles
for a short time in pure water to cause an osmotic shock), the proteins of
the stroma or the matrix, respectively, which are all soluble, are released from
these disrupted organelles. However, in peroxisomes, after disruption of the
boundary membrane, the peroxisomal matrix proteins remain aggregated in
the form of particles of a size similar to peroxisomes, and the compart-
mentalization of the peroxisomal reactions is maintained. Glyoxylate, H,O,,
and hydroxypyruvate, intermediates of peroxisomal metabolism, are not
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released from these particles in the course of glycolate oxidation. Appar-
ently, the enzymes of the photorespiratory pathway are arranged in the per-
oxisomal matrix in the form of a multienzyme complex, by which the product
of one enzymatic reaction binds immediately to the enzyme of the follow-
ing reaction and is therefore not released.

This process, termed metabolite channeling, probably occurs not only in
the peroxisomal matrix but also may occur in a similar orderly manner in
other metabolic pathways [e.g., the Calvin cycle in the chloroplast stroma,
(Chapter 6)]. It seems to be a special feature of the peroxisomes, however,
that such an enzyme complex remains intact after disruption of the bound-
ary membrane. This may be a protective function to avoid the escape of gly-
colate oxidase after eventual damage to the peroxisomal membrane. An
escape of glycolate oxidase would result in glycolate being oxidized outside
the peroxisomes and poisoning the cell because of the accumulation of the
products glyoxylate and H,O, in the cytosol.

For any glyoxylate and hydroxypyruvate leaking out of the peroxisomes
despite metabolite channeling, rescue enzymes that are present in the cytosol
use NADPH to convert glyoxylate to glycolate (NADPH-glyoxylate-
reductase) and hydroxypyruvate to glycerate (NADPH-hydroxypyruvate
reductase). Moreover, glyoxylate can be also eliminated by an NADPH-
glyoxylate-reductase present in the chloroplasts.

7.5 How high are the costs of the ribulose
bisphosphate oxygenase reaction for
the plant?

On the basis of the metabolic schemes in Figures 6.20 and 7.1, the expen-
diture in ATP and NADPH (respectively the equivalent of two reduced
ferredoxins) for oxygenation and carboxylation of RuBP by RubisCO is
listed in Table 7.1. The data illustrate that the consumption of ATP and
NADPH, required to compensate the consequences of oxygenation, is much
higher than the ATP and NADPH expenditure for carboxylation. Whereas
in CO, fixation the conversion of CO, to triose phosphate requires three
molecules of ATP and two molecules of NADPH, the oxygenation of RuBP
costs in total five molecules of ATP and three molecules of NADPH
per molecule O,. Table 7.2 shows the additional expenditure in ATP and
NADPH at various ratios of carboxylation to oxygenation. In the leaf,
where the carboxylation : oxygenation ratio is usually between two and four,
the additional expenditure of NADPH and ATP to compensate for the
oxygenation is more than 50% of the corresponding expenditure for CO, fix-



7.6 There is no net CO, fixation at the compensation point

Table 7.1: Expenditure of ATP and NADPH for carboxylation of ribulose 1,5-
bisphosphate (CO, assimilation) in comparison to the corresponding expenditure
for oxygenation

Expenditure (mol)

ATP NADPH
or 2 reduced
Ferrredoxin

Carboxylation:

Fixation of 1mol CO,
1 CO, — 0.33 triose phosphate 3 2
Oxygenation:
2 ribulose 1,5-bisphosphate + 2 O,
— 2 3-phosphoglycerate
+ 2 2-phosphoglycolate

2 2-phosphoglycolate — 3-phosphoglycerate + 1 CO, 2 1

1 CO, — 0.33 triose phosphate 3 2
3 3-phosphoglycerate — 3 triose phosphate 3 3
3.33 triose phosphate — 2 ribulose 1,5-bisphosphate 2

210 X6

Oxygenation by 1mol O,: 5 3
Table 7.2: Additional consumption for RuBP oxygenation as related to the
consumption for CO, fixation
Ratio Additional consumption
Carboxylation/oxygenation ATP NADPH
2 83% 75%
4 42% 38%

ation. Thus the oxygenase by-reaction of RubisCO costs the plant more than
one-third of the captured photons.

7.6 There 1s no net CO, fixation
at the compensation point
At a carboxylation : oxygenation ratio of 1/2 there is no net CO, fixation,

as the amount of CO, fixed by carboxylation is equal to the amount of CO,
released by the photorespiratory pathway as a result of oxygenation. One
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can simulate this situation experimentally by illuminating a plant in a closed
chamber. Due to photosynthesis, the CO, concentration decreases until it
reaches a concentration at which the fixation of CO, and the release of CO,
are counterbalanced. This state is termed the compensation point. Although
the release of CO, is caused not only by the photorespiratory pathway but
also by other reactions (e.g., the citrate cycle in mitochondria), the latter
sources of CO, release are negligible compared with the photorespiratory
pathway. For the plants discussed so far, designated as C; plants (this term
is derived from the fact that the first carboxylation product is the C; com-
pound 3-phosphoglycerate), the CO, concentration in air at the compensa-
tion point, depending on the species and temperature, is in the range of 35
to 70 ppm., which corresponds to 10% to 20% of the CO, concentration in
the atmosphere. In the aqueous phase, where RubisCO is present, this cor-
responds at 25°C to a CO, concentration of 1-2 x 107 mol/L. For C, plants,
discussed in section 8.4, the CO, concentration at the compensation point
is only about 5 ppm. How these plants manage to have such a low compen-
sation point in comparison with C; plants will be discussed in detail in
section 8.4.

With a plant kept in a closed system, it is possible to decrease the CO,
concentration to a value below the compensation point by trapping CO,
with KOH. In this case, upon illumination, oxygenation by RubisCO and
the accompanying photorespiratory pathway results in a net release of CO,
at the expense of the plant matter, which is degraded to produce carbohy-
drates to allow the regeneration of ribulose 1,5-bisphosphate. In such a sit-
uation, illumination of a plant causes its consumption.

