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PREFACE

THERE is first the book and then its readers. For whom then is this
book intended? Primarily I have had in mind those studying
biological sciences during their first ycar ata University or equivalent
Institution. I have thercfore felt able to assume that my rcaders
have an clementary knowledge of organic chemistry and of biology
such as is acquired in the United Kingdom by preparation for the
Advanced Level Examinations of the General Certificate of Educa-
tion.

The biochemistry of metabolic processes has purposcly been
prescnted only in outline. This means, of course, that the University
student will need to develop a parallel knowledge of biochemistry.
It also mcans, I venture to hope, that almost all of the chapters will
be within the grasp of students in our Grammar Schools, particularly
those in their second and third years in the Sixth Form.

Newer aspects of metabolic physiology are now being introduced
and emphasised in the Advanced Level syllabuses of Biology and
Botany. The book, therefore, may be of scrvice to those whose
task it is to develop the teaching of thesc revised syllabuses.

Might I also hope that trained biologists working in other fields
may find here a not too forbidding account of the present status of
our knowledge of the metabolism of plants and that some advanced
University students may be stimulated to further reading by this
new presentation of familiar matcrial.

For the presentation and for all errors I take full responsibility. 1
am, however, very grateful to my colleagues, Drs. Helgi Opik and
E. G. Brown who have criticised the manuscript during its prepara-
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tion. May I also thank Patricia Phillips and Adéle Fishman who
have typed the manuscript and Matlene Jones who has helped to

prepare the text figures.
I am also grateful to the many publishers and authors who

granted permission to use copyright material.
H. E. STreET

Swansea






INTRODUCTION

“It is sure that if he can add to what the eye itself reveals, an adequate
rental picture of the invisible molecular events which underlie the visible,
the biologist will gain increased understanding of the behaviour of every
living thing.”

F. Gowland Hopkins, Lecture on The Influence of Chemical
Thought in Biology delivered at Harvard, 1936.

LiviNG organisms are built up of molecules and while organisms
remain alive they are centres of intense and complex chemical
activity. Their growth, development, movements and reproductive
activities are the outcome of these highly complex and organised
chemical changes. Visible pattcrns of development arise out of the
invisible patterns of chemical activity. The sum total of these
chemical reactions of living organisms comprises their metabolism.
This book describes and discusses some of the more important and
most actively investigated aspects of the metabolism of plants,
having in mind particularly the green flowering plant.

The study of the functioning of living organisms is usually
referred to as their physiology and hence the study of the function-
ing of plants is known as plant physiology. If you look at some
text-books of plant physiology, you will find that their contents
arc, in nearly every case, grouped under the two main headings:
Mctabolism and Growth. This separation of the study of growth
from the study of metabolism reflects the different status of our
knowledge of these two aspects of plant physiology. The phenom-

ena of growth and development arc, however, certainly the
1



2 Plant Metabolism

expressions in time and in plant structure of the changing metabolism
of the organism and our, at present, limited ability to interpret
growth and development in this way is discussed in Chapter 8 of
the present work.

The emphasis placed on chemical activities in the opening
paragraph of this Introduction draws attention to a difficult problem
of demarcation; the question of the distinction between metabolism
and biochemistry. When biochemistry is concerned with the
structure and chemical propertics of isolated compounds of bio-
logical origin and when metabolism is interpreted as embracing
the integrated chemical activities of the whole organism, these two
aspects of biology are clearly working at different levels of com-
plexity. However, our understanding of metabolism comes not
only from the study of whole organisms and of the structure and
physiology of their individual cells but from advances in bio-
chemistry. The student of metabolism assumes as a guiding
principle that the reactions obscrved in isolated enzyme systems
reflect physiological events and are not artefacts of isolation.
Nevertheless, he uses such biochemical knowledge with discretion
when attempting to interpret the physiology of living cells. From
this, it follows that as the biochemist goes on to study the behaviour
of complex systems containing, sometimes, many enzymes and
other biological molecules and as the student of metabolism
becomes concerned with the sequences of individual chemical
reactions which underlic such processes as respiration and photo-
synthesis, the two approaches come very close together. It is
sometimes argued that the distinction betwcen the physiologist and
the biochemist can be drawn by saying that the physiologist is
concerned with metabolism at the levels of the cell, tissue and
organism, whereas the biochemist studies the metabolic spectra of
subcellular systems ranging from the organelles of the cell (nucleus,
chloroplast, mitochondrion, microsome) down to single enzymes
and their specific substrates. It is, however, impossible to observe
strictly such a boundary when developing a discussion of plant
metabolism. Nevertheless, insofar as the distinction drawn above
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emphasises that the metabolic physiologist is concerned with the
interpretation of the activities of living cells, it will guide the
emphasis developed in the present volume. This will impose a
welcome restriction on the scope of our subject matter and give a
useful but not excessive overlap with present and future intro-
ductory texts of plant biochemistry.

THE METABOLIC PROCESSES INVOLVED IN
GERMINATION

“.. . enzymes played a niost important part in all metabolic changes . . .
for each reserve the protoplasm was able to call into existence an appropriate
enzyme.”

R. J. Harvey-Gibson. Outlines of the History of Botany, 1919.

‘-

Starting our story with a living mature seed and by tracing very
briefly the devclopment from this of a new and independent plant,
we can review the main aspects of plant metabolism. Such a
review will provide a general background for the more detailed
later chapters.

The essential structures of selected angiosperm sceds are illustrated
in Fig. 1. The multicellular embryo is differcntiated into embryonic
shoot (plumule) and root (radicle) and is associated with storage
tissue from which it will receive the organic food matcrial essential
for the carly growth of these esscntial organs. The mature sced has
a low water content (10-20%,) and associated with this the dormant
tissues have a very low rate of metabolic activity (for instance, the
rate of respiration of the dry barley grain as measured by its rate cf
oxygen absorption at 22°C is of the order of 0-06u1-0,/g/hr).
When such a seed is placed at a suitable temperature and in the
presence of oxygen and water it germinates; its embryo awakens
to active life and begins to grow into the young plant or seedling.
The process of germination is initiated by a rapid uptake of water
leading to a swelling of the seed tissues and a stretching of the
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Introduction 5

enclosing seed coat. The progress of this uptake of water with
time for the seeds of barley, is shown in Fig. 2. The initial attractive
force exerted by the “dry” sced for water may be very great
indeed (500-1000 atmospheres) and involves a binding of water to
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Fic. 2. The uptake of water at various temperaturcs by grains of
Hordeum vulgare (barley), (after A. J. Brown and F. P. Worley. Proc.
Roy. Soc. B., 85: 546, 1912).

organic molecules which can be compared to that exhibited by
inorganic molecules for their water of crystallisation. This initial,
imbibitional uptake of water leads to the liberation of a small amount
of heat indicative of the loss of kinetic encrgy by the absorbed
water molccules.  As hydration of the cells proceeds, osmotic forces
come into play and the forces motivating water uptake are of a
lower order of magnitude (of the order of 10-30 atmospheres).
This hydration of the tissues is associated with a rise in their meta-
bolic activity first occurring in the radicle region of the embryo.
The cnhanced metabolic activity is indicated by an increased
respiration rate (in contrast to the figure quoted above for “dry”
barley grain, the oxygen uptake of the germinating barley grain is
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of the order of 1001-0,/g/hr). The rclationship of respiration rate
to moisture content in the oat grain is shown in Fig. 3.

In some grains, such as maize, the soluble sugar, sucrose, has been
shown to be uniformly distributcd in the dry embryo and reducing
sugars like glucose cannot be detccted in appreciable amounts until
the embryo begins to clongate. Sucrosc may, therefore, be the
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Fic. 3. The relationship between water content and the rate of

respiration of germinating grains of Avena sativa (oat). Oxygen

uptake determined at 25°C expressed as mm?® per hour per 10g dry

weight, (after A. C. Bakke and N. L. Nocecker, 1933. Towa Agr. Expt.
Sta. Res. Bul. 165: 319).

initial respiratory substrate involved in the rise in respiration rate.
The activation of the metabolic process of respiration early in
germination implies not only the availability of a respiratory
substrate like sucrose in the embryo but the activation of the essential
biological catalysts termed enzymes. These enzymes are protein
molecules and hydration of these molecules is essential for their
activity. Thus, respiratory enzymes are present preformed in the
mature “dry” embryo and become active during the imbibitional
phase of water uptake.
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Now, following the uptake of water, the cells of the embryo
become active, expand and even begin to elongate before the sced
coat is ruptured or the main food reserves of the grain are mobilised.
The food reserves stored in cotyledons or endosperm or less
frequently in perisperm tissuc are mainly in an insoluble form as
polysaccharides (particularly as starch), as fats in the form of oil
globules or as granules of protein. Their ultimate utilisation to
promote the growth of the tissues of the embryonic root and shoot
depends upon their conversion to soluble compounds and the
transport of these compounds to the regions of cell expansion and
cell division in the embryo. The conversion of insoluble food
substances to simpler soluble compounds is another expression of
enzymic activity. Some of the enzymes involved are present in
the dry storage cells and are, like the respiratory enzymes, activated
during the phase of rapid water uptake by imbibition. Other
enzymes involved in the mobilisation of food reserves are, however,
synthesised during the germination process. This can be illustrated
by reference to the digestion of starch grains (which contain two
polysaccharides; amylopectin and amylosc, the lattes usually consti-
tuting 15-35%, of the grain). Probably in all, at lcast four enzymes
arc involved in the degradation of starch to the soluble mono-
saccharide, glucose. The two involved in the initial attack are
a-amylase and B-amylase and their actions are, to an extent, com-
plementary. a-amylase attacks both amylose and amylopectin to
give rise to a complex mixture of molecules of lower molccular
weight, called dextrins. p-amylase releases disaccharide units
(maltose) from these compounds.  Studies of o-amylase and
p-amylase activity in germinating grains of Avena sativa show that
the B-amylase is preformed in the grain and is activated during
the initial rapid uptake of water. a-amylase development is, how-
ever, dependent upon synthesis of enzyme protein and this synthesis
takes place in the endosperm cells in response to a stimulus from the
germinating embryo. The observation that the embryo promotes
enzyme formation in the endosperm is one of considerable interest
for if we could fully understand the nature of the stimulus involved
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it might be the starting point for a striking advance in our know-
ledge of the germination process. It would also contribute to our
understanding of an important aspect of the physiology of multi-
ccllular organisms, that of how the reciprocal metabolic relation-
ships between tissues arc mediated. At prescnt we have only an
indication to suggest that the embryo cells supply to the endosperm
cells, peptides (chains of amino acids) which could be then used as
building blocks for the enzyme protein.

