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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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Gottingen, January 2004
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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
total cell volume

Functions (incomplete)

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.
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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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0 o}
H/H O—/oH H\H H/H O—/0H H\H
—o—\QH H/H  H\H o—\OH H/H H\H o—
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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—
H\H o OH H/4 /\H o OH H/4
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H2(|3 H OH HZ? H OH
(0] (0]
| | 3-1,4-D-Glucose
D-Xylulose D—)I(ylulose
D-(IBaIactose
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Xyloglucan
B (Hemicellulose)

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

ATyt

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.

1 A leaf cell consists of several metabolic compartments

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 A

between the cell walls form

the apoplast. Schematic V
representation. Each of the

connections shown actually ™ A
consists of very many A

neighboring A A
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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.

A. cross-sectional view of
the membrane Plasma membrane
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-



1.3 Plastids have evolved from cyanobacteria

Proplastid
Chloroplast
Thylakoids

Outer envelope membrane
Inner envelope membrane

Stroma Intermembrane space

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
in 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
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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 trans 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
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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
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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,
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.)

STROMA
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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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