7.7 The photorespiratory pathway, although
energy-consuming, may also have a useful
function for the plant

Due to the high ATP and NADPH consumption during photorespiration,
photosynthetic metabolism proceeds at full speed at the compensation point,
although there is no net CO, fixation. Such a situation arises when in leaves
exposed to full light, the stomata are closed because of water shortage
(section 8.1) and therefore CO, cannot be taken up. An overreduction and
an overenergization of the photosynthetic electron transport carriers can
cause severe damage to them (section 3.10). The plant utilizes the energy-
consuming photorespiratory pathway to eliminate ATP and NADPH, which
have been produced by light reactions, but which cannot be used for CO,



Further reading

assimilation. Photorespiration, the unavoidable by-reaction of photosyn-
thesis, is thus utilized by the plant for its protection. It is feasible, therefore,
that lowering the oxygenase reaction of RubisCO by molecular engineering
(Chapter 22), as attempted by many researchers, although still without
success, not only may lead to the plant using energy more efficiently, but also
at the same time may increase its vulnerability to excessive illumination or
shortage of water (see Chapter 8).
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Photosynthesis implies
the consumption of water

This chapter deals with the fact that photosynthesis is unavoidably linked
with a substantial loss of water and therefore is often limited by the lack of
it. Biochemical mechanisms that enable certain plants living in hot and dry
habitats to reduce their water requirement will be described.

8.1 The uptake of CO, into the leaf is
accompanied by an escape of water vapor

Since CO, assimilation is linked with a high water demand, plants require
an ample water supply for their growth. A C; plant growing in temperate
climates requires 700 to 1,300 mol of H,O for the fixation of 1 mol of CO,.
In this assessment the water consumption for photosynthetic water oxida-
tion is negligible in quantitative terms. Water demand is dictated by the fact
that water escaping from the leaves in the form of water vapor has to be
replenished by water taken up through the roots. Thus during photosynthe-
sis there is a steady flow of water, termed the transpiration stream, from the
roots via the xylem vessels into the leaves.

The loss of water during photosynthesis is unavoidable, as the uptake of
CO, into the leaves requires openings in the leaf surface, termed stomata.
The stomata open up to allow the diffusion of CO, from the atmosphere
into the air space within the leaf, but at the same time water vapor escapes
through the open stomata (Fig. 8.1). As the water vapor concentration in
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the air space of a leaf in equilibrium with the cell water (31,000 ppm, 25°C)
is higher by two orders of magnitude than the CO, concentration in air
(350 ppm), the escape of a very high amount of water vapor during the
influx of CO, is inevitable. To minimize this water loss from the leaves, the
opening of the stomata is regulated. Thus, when there is a rise in the atmos-
pheric CO, concentration, plants require less water. Opening and closing of
the stomata is caused by biochemical processes and will be discussed in the
next section.

Even when the water supply is adequate, plants open their stomata just
enough to provide CO, for photosynthesis. During water shortage, plants
prevent dehydration by closing their stomata partially or completely, which
results in a slowing down or even cessation of CO, assimilation. Therefore
water shortage is often a decisive factor in limiting plant growth, especially
in the warmer and drier regions of our planet, where a large number of
plants have evolved a strategy for decreasing water loss during photosyn-
thesis. In CO, fixation the first product is 3-phosphoglycerate, a compound
with three carbon atoms; hence the name Cs-plants (see section 6.2). Some
plants save water by first producing the C,-compound oxaloacetate from
fixing CO, and are therefore named C,-plants.
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8.2 Stomata regulate the gas exchange of
a leaf

Stomata are formed by two guard cells, which are often surrounded by sub-
sidiary cells. Figures 8.2 and 8.3 show a closed and an open stomatal pore.
The pore is opened by the increase in osmotic pressure in the guard cells,
resulting in the uptake of water. The corresponding increase in the cell
volume inflates the guard cells and the pore opens.

In order to study the mechanism of the opening process, the guard
cells must be isolated. Biochemical and physiological studies are difficult, as
the guard cells are very small and can be isolated with only low yields.
Although guard cells can be regarded as one of the most thoroughly inves-
tigated plant cells, our knowledge of the mechanism of stomatal closure is
still incomplete.

Malate plays an important role in guard cell metabolism

The increase in osmotic pressure in guard cells during stomatal opening is
mainly due to an accumulation of potassium salts. The corresponding anions
are usually malate, but, depending on the species, sometimes also chloride.
Figure 8.4 shows a scheme of the metabolic reactions occurring during the
opening process with malate as the main anion. An H*-P-ATPase pumps
protons across the plasma membrane into the extracellular compartment.
The H*-P-ATPase, which is entirely different from the F-ATPase and V-
ATPase (sections 4.3, 4.4), is of the same type as the Na'/K*-ATPase in
animal cells. An aspartyl residue of the P-ATPase protein is phosphorylated
during the transport process (hence the name P-ATPase). The potential dif-
ference generated by the H*-P-ATPase drives the influx of K* ions into the
guard cells via a K* channel. This channel is open only at a negative voltage
(section 1.10) and allows only an inwardly directed flux. For this reason, it
is called a K* inward channel. Most of the K* ions taken up into the cell are
transported into the vacuole, but the mechanism of this transport is still not
known. Probably a vacuolar H*-ATPase (V-ATPase; sce section 4.4) is
involved, pumping protons into the vacuoles, which could then be exchanged
for K* ions via a vacuolar potassium channel.