This discussion of the activities of the amylases enables us to
draw attention to an important property of all enzymes. Proteins
losc irreversibly their essential biological properties when heated.
This denaturation of proteins, which involves a change in molecular
architecture rather than in chemical composition, can also be
brought about by irradiation in the ultra~violct, by short exposures
to extremes of acidity and alkalinity or even by mechanical agitation
in solution. Enzymcs are, thercfore, inactivated by heat; they are
thermolabile.  However, the exact temperature conditions which
cause thermal denaturation are characteristic of each individual
enzyme. Such a difference in the heat instability of the amylases
was exploited in the rescarches mentioned above on the changing
activity of these enzymes during germination. It was possible, by
heating the scedling extract to 70°C for 20 minutes, to completely
inactivate f-amylase without significantly reducing the a-amylase
activity.

The germination of the embryo initiated by the utilisation of its
own food constituents is now maintained by the larger supply of
soluble compounds generated by enzyme activity in the storage
tissues of the seed. Not only does the embryo stimulate the develop-
ment of enzymes in the storage tissue but it directs the flow of
soluble compounds from the storage cells to its own growing
regions. The storage cells of the endosperm or cotyledons have a
relatively low rate of respiration but by the action of their hydro-
lysing enzymes they become enriched with soluble food substances.
The movement or translocation of these substances to the embryo
is, therefore. movement from a region where they occur at high
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concentration to a region wherc they are rapidly consumed in
cmbryo metabolism. The storage tissue is a “‘source”, the embryo
a “sink” for these essential compounds. This, however, neither
specifies the nature of the actual compounds which flow to the
embryo nor the mechanism of the translocation process. The
storage fats arc probably attacked by “lipase” enzymes and the
fatty acids so produced are converted to sugar. This raises the
possibility that both storage polysaccharides like starch and fats are
ultimately converted to the disaccharide, sucrose (cane-sugar) since
there is very strong evidence that it is as sucrose that the carbon of
carbohydrates is transported in the phloem of the conducting
strands. In studies on barley germination there is the corroborative
evidence that the embryo preferentially utilises sucrose for respira-
tion and to build its cell walls.

The protcins of the storage cells arc acted upon by a group of
proteolytic enzymes to yield a mixture of free amino acids, together
with the amides of glutamic acid and aspartic acid (glutamine and
asparagine) and, probably, simple peptides (compornds composed
of small numbcrs of amino acids linked together through peptide
bonds). Whether all these simple organic nitrogen compounds are
cqually translocated is not known but the evidence does not point
to a single transported compound as is the case for carbohydrates.
Further, we know that the embryo cells rather than the storage
cells contain the enzymes which promote the interconversions of
amino acids required to produce the particular mixtures of amino
acids involved in the synthesis of the proteins of the embryo cells.
In quantitative terms the transport of carbohydrates and of soluble
organic nitrogen from the storage cclls is dominant. The storage
tissues are, however, sources of other substances essential to the
cmbryo, including phosphorus compounds and certain essential
vitamins. Further, there is strong cvidence that the growth hormones
equally essential for the growth of the embryo are formed from
precursors which are released from the storage cells early in the
germination process. These growth hormones in their active form
occur at the points of most active growth within the embryo and



10 Plant Metabolism

may, in some way not yet understood, dircct the flow of soluble
food substances to these growth centres.

The exact nature of the translocation of organic solutes has yet
to be satisfactorily worked out but current views on possible
mechanisms involved will be discussed in a later chapter (Chapter 6,
p- 157). Clearly, in the germinating seed food materials must pass
from cell to cell within the storage tissues, be conducted within the
vascular strands of the developing seedling and pass out from these
strands to the dividing, expanding and differentiating cells of the
growing regions. Longitudinal transport of organic solutes within
the vascular strands takes place predominantly in the sieve tubes of
the phloem. One very strong possibility is that within these special
conducting units transport of materials is effected cither by a mass
flow involving the bulk of their'fluid contents or by “channel” or
“strand” flow of fluid and cell particles (these latter could be special
“carrier” particles) within a mainly stationary fluid mass. There
may well be, in the near future, a “break-through” in our under-
standing of the mechanism of sieve tube transport following
improved techniques for the microscopic observation of living
phloem tissue and the application of the electron microscope to the
study of sieve tube structure. Entry of food materials into the
phloem at points adjacent to the storage tissue and their removal in
the regions of active growth of the scedling probably involves
processes of secretion and absorption which demand energy derived
from the respiration of living cells. Such movements of substances
across cell boundaries often in directions opposed to concentration
gradients and at speeds altogether more rapid than would occur by
diffusion are often referred to as “active” movements. Work is
done by the cell in promoting such “‘active” movements and in
performing such work a redistribution of the encrgy released by
respiration occurs. There is now an impressive body of cvidence
that the absorption and secretion by plant cells of both inorganic
ions and organic substances are “active” processes in this sense.
The movement of organic solutes within living tissues such as the
growing regions of the young shoot and root of the seedling and



Introduction 11

through the storage tissues of the seed probably, at some points,
involves diffusion, at others, “‘active” transport across cell mem-
branes, and at others, mass movement over longer distances by
protoplasmic strcaming within the cells. It remains a controversial
question as to whether any flow of fluid occurs in the fine cyto-
plasmic strands (plasmodesmata) which interconnect the protoplasts
of adjacent cells in all living plants.

The cells of the cmbryo are capable of increase in size (expansion
growth) and diffcrentiation; many of them are capable of cell
division (mitosis). With the increase in their water content which
occurs during the initial phase of germination this expansion growth
commences and is soon reinforced by the formation of new cells,
first at the apical growing point of the root and then at the cor-
responding growing region of the embryo shoot. These processes
of ccll division and cell expansion are dependant upon a release of
energy and of cssential small reactive molecules from the complex
food substance (first of the embryo cells and later of the storage
tissues). In the process of growth this encrgy and these reactive
molecules, both of which arisc from a degradation of complex
food substances, participate in the synthesis of new cell material,
particularly of the protcin and lipid molecules essential to protoplast
structurc and of the complex polysaccharide and polyuronic acid
molecules of the cell wall. The metabolism of the embryo cclls,
set in motion by the absorption of water, involves a multitude of
interconnected chemical reactions. Some of the reaction sequences
result in the degradation of complex food molecules (this aspect of
metabolism is called catabolism), other scquences result in the
synthesis of the unique molecules from which living structures are
built (anabolism).

To illustrate the activation of metabolism which follows the
uptake of water by the air-dry seed we quoted rates of respiration
and expressed these in terms of oxygen absorption per unit of time.
For muost secds oxygen is as essential as water for germination
because of its requirement in the process of respiration. This catabolic
process, whereby food materials are degraded and their energy
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released, is an oxidative process. The storage carbohydrates, fats
and proteins serve as substrates for respiration and are oxidised to
yield as end products carbon dioxide and water. Oxygen absorption
and carbon dioxide evolution proceed continuously at the respira-
tory centres within the living cells. During respiration, energy
locked up within the structure of the food substance molecules is
released. Some of this energy is dissipated as heat and this evolution
of heat is most easily demonstrated by confining a mass of germinat-
ing sceds in a Dewar flask. Some of the released energy is, however,
conserved because the degradation of the food substance molecules
is linked at the respiratory centres to a simultancous synthesis of
certain energy-rich phosphorus compounds which act as mobile
“power-houses” able, at other points in the cells, to “drive” the
synthetic reactions of anabolism. Further, during the degradation
of respiratory substrates many reactive intermediate compounds
arise and some of these arc withdrawn from the oxidative pathways
of degradation to be used as “‘raw materials” for the synthesis of
new essential organic molecules like the enzyme and structural
proteins of the ccll.

The swelling of all the living cells within the seed combined with
the carly extension growth of the embryo root results in the
rupture of the sced coat. The young root emerges and quickly
penctrates downwards into the soil. The rapid downward growth
of the root anchors the seed and immediately creates an absorbing
surface for the uptake of water and of essential inorganic ions from
the soil. This is soon followed by the upward growth into the air
of the young shoot and the opening of its first green leaves. The
establishment of the root in the soil and the emergence into the
light of the young shoot enables the seedling to draw upon its
external environment for all its essential nutrients. The organic food
materials of the sced, essential for the establishment of the young
plant, are then no longer required for its further growth and
devclopment.

The carbon essential for the formatien of all organic compounds
is available to the green plant as the gas, carbon dioxide. This gas
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is present in the air in low concentration (3 parts in 10,000 by
volume) and its absorption by land plants takes place via their green
leaves and young stems. Submerged water plants obtain their
carbon dioxide already in solution from the water in which they
live. Water is essential to all living organisms as the medium in
which essential ccll constituents dissolve and move and because the
biological properties of many molecules like those of the proteins
depend upon their association with water molecules and with
hydrogen and hydroxyl ions. Water is also the source of hydrogen
and oxygen atoms and these atoms are sccond only to carbon in
importance in the architecture of organic molecules. In the land
plants this water is absorbed mainly from the soil by the root
system and transported to the shoot via the conducting clements of
the xylem. The molecules of protein contain, in addition to carbon,
hydrogen and oxygen, the clements nitrogen and sulphur. Many
other essential organic molecules contain nitrogen and/or sulphur.
The lipo-proteins involved in the formation of cell membranes and
the nucleoproteins involved in the transmission of hereditary
characters and in enzyme synthesis also contain phosphorus. Other
phosphorus compounds, as alrcady mentioned, play an essential
part in the energy rclationships of cells. Calcium is essential for
the proper formation of the middle lamclla. Magnesium is con-
tained in the molccules of the chlorophylls, the cssential photo-
catalysts of photosynthesis and also is implicated as part of certain
cnzyme systems. Potassium is an essential and mobile clement
within the plant. Active leaves and growth centres are usually rich
in potassium. Although there is some evidence that it is involved
in protein synthesis we do not know of essential potassium-contain-
ing organic molecules or of enzyme systems whose activity depends
upon the presence of potassium. The cssential clements discussed
above are all required in differing but moderately large amounts
for the growth and devclopment of the green plant. There are,
however, a number of other cssential elements which arc required
in relatively very small amounts, as micro rather than as macro-
nutrients.  The recognised micro-nutrient clements are: iron,
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manganese, zinc, copper, boron molybdenum and chlorine. It
seems that in all cases these micro-nutrients are essential to plant
growth because they function as essential constituents of particular
enzyme systems. These essential macro-nutrient and micro-nutrient
elements from nitrogen to molybdenum arc absorbed as anions and
cations from the soil or watcr in which the plant is growing.