Accumulation of cations in the vacuole leads to the formation of a poten-
tial difference across the vacuolar membrane, driving the influx of malate
via a channel specific for organic anions. Malate is provided by glycolytic
degradation of the starch stored in the chloroplasts. As described in section
9.1, this degradation yields triose phosphate, which is released from the
chloroplasts to the cytosol in exchange for inorganic phosphate via the triose
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Figure 8.2 Scanning
electron micrograph of
stomata from the lower
epidermis of hazel nut
leaves in (a) closed state,
and (b) open. By R. S.
Harrison-Murray and

C. M. Clay, Wellesbourne).
Traverse section of a pair
of guard cells from a
tobacco leaf. The large
central vacuole and the gap
between the two guard cells
can be seen. (By D. G.
Robinson, Heidelberg.)
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8.2 Stomata regulate the gas exchange of a leaf

phosphate-phosphate translocator (section 1.9) and is subsequently converted
to phosphoenolpyruvate (see Fig. 10.11). Phosphoenolpyruvate reacts with
HCOs™ to form oxaloacetate in a reaction catalyzed by the enzyme phos-
phoenolpyruvate carboxylase (Fig. 8.5), in which the high energy enol ester
bond is cleaved, making the reaction irreversible. The oxaloacetate formed
is transported via a specific translocator to the chloroplasts and reduced
to malate via NADP-malate dehydrogenase (Fig. 8.4). The malate is then
released to the cytosol, probably by the same translocator as that which
transports oxaloacetate.

During stomatal closure most of the malate is released from the guard
cells. As the guard cells contain only very low activities of RubisCO, they
are unable to fix CO, in significant amounts. The starch is regenerated from
glucose, which is taken up into the guard cells. In contrast to chloroplasts
from mesophyll cells, the guard cell chloroplasts have a glucose 6-phosphate-
phosphate translocator, which transports not only glucose 6-phosphate and
phosphate, but also triose phosphate and 3-phosphoglycerate. This translo-
cator is also to be found in plastids from non-green tissues, such as roots
(section 13.3).

Complex regulation governs stomatal opening

A number of parameters are known to influence the stomatal opening in a
very complex way. The opening is regulated by light via a blue light recep-
tor (section 19.9). An important factor is the CO, concentration in the inter-
cellular air space, although the nature of the CO, sensor is not known. At
micromolar concentrations, abscisic acid (ABA) (section 19.6) causes the
closure of the stomata. If, due to lack of water, the water potential sinks
below a critical mark, a higher ABA synthesis comes into force. The effect
of ABA on the stomatal opening is dependent on the intercellular CO, con-
centration and on the presence of the signal substance nitric oxide (NO) (see
also section 19.9). The binding of ABA to a membrane receptor triggers one

217

Figure 8.3 Diagram of a
stoma formed from the two
guard cells, (A) closed and
(B) open state.



218

H,0 —

INO)

H®<F{}

H®

Glucose

~

o

9

VACUOLE s B\
CHLOROPLAST
H® H® K® Malate 2©
?
6 7 8
ATP ADP+P K® Malate - 5 Malate
NADP®
NADPH + H®
Oxaloacetate ——— 4 ——Oxaloacetate
P
HCOS
ATP Phosphoenolpyruvate
ADP + P 4
Triose phosphate ~ Triose phosphate
HO® P
ATP  ADP 8 *
Glucose M Glucose 6-phosphate 7 —» — Starch
P

),

Figure 8.4 Diagram of the processes in operation during the opening of stomata with
malate as the main anion. The proton transport by H-P-ATPase (1) of the plasma
membrane of the guard cell results in an increase in the proton potential and in a
hyperpolarization. This opens the voltage-dependent K* inward channel (2) and the
proton potential drives the influx of potassium ions through this channel. Starch
degradation occurs simultaneously in the chloroplasts yielding triose phosphate, which
is then released from the chloroplasts via the triose phosphate-phosphate translocator
(3) and converted in the cytosol to oxaloacetate. Oxaloacetate is transported into the
chloroplasts (4) and is converted to malate by reduction. This malate is transported
from the chloroplast to the cytosol, possibly via the same translocator responsible for
the influx of oxaloacetate (5). The mechanism of the accumulation of potassium
malate in the guard cell vacuoles is not yet known in detail. Protons are transported
into the vacuole (6), probably by a H"V-ATPase, and these protons are exchanged for
potassium ions (7). The electric potential difference formed by the H'V-ATPase drives
the influx of malate ions via a malate channel (8). The accumulation of potassium
malate increases the osmotic potential in the vacuole and results in an influx of water.
For resynthesis of starch, glucose is taken up into the guard cells via an H*-symport
(9), where it is converted in the cytosol to glucose 6-phosphate, which is then
transported into the chloroplast via a glucose-phosphate-phosphate translocator (3).
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or several signal cascades, at the end of which the opening of ion channels
is controlled. There is strong evidence that protein kinases, cyclic ADP
ribose, and inositol trisphosphate participate in these signal cascades, which
open Ca™ channels of the plasma membrane and of internal Ca™ stores,
such as the endoplasmic reticulum. The resulting Ca*" ions in the cytosol
function as secondary messengers (section 19.6). By these cascades, ABA
activates anion channels in the guard cells, resulting in an efflux of anions.
This causes depolarization of the plasma membrane and thus leads to the
opening of K* outward channels (section 1.10). NO regulates these Ca*™-
sensitive ion channels by promoting Ca™ release from intracellular stores
to raise the cytosolic free Ca*™ concentration. The resulting release of K'-,
malate’ -, and Cl™-ions from the guard cells by the joint effect of ABA and
NO lowers the osmotic pressure, which leads to a decrease in the guard cell
volume and hence to a closure of the stomata. The introduction of the patch
clamp technique (section 1.10) has brought important insights into the role
of specific ion channels in the stomatal opening process. NO is probably
formed by nitric oxide-synthase (section 19.9) or via reduction of nitrite
(NOy), as catalyzed by nitrate reductase (section 10.1). In the guard cells,
nitrate reductase is induced by ABA. Apparently the interaction of ABA
and NO in controlling stomatal opening is very complex.

8.3 The diffusive flux of CO, into a plant cell

The movement of CO, from the atmosphere to the catalytic center of
RubisCO—through the stomata, the intercellular air space, across the
plasma membrane, the chloroplast envelope, and the chloroplast stroma—
proceeds by diffusion.