Reference has already been made to the osmotic nature of the
water uptake by the fully imbibed seed and osmotic forces are also
involved in the absorption of water from the soil by the seedling
root. Further discussion of the mechanism of water uptake by
plant cells and of the movement of water through plant tissues will,
however, be best deferred to the next chapter (p. 28) where the
central theme will be the relationship between cell structure and
cell function. Reference has also alrcady been made to salt absorp-
tion, citing it as an “active”” process, a process dependent upon the
energy released in respiration. The “active” nature of salt absorption
is emphasiscd by two important aspects of this process. Firstly, the
absorption of anions and cations is selective; they are absorbed in
amounts not determined by their relative concentrations in the soil
or other nutrient solution. Secondly, the uptake of ions leads to
their accumulation, to the devclopment of internal concentrations
of free ions within the cell often vastly in excess of their concentra-
tions in the external solution. This selective accumulation of
inorganic ions by the absorbing cclls of the seedling root raises the
whole question of how the energy released in respiration is harnessed
to perform cellular work, in this particular case to power a number
of selective “salt pumps”. Later, when we explore further the
inter-relationships between metabolic processes it will be appropriate
to examine critically how far we really understand the mechanism
of salt uptake by plant cells (Chapter 6, p. 157 ef seq.).

The essential elements absorbed by the root are not only involved
in its own metabolism, but are, in part, translocated either as free
ions or as soluble organic compounds to the growing regions of
the shoot, being metabolised most actively in its apical meristems
and developing leaves. The root therefore plays its special role in
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the nutrition of the wholc plant. In turn and to an increasing
extent, as the organic food reserves passed on from the parent plant
are depleted, the development of the young plant becomes de-
pendent upon the synthetic activity of its leaves and green stems,
upon the primary synthesis of organic molecules from carbon
dioxide and water by photosynthesis. Respiration has been described
as an oxidative rclease of the energy locked up in the structure of
organic molecules, such as in the molecules of sugars. Photo-
synthesis is, by contrast, a reductive process in which the energy-rich
molecules of sugar are built up from carbon dioxide and water.
The overall equation for both these processes can therefore be
represented

respiration
CoHyy0+ 60, T~ " 6CO,+6H,0 (1)

sugar photosynthesis

Further, as clearly indicated by its name, the unique phenomenon
in photosynthesis is not the assimilation of carbon dioxide, nor the
synthesis of sugars but the utilisation for these processes of the
radiant encrgy of the sun. This means that photosynthesis involves,
in contradistinction to the other metabolic processes so far mentioned
certain  photochemical reactions, insensitive to temperature and
mediated through a photocatalytic system. The chlorophyll
pigments organiscd in special cellular structures called chloroplasts
represent this system and give to photosynthetic tissues their green
colour.

Study of the reactions involved in respiration has revealed that
the oxidation of organic food substances is linked to the reduction
of a special pyridinedinucleotide molecule (a co-enzyme) and that
much of the available energy becomes concentrated in the reduced
moleculcs of this compound. The subsequent regeneration of the
co-enzyme by oxygen not only results in the formation of water
(Eqn. 1) but is coupled to the simultancous synthesis of an energy-
rich phosphorus compound (a polyphosphate of the nucleotide,
adenylic acid, the substance, adenosine triphosphate—abbreviated to
ATP). This compound is one of those phosphorus compounds
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which can act as a mobile “power house” and drive the synthetic
reactions of anabolism. It is, therefore, of great interest that it has
recently been shown, particularly in experiments with isolated
chloroplasts, that the photochemical reactions of photosynthesis
result in the synthesis of ATP and in the reduction of a pyridinedi-
nucleotide co-enzyme. The cnergy trapped in ATP and the
reducing power of the reduced co-cnzyme then cffect carbon
dioxide assimilation and reduction by thermochemical (enzyme-
activated) reactions which can occur in the absence of light (are
“dark” reactions) and even in non-photosynthetic plant cclls. There
is a common energy currency in all plant cells, photosynthetic cells
have a unique way of minting this currency.

Once its leaf arca is sufficiently developed the young plant
acquires the ability to grow and develop when supplied with its
essential nutrients entirely in inorganic form. It becomes indepen-
dent of the organic food reserves of the seed. The sugars synthesised
in the chloroplasts become the primary sources of energy and of
reactive intermediates for the synthesis of all the multitude of other
organic molccules which go to make a living ccll. From the leaves
the sugars which are in excess of thosc required for the nutrition of
the leaf cells pass via the sieve tubes of the phloem and in the form
of the disaccharide, sucrose, to nurture the growing points of the
shoot and to the root.

With the emergence of the shoot of the seedling into the air not
only does photosynthesis become possible but there occurs an
incvitable loss of water from the plant by evaporation, a process
termed franspiration. Transpiration is not only a consequence of
the exposure of the external surface of the shoot system to the air
but is enhanced in magnitude by the development in the shoot
surface of breathing pores (stomata) which facilitate the exchange
of oxygen and carbon dioxide between the shoot tissues and the
external air. The stomata are bordered by special cells (guard cells)
whose size and form can change in a way which increases or
decreases the pore area or closes the pore completely. This regula-
tion of stomatal aperture is of importance both in the retention of
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respiratory carbon dioxide for subsequent photosynthesis and for
water conscrvation at times of drought.

If the water content of the actively metabolising leaf cells is not
to fall significantly as a result of transpiration a continuous flow of
water to the leaves must be set in motion; a “transpiration stream”
must take place in the xylem strands stretching from the veins of
the leaf down to the absorbing regions of the root. Such a trans-
piration stream will inevitably not only demand an enhanced water
uptake by the root but will lead to transport of inorganic nutrient
jons in the mass flow of liquid in the conducting cells of the xylem.
A cut shoot sct under conditions conducive to active transpiration
absorbs water at the cut stem surfacc with considerable force, a
suction pull for water is set up in the shoot system. The attraction
for water develops in the leaf cells as water is evaporated from their
surfaces into the air space system of the leaf tissue and is transmitted
down through the continuous columns of liquid in the xylem
vessels and tracheids. The removal of a plant from a water-saturated
to a dry atmosphere leads to a marked enhancemen: of the rate of
water absorption and to the force with which water is removed
from the soil. Under conditions of active transpiration, plant roots
may desiccate the soil to the point where it retains its small residual
water content with a force as high as 15 atmospheres. There is
strong evidence for the view that under such conditions of active
transpiration, a tension is developed in the xylem fluid and that
then the root acts in water absorption purely as a physical system,
a wick or sponge, from which water is withdrawn by the trans-
piration of the leaf cclls. Water absorption by the root under these
conditions has, therefore, been described as a “passive” process.

Iowever, during the passage of the seedling shoot through the
soil its water supply cannot derive from transpiration. The same
applics during the initial spring growth of perennating organs or
during the early growth of the buds of shrubs and trees in the
spring. Further, many scedlings and herbaccous plants when placed
in a saturated atmosphere show a release of droplets of water from
their leaves (the phenomenon of guttation). Under these conditions
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there is evidence that the upward movement of water follows from
the development of a positive pressure (a compression) of water in
the xylem; a positive root pressure. Further, this positive root
pressure is only demonstrable when the temperature and oxygen
supply are favourable to root metabolism, supporting the contention
that a positive root pressure is indicative of an “active” water
uptake by the root.

By means of the above outline discussion of the physiology of
germination and of seedling establishment, it has been possible to
introduce or remind the reader of the major metabolic processes
which proceed in the green plant. This enables us to pose most of
the problems which will be considered in the present volume. This
can perhaps best be illustrated by formulating a number of important
questions which arise dircctly out of the present chapter and which
will to some extent be answered in the subsequent chapters.

What is the significance of the fact that the reactions of living
cells arc catalysed by a large number of specific enzymes: What
special properties of protein molecules make them able to play this
unique catalytic role in plant metabolism? If enzyme proteins
catalyse the synthesis and degradation of sugars and other carbo-
hydrates, of fats and other lipids, of organic and amino acids, of
vitamins and of the many other essential organic molecules of the
cell, how then are the enzyme molecules themselves synthesised ?
If these enzymes control metabolism, is it through the controlled
synthesis of enzymes that the genes of the nucleus control plant
growth, form and development? Are compounds generally,
always or never degraded and synthesised by the same chemical
reactions ? If there is a common pathway of synthesis and degrada-
tion what controls the direction of metabolism along such a pathway ?
As an example, and leaving aside the photochemical reactions, are
the reactions involved in the photosynthesis of sugars the reverse
of those in sugar respiration? How does the cell convert radiant
into chemical energy in the process of photosynthesis ? How cxactly
is energy conserved in the cell and transferred from energy-yielding
to encrgy-absorbing reactions and with what cfficiency is this
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cellular redistribution of energy effected? If energy can be trans-
ferred from one chemical system to another in this way does this
explain how cells perform the work which must be involved in
such “active” processcs as cell growth, growth movements,
accumulation of solutes against concentration gradients, and rapid
transport of organic molecules within the plant? Where do the
reactions of metabolism take place within the cell and is cell
structure capable of being interpreted in terms of the maintcnance
of orderly patterns of degradation and synthesis within the quite
extraordinary complex chemical factory represented by the plant
cell? What determines that some cells remain meristematic while
others undergo enlargement and change in the several ways which
give rise to the diverse types of tissuc cells found in the body of the
green flowering plant? What are the nutritive and other physio-
logical interrelationships between the different tissue systems?
Why is the duration of life of the multicellular plant finite or,
phrased another way, can we explain in metabolic terms senescence
and death?

The extent to which we can answer such questions and others
which the thoughtful reader will formulate for himself, is the
measure of our present understanding of plant metabolism.
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CELL STRUCTURE AND
FUNCTION

'

“The vital processes of the individual cells form the first indispensable and
Sfundamental basis for both vegetable physiology and comparative physiology
in general.” M. J. Schleiden (1838)

“We have seen that all organisms consist of essentially like parts, the cells
.. .each cell . .. capable of developing independently if only there be
provided the external conditions under which it exists in the organism. . . .
The question as to the_fundamental power of organised bodies resolves itself
into that of the individual cells.” Theodore Schwann (1839)

INTRODUCTION

THEsE writings of the botanist Schleiden and the zoologist Schwann,
from which our above quotations are taken, formed the first clear
expression of the view that the properties of complex organisms
are an cxpression of the separate activities of their cells, each ccll
living in the special environment created by the association together
of the total cell population. This cnunciation of the “cell theory”
had, as its background, the brilliant rescarches of earlier micro-
scopists right back to the first use of the term “cell” by Robert
Hooke in 1665.

The early microscopists recognised that living material was built
up from, or divided into, minute compartments or cells but not
until the 19th century were microscopes of sufficient resolving

power available for the living contents of cells to be observed.
0
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Robert Brown first observed the nucleus in the epidermal cells of
certain plants in 1831. The recognition of the general occurrence
of a thin layer of mucilaginous material within the cell boundary
and the usc of the term protoplasm for this substance, which was
only to be seen in life (and not like the cell boundary or wall also
in death), followed from the gifted studies of Hugo von Mohl in
the middle of the 19th century. Still further progress followed
upon the manufacture and distribution of Abbé microscopes by
Zeiss of Jena from around 1878. It was from studies with micro-
scopes of this kind and by using basic aniline dyes as stains that
Eduard Strasburger first described the chromosomes of the nucleus
and their behaviour during the division of cells. Such microscopes
made possible very rapid advances in our knowledge of the range
of cell structure and form in plant tissues and laid the foundations
of our present knowledge of nuclear and cytoplasmic structure as
they can be seen with the ordinary light microscope with its
resolving power of around 0-275u (2750 A).

Cells in the living state have always been difficult objects to
study microscopically because they and their contents are for the
most part transparent to visible light. On the other hand, examina-
tion of fixed and stained cells always raiscs the problem of how far
the structures scen correspond to structures in the living cell.
Various extensions of optical microscopy have, therefore, been
developed to overcome the lack of contrast within the living cell.
The use of polarised light has enabled cell structures in which the
molecules are highly orientated e.g. the layers of the cell wall, and
the lamellac of plastids, to be recognised by virtue of their bi-
refringence. Perhaps more important has been the development of
the phasc-contrast microscope by means of which such processes as
nuclear and plastid division and the movement and change in form
of bodies likc mitochondria can be followed and photographically
recorded in the living cell. In the phase-contrast microscope we use
a monochromatic light source, reduce the intensity of the directly
transmitted component of the light and retard the deflected beam to
bring it a half wave-length out of phase with the transmitted light
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and, thereby, through destructive or constructive interference, yield
strong contrasts. The resolving power is not diminished, the con-
trast is dramatically increased.

One of the factors limiting resolution in the light microscope is
the wave-length of visible radiation and, therefore, to increase
resolution it is necessary to use radiation of shorter wave-lengths.
This led Kohler to devise in 1904 an ultra-violet microscope
involving a monochromatic source of ultra-violet radiation, lenses
of fused quartz which will transmit radiation down to a wave-length
of 2400 A and photographic recording of the images. Such ultra-
violet microscopes have, however, been used in cytological work
not so much because of their increased resolution but because when
combined with a microspectrophotometer they permit estimates of
changes in the nucleic acid content (charactcristically absorbing in
the region of 2600A) in the nucleus and cytoplasm during cell
division and differentiation.

The search for higher resolution has found its modern answer in
the electron microscope whose resolution is more than 200 times
greater than that attainable with light. The electron microscope
uses a beam of high speed electrons focused by electromagnetic
lenses. To be examined in the electron microscope the specimen
must withstand evacuation (living material is excluded) and be un-
usually thin. To prepare ultra-thin sections, special microtomes are
used which employ glass or diamond knives and the material, usually
fixed in neutral osmic acid, must be ecmbedded in a plastic which is
polymerised after the monomer has penctrated the dehydrated cells.
There is still a need to devise methods of dchydration and embedding
which do not distort or disrupt cell structures. Nevertheless, the
picture of cell structurc revealed by electron microscopy can be
accepted with growing confidence as it increasingly links up with
knowledge obtained from other forms of microscopy and from
studies of the chemistry and metabolic activity of fractions isolated
from cell extract by high-speed centrifuging.

In this chapter we shall consider the structure of plant cells as
revealed by light (resolving power down to ~ 3000 A) and electron
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(resolving down to ~ 15A) microscopy and consider what we can
lcarn of the relationship of structure to function by observations on
the intact cell and on cell “fractions” isolated by centrifuging.

GENERAL STRUCTURE OF PLANT CELLS

Many different kinds of cells make up the body of a flowering
plant. All the various specialised cells, are however, derived by
cell division and subsequent enlargement and diffcrentiation from
groups of meristematic cells situated at the apices of the root and
shoot or making up the vascular and cork cambia of the larger root
and shoot axes. The meristematic cells of the apical growing points
are roughly isodiametric and frequently not morc than 10x in
diameter, those of the cambia are small rectangles in transverse
scction but are clongated, often 100 or more in length.  Such
cells have thin cell walls, rich in hemicelluloses and pectin. ' Within
the cell wall the living matcrial (the protoplast) consists of cytoplasm
and a large nucleus, the latter occupying 2/3 to 3/4 of the protoplast
volume. Minute vacuoles (rich in fatty or proteinaceous material),
spherical or cylindrical mitochondria and proplastids can be distin-
guished by appropriatc techniques in the ground mass of the
cytoplasm (the hyaloplasm). Mature tissuc cells, such as parenchy-
matous cells are derived from such cells. The marked increase in
cell size (this may be scveral hundred fold) and the changes in
protoplast and wall structure which lead to the development of a
parenchymatous cell exemplify the processes of cell growth and
differentiation.  Further, since cells involved in water and salt
absorption and in photosynthesis and food storage are of this kind
their structure is of great interest to the physiologist.

Figure 4 shows some drawings of parenchymatous cells, in which
the structures described below arc labelled. The cell wall is composed
of a framework of the polysaccharide cellulose. The water content
of the wall accounts for 92-94%, of its fresh weight. Associated
with the cellulose (constituting perhaps 25%, of the dry weight)

2 ra,
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chloroplasts with starch grains

cell wall » N\

// nucleus SN /;
7=~ vacuoles \

‘ cytoplasm mitochondria
sz chioroplasts

A nucleolus

FiG. 4. Structure of parenchymatous plant cells. A, cell from the

petiole of a sugar-beet leaf. It has vacuolated cytoplasm with mito-

chondria, chloroplasts and nucleus. B, starch sheath cells from young

stem of tobacco, showing prominent starch grains in the chloroplasts.

(Both x 1190), (from K. Esau. Plant Anatomy. John Wiley & Sons, Inc.
New York, 1953).

are variable quantities of hemicelluloses, pectins, protein and fats,
During the marked increase in size that accompanies the differentia-
tion of a parenchymatous cell, the cell wall grows. The increase in
cell wall arca is accompanied by an increasc in the amount of cell
wall substance and there is usually a further increase in ccll wall
material after cell enlargement is complete.
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The process of cell enlargement is associated with a massive
uptake of water and as this takes place the vacuoles fill with fluid,
become more prominent and ultimately fuse to give a large central
vacuole which may occupy at least 90%, of the total cell volume.
The vacuolar fluid, often referred to as the cell sap, is a solution
containing inorganic ions and soluble organic substances like sugars,
organic acids and amino acids. The cytoplasm also increases in
amount during the growth of the parenchymatous cell. This is
indicated by the increase in protein content of the cell during the
expansion phase of its differentiation. Nevertheless, the cytoplasm
rarely occupies more than 5%, of the total ccll volume and typically
takes the form of a thin layer (often not more than 5u thick)
immediately within the cell wall and surrounding the central
vacuole. Some 959, of the fresh weight of cytoplasm is water, and
some 3%, is protein. On the assumption that one million can be
taken as an average figurc for the molccular weight of protein
molecules, it has been calculated that a mature cell of the root
cortex may contain some 10® protein molecules and at this con-
centration some 20 successive mono-molecular layers of protein
could be present in the thickness of the cytoplasmic layer. The
nucleus (8-10u diameter) is contained in the cytoplasmic layer or
suspended in the centre of the cell by trans-vacuolar strands of
cytoplasm.

The lining layer of cytoplasm has a granular appearance due to
the presence of various inclusions or cellular “particles”. Some of
these, the mitochondria, arc spherical or cylindrical bodies with a
maximum dimension up to 2u and characteristically stained in the
living cell by the “vital” stain, Janus Green B.  Others of similar
size but not usually stained by this dye are regarded as proplastids.
These are the bodies from which it scems develop, during differ-
entiation, the various forms of plastid, most important of which
are the chloroplasts (in photosynthetic parenchyma) and the starch-
forming amyloplasts (of storage parenchyma). As will be discussed
later, mitochondria and plastids are centres of metabolic activity
and can increase in number by division. They are constant features



26 Plant Metabolism

of the cytoplasmic complex. By contrast, other inclusions are
inactive and represent reserve food substances or by-products of
cell mectabolism. Examples of this type of inclusion are starch
grains, protein “crystals” (alcurone grains) and minute oil droplets.
These various inclusions are suspended in the optically clear ground-
mass of the cytoplasm, the hyaloplasm. This hyaloplasm, from its
staining properties, is clearly rich in protein and shows physical
properties (such as reversible sol = gel change at constant tempera-
ture) corresponding closely with those of a hydrophilic colloidal
system in which the disperse phase is composed of fibre-like units
capable of weak chemical association.