According to a simple derivation of the Fick law, the diffusive flux, 7,
over a certain distance is:

Figure 8.5
Phosphoenolpyruvate
carboxylase.
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Figure 8.6 Reaction diagram for the uptake of CO, in C; (A) and C, (B) plants. This
scheme shows typical stomatal resistances for C; and C, plants. The values for the CO,
concentration in the vicinity of RubisCO are taken from von Caemmerer and Evans
(C; plants) and Hatch (C, plants).

1=A¢
R

where / is defined as the amount of a substance diffusing per unit of time
and surface area; AC, the diffusion gradient, is the difference of concentra-
tions between start and endpoint; and R is the diffusion resistance. R of CO,
is 10* times larger in water than in air.

In Figure 8.6A a model illustrates the diffusive flux of CO, into a leaf of
a C; plant with a limited water supply. The control of the aperture of the
stomata leads to a stomatal diffusion resistance, by which a diffusion gra-
dient of 100 ppm is maintained. The resultant CO, concentration of 250
ppm in the intercellular air space is in equilibrium with the CO, concentra-
tion in an aqueous solution of 8 x 10° mol/L (8 uM). In water saturated
with air containing 350 ppm CO,, the equilibrium concentration of the dis-
solved CO, is 11.5 uM at 25°C.

Since the chloroplasts are positioned at the inner surface of the meso-
phyll cells (see Fig. 1.1), within the mesophyll cell the major distance for the
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diffusion of CO, to the reaction site of RubisCO is the passage through the
chloroplast stroma. To facilitate this diffusive flux, the stroma contains high
activities of carbonic anhydrase. This enzyme allows the CO, entering the
chloroplast stroma, after crossing the envelope, to equilibrate with HCO;~
(Fig. 8.7). At pH 8.0, 8 uM CO, is in equilibrium with 400 uM HCOj;~
(25°C). Thus, in the presence of carbonic anhydrase the gradient for the dif-
fusive movement of HCO;™ is 50 times higher than that of CO,. As the dif-
fusion resistance for HCO;™ is only about 20% higher than that of CO,, the
diffusive flux of HCO;™ in the presence of carbonic anhydrase is about 40
times higher than that of CO,. Due to the presence of carbonic anhydrase
in the stroma, the diffusive flux of CO, from the intercellular air space to
the site of RubisCO in the stroma results in a decrease in CO, concentra-
tion of only about 2 uM. At the site of RubisCO, a CO, concentration of
about 6 UM has been measured. In equilibrium with air, the O, concentra-
tion at the carboxylation site is 250 uM. This results in a carboxylation :
oxygenation ratio of about 2.5.

Let us turn our attention again to Figure 8.6. Since CO, and O, are com-
petitors for the active site of RubisCO, and the CO, concentration in the
atmosphere is very low as compared with the O, concentration, the con-
centration decrease of CO, during the diffusive flux from the atmosphere to
the active site of carboxylation is still a limiting factor for efficient CO, fix-
ation by RubisCO. This also may be a reason why this enzyme has such a
high concentration (see section 6.2). Naturally, the stomatal resistance could
be decreased by increasing the aperture of the stomata (e.g., by a factor of
two). In this case, with still the same diffusive flux, the CO, concentration
in the intercellular air space would be increased from 250 to 300 ppm, and
the ratio of carboxylation to oxygenation by RubisCO would be increased
accordingly. The price, however, for such a reduction of the stomatal diffu-
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Figure 8.7 Carbonic
anhydrase catalyzes the
rapid equilibration of CO,
with HCO;™ and thus
increases the diffusion
gradient and hence the
diffusive flux of the
inorganic carbon across the
chloroplast stroma. The
example is based on the
assumption that the pH
value is 8.0. Dissociation
constant [HCO;™]-[H] /
[CO =5%x107.
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sion resistance would be a doubling of the water loss. Since the diffusive
efflux of water vapor from the leaves is proportional to the diffusion gradi-
ent, air humidity is also a decisive factor governing water loss. These con-
siderations illustrate the important function of stomata for the gas exchange
of the leaves. The regulation of the stomatal aperture determines how high
the rate of CO, assimilation may be, without the plant losing too much
essential water.

8.4 C, plants perform CQO, assimilation with
less water consumption than C; plants

In equilibrium with fluid water, the density of water vapor increases expo-
nentially with the temperature. A temperature increase from 20°C to 30°C
leads to an almost doubling of water vapor density. Therefore, at high tem-
peratures, the problem of water loss during CO, assimilation becomes very
serious for plants. C, plants found a way to decrease this water loss consid-
erably. At around 25°C these plants use only 400 to 600 mol of H,O for the
fixation of one mol of CO,, which is just about half the water consumption
of C; plants, and this difference is even greater at higher temperatures. C,
plants grow mostly in warm areas that are often also dry; they include
important crop plants such as maize, sugarcane, and millet. The principle
by which these C, plants save water can be demonstrated by comparing the
models of C; and C, plants in Figure 8.6. By doubling the stomatal resist-
ance prevailing in C; plants, the C, plant can decrease the diffusive efflux of
water vapor by 50%.

In order to maintain the same diffusive flux of CO, as in C; plants at this
increased stomatal resistance, in accordance with Fick’s law, the diffusion
gradient has to be increased by a factor of two. This means that at 350 ppm
CO,in the air, the CO, concentration in the intercellular air space would be
only 150 ppm, which is in equilibrium with 5 uM CO,in water. At such low
CO; concentrations C; plants would be approaching the compensation point
(section 7.6), and therefore the rate of net CO, fixation by RubisCO would
be very low.

Under these conditions, the crucial factor for the maintenance of CO,
assimilation in C, plants is the presence of a pumping mechanism that ele-
vates the concentration of CO, at the carboxylation site from 5 uM to about
70 uM. This pumping requires two compartments and the input of energy.
However, the energy costs may be recovered, since with this high CO, con-
centration at the carboxylation site, the oxygenase reaction is eliminated to
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a great extent and the loss of energy connected with the photorespiratory
pathway is largely decreased (section 7.5). For this reason, C; metabolism
does not necessarily imply a higher energy demand; in fact, at higher tem-
peratures C, photosynthesis is more efficient than C; photosynthesis. This is
due to the fact that the oxygenase activity of RubisCO increases more
rapidly than the carboxylase activity at increasing temperature. This is why
in warm climates C4 plants with, not only their reduced water demand, but
also their suppression of photorespiration, have an advantage over C; plants.