The surfaces of contact between the cytoplasm and the cell wall
and between the cytoplasm and the central vacuole secem to be
almost free of visible inclusions and appear from staining reactions
to be relatively rich in lipoidal (fatty) material. By appropriate
treatment the fatty material at the vacuolar—cytoplasmic surface
can, in some cases, be demonstrated by causing the formation of
myelin processes extending into the vacuole—such myelin processes
are strongly indicative of the presence at the interface of phos-
pholipids like lecithin. By plasmolysis, followed by micromani-
pulative rupture of the cell wall, naked protoplasts can be obtained.
When such naked protoplasts are immersed in potassium chloride
solution the cytoplasmic laycr can be dispersed. The result is to
isolate the aqueous vacuole. This, however, does not immediately
disperse and the spherical mass can be induced to swell or shrink by
changing the osmotic pressure of the bathing solution. Dispersion,
however, immediately follows the introduction of a fat solvent
and minute oil droplets appear. The vacuole appears to be enclosed
by a membrane (the fonoplast) which has semi-permeable properties,
elasticity and an essential content of lipids. Experiments with dyes
like acid fuchsin and aniline blue also suggest the occurrence of a
membrance (the plasmalemma) at the cell wall-cytoplasm surface.
These dyes do not readily penetrate cells and if injected into the
vacuole or the lining layer of cytoplasm spread only within the
limits of each phase. There scem to be barriers to their diffusion at
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both cytoplasmic surfaces. Micromanipulation has also demon-
strated the presence of a well-defined elastic membrane (the nuclear
envelope) at the surface of the nucleus.

By grinding up (homogenising) plant cells in an appropriate
medium (such as a buffered sucrose solution of appropriate strength)
it is possible to obtain a brei in which nuclei, plastids and mito-
chondria can still be distinguished. By centrifuging such a brei at
successively higher speeds we can sediment in turn the cell wall
fragments, the nuclei, the plastids and the mitochondria. The
behaviour of thesc isolated cytoplasmic inclusions strongly points
to the presence at their surfaces of differentially-permeable, elastic,
lipid-rich membranes. The cytoplasmic complex is rich in mem-
branes and studies on the distribution within this complex of
absorbed radio-active substances strongly suggests that these
membranes restrict the movement into and within the cell of
molecules and ions.

Cells in tissucs are firmly cemented together by the middle lamella.
Therefore, cach protoplast is separated from its neighbouring
protoplasts by the two intervening ccll walls and the middle lamella
between them. Nevertheless, in many tissues, the light microscope
reveals the presence of many fine strands of cytoplasm (0-2-0-5u
thick) crossing this wall system and maintaining cytoplasmic
continuity between the tissue cells. These cytoplasmic strands or
plasmodesmata (Fig. 5) are frequently concentrated together in
certain arcas and it is apparently at such sites that pits develop
when the initially thin walls arc thickened during subsequent
differentiation. It has been calculated that a meristematic cell
(about 204 long on each face) from the root of onion is probably
connected with adjacent cells by some 20,000 cytoplasmic strands

\/4HE OSMOTIC BEHAVIOUR OF CELLS

Work related to the phenomenon of osmosis dates back to the
rescarches of the Abbé Nollet in 1748. Pfeffer was, however, the
first to study quantitatively the movement of water into solutions
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Fic. 5. Plasmodesmata in parenchymatous cells of Solanum tuberosum
(potato) 900, (From A. S. Crafts. Plant Physiology, 8: 81, 1933).

of sucrose across copper ferrocyanide membranes, recording the
hydrostatic pressurcs which were required to stop the osmotic flow
of water in such a system. The data presented by Wilhelm Pfeffer
in his book Osmotische Untersuchungen: Studien zur Zellmechanik
published in 1877, showed that the hydrostatic pressures equal to
and opposed to the osmotic pressures of the sucrose solutions were
proportional to the concentrations of the sucrose solutions (i.c.
proportional to I/l where V is the volume of solution containing
unit weight of sucrosc) and proportional to the absolute temperature
(T). The osmotic pressurcs of the sucrose solutions obeyed an
cquation analogous to the gas equation of Boyle; PV= KT. Later,
in 1886, van’t Hoff showed that if we use appropriate units (P in
atmospheres, I in litres of solution containing one gram molecule
of solute) then the K of the above equation is equal to the gas
constant (R) and the equation PV=RT applies to both gascous
and osmotic pressurcs. This enables us to define osmotic pressure
thus: the osmotic pressure of a solution is cqual to the gas pressure
which the solute would exert if it were present as a gas, at that
temperature, in a volume equal to the volume of the solution.
Thus an “ideal” molar solution should at 0°C have an osmotic
pressurc of 22-4 atmospheres.
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Pfeffer’s system involved separation of the sucrose solution from
water (the solvent) by a membrane allowing diffusion of water
molecules but not of sucrose molecules and a membrane of this
type was described as semipermeable.  Further, the movement of
water into the sucrose solution was prevented by a hydrostatic
pressure applied to the solution; the osmotic pressure was revealed
as a deficit of hydrostatic pressure, as a diffusion pressure deficit
(DPD) of water in the sucrose solution. The osmotic pressure of
the solution was the excess hydrostatic pressure which applied to
the solution prevented osmosis (the net diffusion of water across
the membranc) by raising the chemical potential (activity) of the
water in the solution to that of pure water at the same temperature.
This reduction of activity or “lowering of the pressure of water”
in solutions is also reflected in the lowering of their vapour pressures
(clevation of their boiling points) and depressions of their freezing
points below that of the solvent and both these criteria (and parti-
cularly the latter) can be convenicntly used for the determination
of the osmotic pressures of solutions. The osmotic pressure in
atmospheres at 0°C(P) is given by the equation

P= E x 22-4
1-86
where AT is the observed freczing point depression (°C). Further,
all thesc propertics depend upon the number of solute particles per
unit volume of solution (are colligative propertics). Hence, solutions
of clectrolytes, depending upon their number of ions and per-
centage ionisation, have osmotic pressures in excess of solutions of
non-clectrolytes of cquivalent molarity; an observation which led
Arrhenius to develop the ionic theory of solutions.

The concept of the vacuolated parenchymatous plant cell as an
osmotic system is based upon the classical rescarches of Pfeffer and
of his contemporary, Hugo de Vries (working between 1871 and
1888) both of whom studied microscopically the responses of plant
cells to externally applicd solutions. When such cells are placed in
solutions of sufficient strength the protoplasts decrcasc in volume
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to such an extent that they shrink away from the cell walls; the
cells arc plasmolysed. Using cells of the red beet with their coloured
vacuolar fluid, de Vries was able to follow this process accurately
and detect the first evidence of scparation of the protoplast from
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FiG. 6. Percentages of cells found plasmolysed (ordinate) in solutions
of different osmotic pressures (Atm); Caladium petiole, Rhoeo leaf and
beet root. The osmotic pressure bringing 50 per cent of the cells to
plasmolysis brings the tissuc to “limiting plasmolysis”, (from T. A.
Bennet-Clark, A. D. Greenwood and J. W. Baker. New Phytologist,
35: 277, 1936).

the cell wall (the point of limiting plasmolysis). When working with
uniform layers of tissuc, the individual cells are not all quite equally
susceptible to plasmolysis and, therefore, when dealing with such
a population of cells, the solution which just plasmolyses 50%, and
just fails to plasmolyse the remaining 509, of the cells can be said
to bring the tissue to the condition of “limiting plasmolysis”
(Fig. 6). Such solutions are isotonic with the tissue and such isotonic
solutions can be shown to be solutions of equal osmotic pressure.
Therefore, the ability of solutions to withdraw water from cells is
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a function of their osmotic pressures and when the plasmolysed
protoplast ceases to decrease in volume (comes to equilibrium with
the external plasmolysing solution) it can be postulated that the
DPD of the solution is balanced by the DPD of the protoplast.

The phenomenon of plasmolysis indicates that the cell wall is
permeable to (allows the diffusion of) both solute and solvent
molecules and that the osmotic removal of water is one proceeding
across membranes in the protoplast. Pfeffer referred to these as
plasmatic membranes and visualised such membranes as occurring
at both the outer surface of the protoplast and at the surface of the
vacuole; de Vries used the terms cctoplast (we have referred to this
membrane as the plasmalemma) and tonoplast. Clearly, to the
extent that the protoplast behaves as an osmotic system onc or
both of these membranes must have semi-permeable properties.

When a cell is placed in a solution capable of plasmolysing it
there occurs a decrease in cell volume prior to the onset of plas-
molysis. Similarly, if a plasmolysed cell is transferred to water the
protoplast first cxpands to fill the cell lumen and then an increase
in cell volume occurs before the uptake of water ccases. The cell
develops a state of turgor in which the protoplast presses against
the cell wall (develops a turgor pressure) and the stretched elastic cell
wall builds up a counter pressure (a wall pressure). The wall pressure
builds up in the protoplast a hydrostatic pressure opposing the
inward movement of water and when the cell is in equilibrium
with water (is at full turgor) this wall pressure (WP) equals the DPD
of the protoplast. At any point between limiting plasmolysis and
full turgor, the osmotic suction force (SF) of the cell (also referred to
as the DPD of the cell) is given by the equation

SF=OP,~ WP

where OP, is the osmotic pressure of the fluid phase (predominantly
vacuole) of the protoplast. Water will, therefore, enter or leave
the cell according as to whether the osmotic pressure of the external
solution is greater or less than the suction force. In land plants, the

tissues are usually not fully turgid and the suction force of each
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Fi. 7. Relationship between change in tissuc or cell volume or

weight from its initial (natural) value and the osmotic pressure of the

solution in which it is immersed. The osmotic pressure in which there

is no change in volume or weight gives the DPD (diffusion pressurce

deficit) or SF (suction force) of the ccll or tissue, (from T. A. Bennet-

Clark in Plant Physiology Vol. 2. pp. 105-192. 1959. Edited F. C.
Steward. Academic Press, New York).

scparate tissue can be determined by finding the osmotic pressurc
in which the tissue can be immersed without gain or loss in weight
(or volume) (Fig. 7). Usually the value so determined cannot be
regarded as the true suction force for the tissuc in situ because
within the plant the tissue will usually be either under compression
by surrounding tissucs (when the true value will be lower than
that determined) or under tension (when the true value will be
higher than that determined.)
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Fic. 8. Rclationship between DPD, OP and TP in the cells of the
alga Nitella. Volume of cell (V) at limiting plasmolysis is given the
value 1-0 and volumes of cell up to full turgor arc expressed as multiples
of this. DPD values determined experimentally. OP calculated from
DPD at limiting plasmolysis and increase in volume to full turgor. TP
obtained by difference. The dashed lines DB and AC indicate the
relationship between TP and DPD, respectively, which was assumed
to exist before accurate mcasurements had been made, (from H.
Tamiya. Cytologia (Tokyo) 8: 542. 1938 via Bennet-Clark, 1959 as
Fic. 7).