The discovery of C, metabolism was stimulated by an unexplained exper-
imental result: After Melvin Calvin and Andrew Benson had established that
3-phosphoglycerate is the primary product of CO, assimilation by plants,
Hugo Kortschak and colleagues studied the incorporation of radioactively
labeled CO, during photosynthesis of sugarcane leaves at a sugarcane
research institute in Hawaii. The result was surprising. The primary fixation
product was not, as expected, 3-phosphoglycerate, but the C4 compounds
malate and aspartate. This result questioned whether the then fully accepted
Calvin cycle was universally valid for CO, assimilation. Perhaps Kortschak
was reluctant to raise these doubts, and his results remained unpublished for
almost 10 years. It is interesting to note that during this time and without
knowing these results, Yuri Karpilov in the former Soviet Union observed
similar radioactive CO, fixation into C, compounds during photosynthesis
in maize.

Following the publication of these puzzling results, Hal Hatch and Roger
Slack in Australia set out to solve the riddle by systematic studies. They
found that the incorporation of CO, in malate was a reaction preceding the
CO, fixation by the Calvin cycle and that this first carboxylation reaction
was part of a CO, concentration mechanism, the function of which was elu-
cidated by the two researchers by 1970. Earlier, this process was known as
the Hatch-Slack pathway. However, they used the term C, dicarboxylic acid
pathway of photosynthesis and this was later abbreviated to the C, pathway
or C4 photosynthesis.

The CO, pump in C, plants

The requirement of two different compartments for pumping CO, from a
low to a high concentration is reflected in the leaf anatomy of C, plants. The
leaves of C, plants show a so-called Kranz-anatomy (Fig. 8.8). The vascular
bundles, containing the sieve tubes and the xylem vessels, are surrounded by
a sheath of cells (bundle sheath cells), and these are encircled by mesophyll
cells. The latter are in contact with the intercellular air space of the leaves.
In 1884 the German botanist Gustav Haberland described in his textbook
Physiologische Pflanzenanatomie ( Physiological Plant Anatomy) that the
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Figure 8.8 Characteristic
leaf anatomy of a C, plant.
Schematic diagram. V =
Vascular bundle; BS =
bundle sheath cells; MS =
mesophyll cells.

8 Photosynthesis implies the consumption of water

Epidermal
cells

assimilatory cells in several plants, including sugarcane and millet, are
arranged in what he termed a Kranz (wreath)-type mode. With remarkable
foresight, he suggested that this special anatomy may indicate a division of
labor between the chloroplasts of the mesophyll and bundle sheath cells.

Mesophyll and bundle sheath cells are separated by a cell wall, which in
some instances contains a suberin layer, which is probably gas-impermeable.
Suberin is a polymer of phenolic compounds that are impregnated with wax
(section 18.3). The border between the mesophyll and bundle sheath cells is
penetrated by a large number of plasmodesmata (section 1.1). These plas-
modesmata enable the diffusive flux of metabolites between the mesophyll
and bundle sheath cells.

The CO, pumping of C, metabolism does not rely on the specific func-
tion of a membrane transporter but is due to a prefixation of CO,, after
conversion to HCO;~, by reaction with phosphoenolpyruvate to form
oxaloacetate in the mesophyll cells. After the conversion of this oxaloacetate
to malate, the malate diffuses through the plasmodesmata into the bundle
sheath cells, where CO, is released as a substrate for RubisCO. Figure 8.9
shows a simplified scheme of this process. The formation of the CO, gradi-
ent between the two compartments by this pumping process is due to the
fact that the prefixation of CO, and its subsequent release are catalyzed by
two different reactions, each of which is virtually irreversible. As a crucial
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feature of C, metabolism, RubisCO is located exclusively in the bundle
sheath chloroplasts.

The reaction of HCO;™ with phosphoenolpyruvate is catalyzed by the
enzyme phosphoenolpyruvate carboxylase. This enzyme has already been dis-
cussed when dealing with the metabolism of guard cells (Figs. 8.4 and 8.5).
The reaction is strongly exergonic and therefore irreversible. As the enzyme
has a very high affinity for HCOj;™, micromolar concentrations of HCO;™ are
fixed very efficiently. The formation of HCO;™ from CO, is facilitated by
carbonic anhydrase present in the cytosol of the mesophyll cells.

The release of CO, in the bundle sheath cells occurs in three different
ways (Fig. 8.10). In most C, species, decarboxylation of malate with an
accompanying oxidation to pyruvate is catalyzed by malic enzyme. In one
group of these species termed NADP-malic enzyme type plants, release of
CO, occurs in the bundle sheath chloroplasts and oxidation of malate to
pyruvate is coupled with the reduction of NADP*. In other plants, termed
NAD-malic enzyme type, decarboxylation takes place in the mitochondria
of the bundle sheath cells and is accompanied by the reduction of NAD".
In the phosphoenolpyruvate carboxykinase type plants, oxaloacetate is decar-
boxylated in the cytosol of the bundle sheath cells. ATP is required for this
reaction and phosphoenolpyruvate is formed as a product.

The following discusses the metabolism and its compartmentation in the
three different types of C, plants in more detail.

C, metabolism of the NADP-malic enzyme type plants

This group includes the important crop plants maize and sugarcane. Figure
8.11 shows the reaction chain and its compartmentalization. The oxaloac-
etate arising from the carboxylation of phosphoenolpyruvate is transported
via a specific translocator into the chloroplasts where it is reduced by
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Principle of C,
metabolism.
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Figure 8.10 Reactions by
which CO, prefixed in C,
metabolism in mesophyll
cells can be released in
bundle sheath cells.
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NADP-malate dehydrogenase to malate, which is subsequently transported
into the cytosol. (The reduction of oxaloacetate in the chloroplasts has been
discussed in section 7.3 in connection with photorespiratory metabolism).
Malate diffuses via plasmodesmata from the mesophyll to the bundle sheath
cells. The diffusive flux of malate between the two cells requires a diffusion
gradient of about 2 x 10~ mol/L. The malic enzyme present in the bundle
sheath cells causes the conversion of malate to pyruvate and CO,, and the
CO, is fixed by RubisCO.