The osmotic concept of the water relations of the vacuolated
cell as outlined above can be summarised in a diagram (Fig. 8)
which depicts the changing values for cell volume (V), turgor or
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wall pressure ( TP), diffusion pressure deficit or suction force (DPD)
and osmotic pressure of the protoplast (OP) as the cell absorbs
water from the condition of limiting plasmolysis to that of full
turgor.

The critical test which one should apply to this osmotic hypothesis
is the demonstration that equations such as DPD=OP,— WP for
the partially turgid ccll and DPD=OP, for the plasmolysed cell
are quantitatively obeyed. It is, however, technically very difficult
to determine either the wall pressurc or to obtain, for instance, an
undoubtedly pure sample of vacuolar fluid. A number of workers
have reported that the osmotic pressure of the solution causing
limiting plasmolysis is considerably higher (0-2 to 5-0 atmospheres
higher) than the osmotic pressure of the extracted vacuolar fluid.
These findings suggest that the absorbing power of the cell for
water may be greater than expected from the osmotic relationship
and has led to the hypothesis that the cell augments osmotic forces
by a mechanism of “active” water uptake. This implies that the
force motivating watcr uptake is OP,+a where a is a secretion
pressure brought about by some unknown mechanism involving
the expenditure of cellular energy.

The picture of the cytoplasmic membranes as semipcrmeable,
permitting diffusion of water molecules but not of solute molecules,
arose from the apparent stability of plasmolysis when using as
plasmolysing agents, solutions of sucrose or of single salts. However,
as carly as 1880 de Vries recorded that the plasmolysis of epidermal
cells of Rheo discolor by glycerol and urca solutions was only
temporary, the cells fairly quickly regaining turgor. Klebs in 1887
recorded a similar temporary plasmolysis of the cells of filaments of
the alga, Zygnema, by urca solutions. Clearly, here there was
evidence of the entry of solute molecules into the cells to enhance
their OP, and enable them to regain turgor. This subject of the
permeability of cells to solutes was investigated in detail for the
first time between 1890 and 1899 by Charles E. Overton at the
University of Zurich and led to the realisation that many solutes
can diffuse into cells and that substances with a high solubility in
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lipids rclative to water (a high oil/water partition coefficient)
penctrated most rapidly. Later work, particularly by W. Ruhland,
showcd that not only lipid solubility but molecular sizc determines
the permeating power of solutes to living cells. We have already
referred to the cvidence for the concentration of lipoidal material
in cellular membranes. Their elasticity and their sicve-like properties
as exposed by Ruhland’s studics on permeability strongly suggest
that proteins are also involved in the structure of cell membrancs.
Protcin mono-molecular layers would confer clasticity and also act
as molecular sicves. These classical studics on permeability estab-
lished that many solute molecules can move across cell membranes
by a diffusion process; that cell membranes were not semipermeable
(in the sense of being permeable only to solvent molecules) but
structures having highly characteristic permeability properties.

From considcrations of the permeability of ccll membranes one
is led on to problems of the uptake and retention by cells of solute
molecules and ions. This, however, forms the principal subject
matter of Chapter 6. Here it is only necessary to c.nphasise that
Overton clearly visualised that the interchange of solutes between
the cell and its environment was regulated not only by resistances
to diffusion (permeability in the narrow sensc) but by an “active”
transport of substances often in the opposite direction to that in
which, from a purcly physical standpoint, they would be expected
to move. For this “‘active” transport mechanism, Overton used the
term “‘adenoid” (gland-like) activity and it is with this dominant
and active component that we shall be concerned when we come
to discuss our knowledge of the accumulation by plant cells of
essential nutrient ions.

THE FINE STRUCTURE OF CELLS

Bearing in mind the structure and osmotic behaviour of plant
cells as revealed by the light microscope, consideration can now be
given to the finer details of structure revealed by the electron
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Diagrammatic representation of structures in a meristematic

Fic. 9.
nucleus, nu -

plant ccll as revealed by clectron microscopy. n

nucleolus, mn —nuclear envelope, po=pore in nuclear envclope,

emn=membrane  of endosplasmic  reticulum, v -vacuole, pe

plasmalemma, m --mitochondria, pl -plastid, d, dv  golgi structures,

iy ... —various mclusions, (from R. Buvat. Ann. des Sc. Nat. Bot. 11
série, 19: 121, 1958).
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Fic. 10.  Electron microscope (EM) picture of a transverse scction of
a root tip ccll showing the nucleus (n), endoplasmic reticulum (cr),
mitochondria (m), golgi apparatus (ga), and an amyloplast (a). The
point (nd) is a discontinuity in the nuclear envelope not a pore. The
dark boundary region is the cell wall. Approx. x 6000, (from Whalcy,
Mollenhauer and Leech. Amer. J. Bot. 47: 401, 1960.)
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microscope (Fig. 9-14, 17, 21-23). These finer details of structure
are particularly pertinent to our understanding of the localisation
of metabolic events within the cell and of the nature of cell growth
and differentiation.

The electron microscope resolves the optically clear hyaloplasm
of the light microscope into two components. One, the matrix or
ground substance, replaces the hyaloplasm of the light microscope
in that, even in the electron microscope, no structural detail is
revealed. The second is the endoplasmic reticulum (ER), a membrane-
enclosed vesicular system appcaring in thin sections of the cell as
rounded, oblong or long slender vesicles (Figs. 12 and 13). In
meristematic cells this system is clearly a continuum extending from
the nuclear envelope, throughout the cytoplasm to the surface
membranes and even through the cell walls. In differentiated cells
the ER may be less prominent and may be represented only by
apparently discontinuous vesicles. The ER usually shows a charac-
teristic pattern of structure for each cell type; the ER structure and
the metabolic activities of the ccll are closely linked. Thus, in cells
active in protein synthesis there occur on the outer surfaces of the
ER membranes (Fig. 12) and sometimes free in the matrix numerous
particles (ribosomes), often about 150 A in diameter and rich in
ribonucleoprotein (RNA-protein). These ribosomes, together with
fragments of the ER are collected as the microsome fraction when a
suitably prepared tissue homogenate is first cleared by centrifuging
at 10,000¢ (to sediment mitochondria and larger cell inclusions)
and then submitted to a much higher centrifugal force (about
100,000¢ for 1hr or more). We shall refer to the metabolic ac-
tivity of this microsome fraction in Chapter 5. By contrast, in
differentiating cells in which the dominant metabolic activity is
the synthesis of cell wall material the ER, particularly adjacent to
the wall surface, will be relatively free of ER particles and the
membranes appear quite smooth.

The ER membranes are rich in lipoprotein and about 5my in
thickness, cach vesicle being bounded by a single membrane. The
electron microscope reveals the nuclear envelope as consisting of
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Fic. 11. EM picture of section of cells below the root promeristem
where vacuolation is proceeding.  Shows vacuoles (v), mitochondria
(m), proplastid (pp), nucleus (n) and walls (w) with plasmodesmata.
Approx. » 20,000 (from Whaley, Mollenhauer and Leech, 1960).

two membranes of similar structure and the outer of these two
membranes has been shown to be continuous with the membranes
of the ER, so that the space (20-40mu in width) between the two
membrancs of the nuclear envelope is continuous with the space
system of the ER (Fig. 13). The ER offers a great arca of contact
with the matrix of the cytoplasm which in turn has continuity
into the nucleus via pores (20-40mu dian.) in the nuclear envelope.
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Fic. 12. Typical EM image of the endoplasmic reticulum (er) in
which the outer surfaces are studded with microsomes. A few similar
particles are scen in the cytoplasmic matrix. m  mitochondrion.
Approx. > 40,000 (from Keith R. Porter in The Cell Vol. 2. Edited
by J. Brachet and A. E. Mirsky. Academic Press, New York, 1961).

While the functions of the ER are still uncertain there is evidence of
its involvement in protein synthesis (microsome particles) and
in intra-ccllular transport and if cnzymes arc built into the ER
membranes then it may be a major site of cytoplasmic activity,
the location of the *“ soluble’™” enzymes of the cell.

There can also be distinguished in meristematic cells, particularly
in the region of the cytoplasm in which the cell plate forms,
Golgi structures (Figs. 10 and 13) composed of a stack of plate-
like sacks bounded by membrances like those of the ER and associated
with a group of more of less spherical vesicles. The metabolic
role of the Golgi structures is uncertain, they arc characteristic



G, 13. Portion of a root meristematic cell as scen in the EM showing

the double nuclear envelope (ne) with pores (np) and showing con-

tinuity of the outer nuclear membrane with the endoplasmic reticulum

(cr).  m— mitochondria, ga—golgi apparatus, i and ii—inclusions.