The remaining pyruvate is exported by a specific translocator from the
bundle sheath chloroplasts, diffuses through the plasmodesmata into the
mesophyll cells, where it is transported by another specific translocator into
the chloroplasts. The enzyme pyruvate-phosphate dikinase in the mesophyll
chloroplasts converts pyruvate to phosphoenolpyruvate by a rather unusual
reaction (Fig. 8.12). The name dikinase means an enzyme that catalyzes a
twofold phosphorylation. In a reversible reaction, one phosphate residue is
transferred from ATP to pyruvate and a second one to phosphate, convert-
ing it to pyrophosphate. A pyrophosphatase present in the chloroplast stroma
immediately hydrolyzes the newly formed pyrophosphate and thus makes
this reaction irreversible. In this way pyruvate is transformed upon the con-
sumption of two energy-rich phosphates of ATP (which is converted to
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Figure 8.11 Mechanism for concentrating CO, in plants of the C,-NADP-malic
enzyme type (e.g., maize). In the cytosol of the mesophyll cells, HCO;™ is fixed by
reaction with phosphoenolpyruvate, and the oxaloacetate formed is reduced in the
chloroplast to form malate. After leaving the chloroplasts, malate diffuses into the
bundle sheath cells, where it is oxidatively decarboxylated, leading to the formation
of pyruvate, CO,, and NADPH. The pyruvate formed is phosphorylated to
phosphoenolpyruvate in the chloroplasts of the mesophyll cells. The transport across
the chloroplast membranes proceeds by specific translocators. The diffusive flux
between the mesophyll and the bundle sheath cells proceeds through plasmodesmata.
The transport of oxaloacetate into the mesophyll chloroplasts and the subsequent
release of malate from the chloroplasts is probably facilitated by the same translocator.
T = translocator.

AMP) irreversibly into phosphoenolpyruvate. The latter is exported in
exchange for inorganic phosphate from the chloroplasts via a phospho-
enolpyruvate-phosphate translocator.

With the high CO, gradient between bundle sheath and mesophyll cells,
the question arises why does most of the CO, not leak out before it is fixed
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Figure 8.12 Pyruvate-
phosphate dikinase. In this
reaction, one phosphate
residue is transferred from
ATP to inorganic
phosphate, resulting in the
formation of
pyrophosphate, and a
second phosphate residue is
transferred to a histidine
residue at the catalytic site
of the enzyme. In this way
a phosphor amide (R-H-N-
PO;») is formed as an
intermediate, and this
phosphate residue is then
transferred to pyruvate,
resulting in the formation
of phosphoenolpyruvate.
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by RubisCO? As the bundle sheath chloroplasts, in contrast to those from
mesophyll cells (see Fig. 8.7), do not contain carbonic anhydrase, the diffu-
sion of CO, through the stroma of bundle sheath cells proceeds more slowly
than in the mesophyll cells. The suberin layer between the cells of some
plants probably prevents the leakage of CO, through the cell wall, and in
this case there would be only a diffusive loss through plasmodesmata.
The portion of CO, concentrated in the bundle sheath cells that is lost
by diffusion back to the mesophyll cells is estimated at 10% to 30% in dif-
ferent species.

In maize leaves, the chloroplasts from mesophyll cells differ in their struc-
ture from those of bundle sheath cells. Mesophyll chloroplasts have many
grana, whereas bundle sheath chloroplasts contain mainly stroma lamellae,
with only very few granal stacks and little photosystem II activity (section
3.10). The major function of the bundle sheath chloroplasts is to provide
ATP by cyclic photophosphorylation via photosystem I. NADPH required
for the reductive pentose phosphate pathway (Calvin cycle) is provided
mainly by the linear electron transport in the mesophyll cells. This NADPH
is delivered in part via the oxidative decarboxylation of malate (by NADP-
malic enzyme), but this reducing power is actually provided by the meso-
phyll cells for the reduction of oxaloacetate. The other part of NADPH
required is transferred along with ATP from the mesophyll chloroplasts to
the bundle sheath chloroplasts by a triose phosphate-3-phosphoglycerate
shuttle via the triose phosphate-phosphate translocators of the inner enve-
lope membranes of the corresponding chloroplasts (Fig. 8.13).
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Figure 8.13 C, metabolism in maize. Indirect transfer of NADPH and ATP from the
mesophyll chloroplast to the bundle sheath chloroplast via a triose phosphate-3-
phosphoglycerate shuttle. In the chloroplasts of mesophyll cells, 3-phosphoglycerate is
reduced to triose phosphate at the expense of ATP and NADPH. In the bundle sheath
chloroplasts, triose phosphate is reconverted to phosphoglycerate, leading to the
formation of NADPH and ATP. Transport across the chloroplast membranes proceeds
by counter-exchange via triose phosphate-phosphate translocators.

C, metabolism of the NAD-malic enzyme type

The metabolism of the NAD-malic enzyme type, shown in the metabolic
scheme of Figure 8.14, is found in a large number of species including millet.
Here the oxaloacetate formed by phosphoenolpyruvate carboxylase is con-
verted to aspartate by transamination via glutamate-aspartate aminotrans-
ferase. Since the oxaloacetate concentration in the cell is below 0.1 x
107 mol/L, oxaloacetate cannot form a high enough diffusion gradient for
the necessary diffusive flux into the bundle sheath cells. Because of the high
concentration of glutamate in a cell, the transamination of oxaloacetate
yields aspartate concentrations in a range between 5 and 10 x 10~ mol/L.
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Figure 8.14 Scheme for the CO, concentrating mechanism in plants of the C; NAD-
malic enzyme type. In contrast to C, metabolism described in Figure 8.11, oxaloacetate
is transaminated in the cytosol to aspartate. After diffusion through the
plasmodesmata, aspartate is transported into the mitochondria of the bundle sheath
cells by a specific translocator and is reconverted there to oxaloacetate and the latter
reduced to malate. In the mitochondria, malate is oxidized by NAD-malic enzyme,
giving CO, and pyruvate. In the cytosol, pyruvate is transaminated to alanine, which
then diffuses into the mesophyll cells. The CO, released from the mitochondria diffuses
into the bundle sheath chloroplasts, which are in close contact with the mitochondria,
and this CO, serves as substrate for RubisCO. Abbreviations: Glu = glutamate; o-Kg =
a-ketoglutarate; P = phosphate; PP = pyrophosphate; T = translocator.
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This is why aspartate is very suitable for supporting a diffusive flux between
the mesophyll and bundle sheath cells.

After diffusing into the bundle sheath cells, aspartate is transported by a
translocator into the mitochondria. An isoenzyme of glutamate-aspartate
aminotransferase present in the mitochondria catalyzes the conversion of
aspartate to oxaloacetate, which is then transformed by NAD-malate dehy-
drogenase to malate. This malate is decarboxylated by NAD-malic enzyme
to pyruvate and the NAD formed during the malate dehydrogenase reaction
is reduced to NADH again. CO, thus released in the mitochondria then dif-
fuses into the chloroplasts, where it is available for assimilation via RubisCO.
The pyruvate leaves the mitochondria via the pyruvate translocator and is
converted in the cytosol by an alanine glutamate amino transferase to
alanine. Since in the equilibrium of this reaction the alanine concentration
is much higher than that of pyruvate, a high diffusive flux of alanine into
the mesophyll cells is possible. In the mesophyll cells, alanine is transformed
to pyruvate by an isoenzyme of the aminotransferase mentioned previously.
Pyruvate is transported into the chloroplasts, where it is converted to phos-
phoenolpyruvate by pyruvate phosphate dikinase in the same way as in the
chloroplasts of the NADP-malic enzyme type.

All NADH formed by malic enzyme in the mitochondria is sequestered
for the reduction of oxaloacetate, and thus there are no reducing equivalents
left to be oxidized by the respiratory chain (Fig. 8.14). To enable mito-
chondrial oxidative phosphorylation to form ATP, some of the oxaloacetate
formed in the mesophyll cells by phosphoenolpyruvate carboxylase is
reduced in the mesophyll chloroplasts to malate, as in the NADP-malic
enzyme type metabolism. This malate diffuses into the bundle sheath cells,
is taken up by the mitochondria, and is oxidized there by malic enzyme
to yield NADH. ATP is generated from oxidation of this NADH by the
respiratory chain. This pathway also operates in the phosphoenolpyruvate
carboxykinase type metabolism, described below.

C, metabolism of the phosphoenolpyruvate
carboxykinase type

This type of metabolism is found in several of the fast-growing tropical
grasses used as forage crops. Figure 8.15 shows a scheme of the metabolism.
As in the NAD-malic enzyme type, oxaloacetate is converted in the meso-
phyll cells to aspartate and the latter diffuses into the bundle sheath cells,
where the oxaloacetate is regenerated via an aminotransferase in the cytosol.
In the cytosol the oxaloacetate is converted to phosphoenolpyruvate at the
expense of ATP via phosphoenolpyruvate carboxykinase. The CO, released
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Figure 8.15 Scheme of the CO, concentrating mechanism in plants of the C,-phosphoenolpyruvate carboxykinase
type. In contrast to C, metabolism described in Figure 8.14, oxaloacetate is formed from aspartate in the cytosol of
the bundle sheath cells, and is then decarboxylated to phosphoenolpyruvate and CO, via the enzyme
phosphoenolpyruvate carboxykinase. Phosphoenolpyruvate diffuses back into the mesophyll cells. Simultaneously, as
in Figure 8.11, some malate formed in the mesophyll cells diffuses into the bundle sheath cells and is oxidized there by
an NAD-malic enzyme in the mitochondria. The NADH thus formed serves as a substrate for the formation of ATP
by mitochondrial oxidative phosphorylation. This ATP is transported to the cytosol to be used for
phosphoenolpyruvate carboxykinase reaction. The CO, released in the mitochondria, together with the CO, released
by phosphoenolpyruvate carboxykinase in the cytosol, serves as a substrate for the RubisCO in the bundle sheath
chloroplasts. T = translocator.
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in this reaction diffuses into the chloroplasts and the remaining phospho-
enolpyruvate diffuses back into the mesophyll cells. In this C, type, the ATP
demand for pumping CO, into the bundle sheath compartment is due
especially to ATP consumption by the phosphoenolpyruvate carboxykinase
reaction (Fig. 8.10). The mitochondria provide the ATP required for
phosphoenolpyruvate carboxykinase reaction by oxidizing malate via
NAD-malic enzyme. This malate originates from mesophyll cells as in the
NADP-malic enzyme type (Fig. 8.15, lower part). Thus, in the C,-
phosphoenolpyruvate carboxykinase type plants, a minor portion of the
CO; is released in the mitochondria and the bulk is released in the cytosol.

Kranz-anatomy with its mesophyll and bundle sheath cells is
not an obligatory requirement for C, metabolism

In individual cases, the spatial separation of the prefixation of CO, by PEP
carboxylase and the final fixation by RubisCO can also be achieved in other
ways. Recently it was demonstrated in a species of Chenopodiacae that its
C, metabolism takes place in uniform, extended cells where in the cytoplasm
at the peripheral end there is a cell layer with PEP carboxylase and at the
proximal end chloroplasts are located containing RubisCO. Although this is
a special case, it illustrates the variability of the C, system.