The cell wall runs across the left-hand bottom corner. Approx. x
17,000 (from Whaley, Mollenhauer and Leech, 1960).
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Fi. 14. Mitochondria of Chlamydomonas reinhardi as seen in the EM
showing typical crista structure, X 60,000 (photo by Ruth Sager and
G. E. Pallade from A. B. Novikoff in The Cell Vol. 2 as Fig. 12).

of meristematic cclls, appear to increasc in number during cell
division and to disappcar during the early stages of differentiation.
Scctions of meristematic cells frequently reveal numerous small
vacuoles, some of which appear to contain reservoirs of metabolites.
As cells begin to expand these vacuoles become “empty” (presum-
ably contain in life an aqueous solution) and arc clearly enclosed
in 2 membranc similar to the plasmalemma. The plasmalemma itsclf
is scen in the clectron microscope as a single-layered smooth and
continuous metnbrane sometimes thrown into invaginations.
The mitochondria are scen by clectron microscopy (Fig. 14)
to be enclosed by an outer membrane and within this is an inner
membranc which is infolded to form across the central matrix
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OUTER WALL

INNER WAU.// -

Fic. 15. Diagrammatic representation of the structure of a mito-
chondrion (after A. L. Lchringer. Scientific American Reprint 91.
Sept. 1961).

baffles or cristac or to give rise to finger-like intrusions into the
matrix%ig. 15). The membranes are about 45A thick and the
-pace between, in which the phospholipid content scems to be con-
centrated, is about 50 A thick. The composition of dry mitochon-
dria isolated by centrifuging is 40%, protein, 25%, phospholipid and
5% ribonucleic acid (RNA). When isolated mitochondria are
burst about 609, of the protein is released in soluble form suggesting
that the central matrix contains soluble protein. The mitochondria
are distributed in the matrix of the cytoplasm and are often observed
in contact with the ER or nuclear envelope. When cells are starved
they shrink and when cells age they become disorganised. There
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is strong evidence that mitochondria can divide and the new mito-
chondria then grow to full size. Thesc cytoplasmic inclusions are
centres of respiratory activity in the cell; when they are disrupted
most of their metabolic activity is lost.

The amyloplasts (starch forming plastids) (Fig. 10), chromoplasts
and chloroplasts arise from structures, proplastids (Fig. 11), similar
in size to mitochondria but not readily stained with Janus Green
B and containing internally an array of granules or vesicles
(100-250 A diam.) rather than defined cristac. In the cells of higher
plants these proplastids are the units transmitted from cell to cell,
increasing in numbers by division and from which the functional
plastids develop during cell differentiation.  The first step in the
devclopment of plastids is the development from the granules
or vesicles of lamellae which are characteristically more linear
and more preciscly arranged than the cristac of mitochondria.
Proplastids and the plastids to which they give rise are like mito-
chondria rich in lipo-protein and protcin and have a small content
of RNA.

The chloroplast, the centre of photosynthetic activity, contains
the two chlorophylls ¢ and b (usually in a ratio of about 3:1)
together with the accessory carotenoids and xanthophylls. A
typical analysis of dry chloroplasts is protein 40-509%,, phospholipid
23-25%,, RNA about 5%, chlorophylls a and b 5-10%,, carotcnoid
1-2%,. The choloroplasts of higher plants arc shaped like a plano-
convex lense, approximately 5u in diameter and 2-3u thick. They
lie in the cytoplasm with their broad sides parallel to the cell wall.
The light microscope reveals the presence within the chloroplast
membrane of a colourless stroma and green disc-likc grana (Fig. 16).
The electron microscope examination of thin sections has revealed
details of the internal structure (Figs. 17 and 18). Thc outer mem-
brane is double-layered (each layer 35-50A thick) and w1th1n
this is the proteinaccous stroma which contains minute granulés
(50-250A diam.), larger osmium-staining droplets and starch
grains (“photosynthetic starch”). Embedded in this stroma are
double-membraned lamcllac extending the width of the plastid
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Fic. 16. Grana in isolated spinach chloroplasts (face view) (from S.
Granick and K. P. Porter. Amer. J. Bot. 34: 545, 1945).

i
and tacked onc upon another.  These lamella are differentiated
into %kss’ dense thin stroma lamellae and more dense thicker grana
lamellae of disc-like form. The grana are cylindrical piles (10-100)
of these disc-like grana lamellac held together at their edges. The
grana contain the chlorophylls associated with the protein mem-
branes and the intervening lipid molecules.  The number and
size of the grana per chloroplast varies with species.  In the chloro-
plasts of spinach there are, for instance, 40-60 grana, cach 6000 A
in diameter and 800 A thick. Present evidence allows us to postulate
that the photochemical reactions of photosynthesis and the con-
sequent  photodecomposition of water and the production of
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F1c. 17. The chloroplast of maize as seen in the EM. The dense

areas which resemble stacks of coins are the grana built up of grana

lamellae. The lamellae interconnecting the grana arc stroma lamellac,

% 30,000 (photo by A. E. Vatter from A. L. Lchringer. Scientific
Amcrican, Reprint 91, Scpt., 1961).
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I1c. 18. Interpretation of the structure of a barley chloroplast (as
von Wettstcin). CM - chloroplast double membrane (each 35-50 A
thick); S—stroma; G=granum made up of a cylindrical pile of
discs); SL=stroma lamella (each membranc is 20-30A thick); GL-=
grana lamella (cach membrane is 40-60A thick); D=disk; OD==
osmiophilic droplet. The possible arrangement of molecules in the
dashed arca is shown in Fig. 39 (from S. Granick in The Cell Vol. 2.
p. 501 as Fig. 12).

oxygen occur in the grana, while the reactions whereby carbon
dioxide is converted to starch occur in the stroma regions of the
plastid.

The resting or interphase nucleus in electron micrographs shows
the nuclear cnvelope, chromatin areas, nucleoli and intervening
“structurcless” nucleoplasm (Figs. 8 and 11). Present techniques
have failed to reveal the details of the structure of the interphase
chromosomes. Chemical analysis of whole nuclei show the pre-
sence, on a dry weight basis, of 70%, protein, 3-5%, phospholipid,
10%, deoxyribonucleic acid (DNA) and 2-3%, ribonucleic acid
(RNA). The chromatin material, as might be expected, is rich
in DNA (30-50% dry weight) and in basic proteins (proteins rich
in basic amino-acids). The nucleoli are also rich in protein and
contain nucleic acid, probably entircly RNA. The RNA of the
nucleus differs in basc composition from that of the cytoplasm
(it has, for instance, a higher adenylic acid content). A number of
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enzymes have been detected in nuclei although these do not include
the respiratory enzymes. There are no enzymes which occur only
or even mainly in the nucleus although some enzymes (e.g. DNA-
asc) may be very active in the nucleus. Although the nucleus is
relatively metabolically inert by comparison with the cytoplasm,
nevertheless, the maintenance of active metabolism in the cytoplasm
is dependant upon the presence of the nucleus.  Enucleated cyto-
plasm more or less quickly becomes metabolically disorganised.
We shall return again to this question of the nuclear-cytoplasmic
relationship when considering protein synthesis, and particularly,
the synthesis of cnzyme proteins.

Modern knowledge of cell wall structure comes from dctailed
chemical analyses, X-ray defraction studics and work with the
electron microscope. The dry primary cell wall contains hemi-
celluloses (up to 50%), ccllulose (up to 25%) and smaller amounts
of pectic substances, fats and protein. Hemicelluloses, ccllulose
and pectins are all polysaccharides with molecules built up from
the linking together in chains of sugars or uronic acid residucs.
The morphology of cell walls is, howcver, not destroyed by
extracting the hemicelluloses and pectins, indicating that the
structural framework of the wall is built of ccllulose. The molecules
of cellulose consist of long chains of about 3000 glucose units and
in the cell wall thesc molecules are associated parallel to one another
to form microfibrils. In the microfibril the cellulosc molecules are
united latcrally by weak chemical linkages (hydrogen bonds)
(sce Chapter 3, p. 59 and Fig. 25) and end-to-end by primary
co-valent bonds. Each microfibril contains some 2000 cellulosc
molecules, has a diameter of 100-250A and a length of several
microns. The cellulosc molecules within the microfibril are much
more closely associated in certain regions than in others. X-ray
diffraction studies reveal that these regions of high association
(the so called micelles) are 50-60A wide (i.c. involve about 100
molecules parallel to one another) and about 600A long (Fig. 19).

The microfibrils are themsclves associated into macrofibrils (these
may involve up to 400 microfibrils) which can be seen with the
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Fic. 19. Structural clements of cellulose involved in cell wall archi-
tecture (from K. Muhlethaler in The Cell Vol. 2. p. 85 as Fig. 12).

light microscope, particularly after appropriate swelling treatment.
Since primary ccll walls may contain up to 95%, of water, the
structural framework of microfibrils is a very “open” one probably
occupying only 2.5%, of the wall volume.

The primary cell walls of the meristematic cclls have their
microfibrils orientated predominantly in a direction transverse
to the axis of the root or shoot. When cell expansion occurs there
is an increase in cell wall material, a synthesis of cellulose and other
cell wall constitucnts. Expansion at the outer surface of the ccll wall
causes stretching in the direction of most active cell extension and
as this happens the microfibrils become re-orientated more and

,more along the longitudinal axis of growth. At the same time new
layers of wall are laid down on the inner face of the wall and with
their microfibrils in the original transverse direction. These, in turn,
undergo re-orientation as growth proceeds so that at the end of the
cell expansion phase therc is a transition outwards in the wall from
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Cell axis

A

Frc. 20. Multinet structure of the cell wall of the cotton hair showing

the orientation of the cellulose microfibrils in the successive wall layers

laid down during elongation (after A. L. Houwink and P. A. Roelof-
sen. Acta. Botan. Neerl, 3: 385, 1954).

Fig. 21. Transverse section (EM) through the wall of epidermal cell

of an onion root; the cell was situated about 1 mm from the tip. The

arrow points towards the centre of the cell. The scale corresponds to

1p, (by courtesy of G. Setterficld and S. T. Bayley. Canad. J. Bot.,
35: 435, 1957).
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transversely to longitudinally scattered microfibrils (Figs. 20 and 21).
This type of cell wall growth is usually termed multinet growth
and clearly involves the liying down of new wall material over
the inner surface of the existing wall (growth by apposition).
However, there is evidence, particularly from feeding expanding
cells with sugars labelled with tritium (a radioactive isotope of
hydrogen of mass 3), that although growth by apposition may
sometimes account for the major increase in cell wall substance
there is, nevertheless, some incorporation of new wall material
throughout the whole thickness of the wall.  Such incorporation
of new wall substance into the existing framework is referred to as
growth by intussusception.

Cell walls can continue to grow for a time after scparation from
contact with cytoplasm; cellulose synthesis must then occur within
the wall. Certain electron micrographs have shown the presence
within the cell wall of granular aggregations (cytoplasm?) at
which microfibrils appeared to terminate and these have been
described as “islands of synthesis”, possibly associated in some way
with plasmodesmata and other extensions of the ER into the cell
wall.  Growth by intussusception could occur by growth of
cellulose microfibrils from such centres into the intervening wall.
It is, however, perhaps even more likely that cellulose and other
wall polysaccharides can arise in sify and remote from such cyto-
plasmic islands by the action of soluble enzymes. Thereby,
intussusception growth could occur without disturbing the orderly
layered arrangements of microfibrils developed by apposition.