Enzymes of C, metabolism are regulated by light

Phosphoenolpyruvate carboxylase (PEP carboxylase), the key enzyme of C,
metabolism, is highly regulated. In a darkened leaf, this enzyme is present
in a state of low activity. In this state, the affinity of the enzyme to its sub-
strate phosphoenolpyruvate is very low and it is inhibited by low concen-
trations of malate. Therefore, during the dark phase the enzyme in the leaf
is practically inactive. Upon illumination of the leaf, a serine protein kinase
(see also Figs. 9.18 and 10.9) is activated, which phosphorylates the hydroxyl
group of a serine residue in PEP carboxylase. The enzyme can be inactivated
again by hydrolysis of the phosphate group by a protein serine phosphatase.
The activated phosphorylated enzyme is also inhibited by malate, but in this
case very much higher concentrations of malate are required for its inhibi-
tion than for the nonphosphorylated less active enzyme. The rate of the irre-
versible carboxylation of phosphoenolpyruvate can be adjusted in such a
way through a feedback inhibition by malate that a certain malate level is
maintained in the mesophyll cell. It is not yet known which signal turns on
the activity of the protein kinase when the leaves are illuminated.
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NADP-malate dehydrogenase is activated by light via reduction by thiore-
doxin as described in section 6.6.

Pyruvate-phosphate dikinase (Fig. 8.12) is also subject to dark/light
regulation. It is inactivated in the dark by phosphorylation of a threonine
residue. This phosphorylation is rather unusual, as it requires ADP rather
than ATP as phosphate donor. The enzyme is activated in the light by the
phosphorolytic cleavage of the threonine phosphate group. Thus, the regu-
lation of pyruvate phosphate dikinase proceeds in a completely different way
from the regulation of PEP carboxylase.

Products of C,metabolism can be identified by
mass spectrometry

Measuring the distribution of the ?C and the "*C isotopes in a photosyn-
thetic product (e.g., sucrose) can reveal whether it has been formed by C; or
C, metabolism. '*C and "*C occur as natural carbon isotopes in the CO, of
the atmosphere in the ratio of 98.89% and 1.11%, respectively. RubisCO
reacts with '*CO, more rapidly than with *CO,. This is due to a kinetic
isotope effect. For this reason, the ratio *C/"?C is lower in the products of
C, photosynthesis than in the atmosphere. The ratio "*C to '*C can be deter-
mined by mass spectrometry and is expressed as a §"°C value.

BC/C sample B
13C/™2C in standard

§13C[%o] = ( 1) x 1000

As a standard, one uses the distribution of the two isotopes in a defined
limestone. In products of C; photosynthesis 8°C values of 28%o are found.
In the PEP carboxylase reaction, the preference for '*C over "*C is less pro-
nounced. Since in C, plants practically all the CO,, that had been prefixed
by PEP carboxylase, reacts further in the compartment of the bundle sheath
cells with RubisCO, the photosynthesis of C, plants has a 8"*C value in the
range of 14%o only. Therefore it is possible to determine by mass spectro-
metric analysis of the *C to '*C ratio, whether, for instance, sucrose has been
formed by sugar beet (C; metabolism) or by sugarcane (C, metabolism).

C, plants include important crop plants but also many of
the worst weeds

In C, metabolism ATP is consumed to concentrate the CO, in the bundle
sheath cells. This avoids the loss of energy incurred by photorespiration in
C; plants. The ratio of oxygenation versus carboxylation by RubisCO
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increases with the temperature (section 6.2). At a low temperature, with
resultant low photorespiratory activity, the C; plants are at an advantage.
Under these circumstances, C, plants offer no benefit and very few C, plants
occur as wild plants in a temperate climate. However, at temperatures of
about 25°C or above, the C, plants are at an advantage as, under these
conditions, the energy consumption for C, photosynthesis (measured as a
quantum requirement of CO, fixation) is lower than in C; plants. As
indicated previously, this is due largely to increased photorespiration
resulting from an increase in the oxygenase reaction of RubisCO. A
further advantage of C, plants is that, because of the high CO, concentra-
tion in the bundle sheath chloroplasts, they need less RubisCO. Since
RubisCO is the main protein of leaves, C, plants require less nitrogen for
growth than C; plants. Last, but not least, C, plants require less water. In
warmer climates these advantages make C, plants very suitable as crop
plants. Of the 12 most rapidly growing crop or pasture plants, 11 are C,
plants. It has been estimated that about 20% of global photosynthesis by
terrestrial plants comes from C, plants. One disadvantage, however, is that
many C, crop plants, such as maize, millet, and sugarcane, are very sensitive
to chilling, and this restricts them to the warmer areas. Especially persistent
weeds are members of the C, plants, including 8 of the 10 worldwide worst
specimens [e.g., Bermuda grass (Cynodon dactylon), and barnyard grass
(Echinochloa crusgalli)].

8.5 Crassulacean acid metabolism makes it
possible for plants to survive even during
a very severe water shortage

Many plants growing in very dry and often hot habitats have developed a
strategy not only for surviving periods of severe water shortage, but also for
carrying out photosynthesis under such conditions. The succulent orna-
mental plant Kalanchoe and all the cacti are examples of such plants, as are
plants that grow as epiphytes in tropical rain forests, including half of the
orchids. These plants solve the problem of water loss during photosynthe-
sis by opening their stomata only during the night, when it is cool and air
humidity is comparatively high. Through the open stomata during the night,
CO, is taken up, and it is fixed in an acid, which is stored until the follow-
ing day, when the acid is degraded to release the CO,. This CO, feeds it into
the Calvin cycle, which can now proceed while the stomata are closed. Figure
8.16 shows the basic scheme of this process. Note the strong similarity of
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Figure 8.16 Principle of
CAM.
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this scheme with the basic scheme of C, metabolism in Figure 8.9. The
scheme in Figure 8.16 differs from that of C; metabolism only in that car-
boxylation and decarboxylation are separated in time instead of being sep-
arated spatially. As this metabolism has first been elucidated in Crassulaceae
and involves the storage of an acid, it has been named crassulacean acid
metabolism (abbreviated CAM). Important CAM crop plants are pineapples
and the agave