It should be emphasised that we do not yet fully understand the
mechanism whereby cellulose, or hemicelluloses or pectins are
synthesised nor do we yet know whether the plant hormones
(auxins) promote cell expanison by some dircct action on the
association together or primary synthesis of ccll wall constituents.
Furthermore, we do not understand fully what factors determine
the regular orientation of microfibrils as laid down in each wall
layer. Particularly, during wall thickening in fully expanded cells,
the orientation may differ from layer to layer (Fig. 22). The



Frc. 22. Outermost lamellac of the wall of the alga Valonia ventricosa.
EM picturc at » 25,000 (from R. . Preston. The Molecular Architecture
of Plant Cell Walls. Chapman & Hall. London, 1952).
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F1c. 23. Electron micrograph (x 24,000) of the innermost surface of
the cell wall of the alga, Chaetomorpha ielagonium, showing cyto-
plasmic remnants arranged in files at approximately right-angles to
the existing microfibrils of the inner face of the wall, ic. in the
direction which the microfibrils will take up in the wall layer next
to be deposited. Note the few microfibrils which would form part
of this new layer. (from Eva Frei and R. D. Preston. Proc. Roy. Soc.,
B 154: 70, 1961).

pattern for cach layer seems to be determined by some pattern
established at the cytoplasm-wall interface and which can be revealed
prior to the actual development of the new layer of cellulose
(Fig. 23).

PROLOGUE TO CHAPTER 3

The living cell is the territory of metabolism; the reactions of
metabolism occur cach at their allotted place in this territory.
Though the cell is “small” the territory of the cell in terms of
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molecules is vast and its pathways of metabolism (surfaces or
membranes) are long and many in number. These are protein
surfaces, and the catalysts of metabolism are the special proteins
termed enzymes. Now if enzymes are built into membranes and
these are distributed in patterns then we can begin to visualise the
physical basis responsible for the organisation and regulation of
chemical reactions in the cell. The rapid and efficient operation
of enzyme systems with many enzymes participating in a regular
sequence implies that the enzymes must be built into membranes
in an orderly scquence, in the form of production lines. Studies
of the fine structure of cells, therefore, seck to reveal the factory
organisation and scparate workshops in which metabolism procceds.
What of the production units—the individual enzyme protcins?
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ENZYMES—THE CATALYSTS
OF METABOLISM

“It should be emphasized that the results obtained have, for the most part,
been concordant with those furnished by isotopic and genetic studies on
intact cells. There is, therefore, good reason to believe that, in general,
the reactions observed in isolated enzyme systems do reflect physiological
events and are not artefacts of isolation.”

Bernard D. Davis, 1956 in Enzymes, Units of Biological Structure
and Function. Acadcemic Press, New York.

“Enzymes are wonderful substances—they consist of wonderful molecules.
We do not know much about these molecules as yet, . . . more must be
done in the field of molecular structure . . . leading to the complete struc-
tural determination—the location of every atom—of the molecules of many
proteins.”

Linus Pauling, 1956 in Enzymes, Units of Biological Structure and
Function. Academic Press, New York.

INTRODUCTION

THE CHEMICAL reactions which constitute cellular metabolism
proceed at a temperature only fractionally above that of the natural
environment and the pH of cytoplasm is close to neutrality, neither
markedly acid nor alkaline. Rapid reactions occur in cells between
compounds which are quite stable in mixed aqueous solution. This
intense chemical activity in living cells results from the activity of
numerous specific catalysts or enzymes. Such substances were first

extracted, in an active form, from living cells by the Buchners in
3 55 P.M.
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F16. 24. Crystals of the enzyme urease. (from J. B. Sumner and G. F.
Somers.  Chemistry and Methods of Enzymes. Academic Press, New
York, 1953).

1897. They made the discovery that when yeast is ground with sand,
pressed and the expressed juice filtered, one obtains a clear liquid
capable of rapidly fermenting sugar, of degrading sugar to carbon
dioxide and cthanol.  Fermentation, shown in Pastcur’s clegant
experiments to be the result of the activity of living cclls is here
being effected by a clear solution of cellular origin. The ability of
the yeast-press juice to promote fermentation is destroyed by heat
or by rendering the liquid markedly acid or alkaline. Its catalytic
activity is unstable.

During the present century such catalytic solutions derived from
living cells have been submitted to intensive chemical study. From
them have been obtained, in increasing purity and in increasing
number, the catalytic agents or cnzymes. A milestone in this
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progress was the obtaining of an enzyme in crystalline form, the
enzyme urease isolated from jack beans by Sumner in 1926 (Fig. 24).
This crystalline urcasc of Sumner was the first convincing demon-
stration of the protein nature of enzymes. This enzyme also illus-
trates the often high specificity of these biocatalysts. Urease pro-
motes the hydrolysis of urea (hence its name) to ammonia and
carbon dioxide. It is inactive towards substituted ureas and to all
compounds except urca. Another example of enzyme specificity
is the finding that enzymes which have one optical isomer as
substrate are inactive to the other isomer. Thus, the enzyme which
oxidises glutamic acid, the enzyme glutamic acid dehydrogenase, is
active only towards the r-isomer of glutamic acid. Here we
arc considering the oxidation of glutamic acid to the optically
inactive a-ketoglutaric acid and ammonia. However, the reaction,
in common with many biological reactions, is reversible and this
enzyme, using a-ketoglutaric acid as the carbon skeleton, can cffect
an asymmetric synthesis giving only 1(+) glutamic acid frec from
any of the p(—) glutamic acid.

THE PROTEIN NATURE OF ENZYMES

The consideration just mentioned leads us to consider the nature
of proteins which are themsclves composed of units (residues) of
the 1-amino acids. Proteins are molecules of great size (with
molecular weights ranging from 10,000 to several million). When
completely degraded by acid or enzyme hydrolysis they yield a
mixture of amino acids. The number of different amino acids
released and their relative proportions are characteristic of cach
protein. The questions therefore arisc of how these amino acid
units are linked together to form the protein molecules and of
how far their molecular architecture explains their specific pro-
perties, including for the enzyme proteins their substrate and
reaction specificity.  Further, since enzyme proteins are giant
molecules and the substrates of most enzymes are small organic
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molecules, we must wonder whether substrate specificity is deter-
mined not by the structure of the whole protein molecule but by
small reactive sitcs within it.

The «-amino acids have the general formula:

H

l
R—C—COOH

|

NH,
The a~carbon atom is bound to four different groups or atoms
(hence the optical activity of all the a-amino acids except glycine
where R = H). The R group is characteristic of each amino
acid and may be aliphatic or aromatic and may contain only C and
H atoms or may be basic (containing —NH, or =NH group(s)) or
acidic (containing the —COOH group) or sulphur-containing.
The a-amino group is basic, ionising thus

—NH, +H,0 —— —NH,*+OH’,
the a-carboxyl group is acidic, ionising thus
—COOH —— —COO’ +H*.

This means that amino acids are amphoteric compounds. Atacid pH
values the amino acid behaves as a base and is positively charged, at
alkaline pH values it behaves as an acid and is negatively charged. At
some intermediate pH (the iso-clectric point) it has no net charge.
The amphoteric nature of a-amino acids is involved in their
union together to build up the giant molecules of protein. The
primary linkage is one formed by condensation of the «-amino
group of one amino acid with the a-carboxyl of a second amino
acid. The linkage is called a peptide bond and this arises thus:

peptide bond
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In protein molecules, amino acids are arranged in chains (poly-
peptide chains) by such peptide bonds.

The carbon atom has four valencies and these make fixed angles
with one another. The amino acids involved in polypeptide
structure are all of the L series (have the same configuration as the
reference compound, 1-glyccraldehyde). This means that the
polypeptide chain when represented in the single dimension of
this page has the form: :

II{I peptide link R,

CH NH CcO CH
N/ N N N N
HN CcO CH NH CcO

L P—

peptide link R2

There is a zigzag backbone and the R groups stick out from the
plane of the backbone above and below, alternatively.

To understand how these polypeptide chains arc arranged in a
protein molecule it is necessary to consider the valency of hydrogen.
When hydrogen loses an electron to become a proton or hydrogen
ion or when it gains an electron to form a co-valent bond, it shows
its primary valency of one. But the hydrogen atom can show a
weak secondary valency (exhibit a co-ordination number of two)
by accommodating four ‘“‘valency electrons” in its shell. This
secondary valency of hydrogen can be satisfied by sharing of a “lone
pair” of clectrons with an oxygen or a nitrogen atom and the
bond so established is called a hydrogen bond (Fig. 25). Such hydrogen
bonds are important in the building up of macromolecules such as
those of protein.

Now the polypeptide chain depicted above is in the extended or
p-form and in protein films (and thereforc perhaps in the protein
mono-layers of cell membranes) this form can be stabilised by
hydrogen bonding between the carbonyl (>C=0) and imide
(HN<) groups of the backbones of parallel orientated polypeptide
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A. Water molecule represented as two protons embedded in an
oxygen atom; B. Conventional representation of the water molecule;
C. “Electronic formula” for water; D. Association between water

molecules by hydrogen bonding (diagrammatic and shown as in onc
dimension).
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F1c. 26.  Secondary structure of proteins. A. Polypeptide chains in
the B-form associated to give a “pleated sheet” structure; B. Right
handed a-helix structure of the polypeptide chain; Side chains of
amino acid residuces labelled R. Bold broken line traces the turns of the
helix. Hydrogen bonds involved in associating f—chains and in
stabilising the a-helix as less bold broken lines (between oxygen and
hydrogen atoms). (from Paul Doty, Scientific American Reprint No. 7
September 1957).

chains to give a ““pleated-sheet” structure (Fig. 26(A)). From the
“primary” polypeptide unit of structure, a “‘secondary” structure
has arisenv"

However, another kind of “‘sccondary” structure can arise
because in the polypeptide chain there can be rotation around the
bonds of the a~carbon atoms of the amino acid residues so that the
chain can become thrown into a complex of coils. However, this
coiling in nature is apparently not entirely random but is ordered
and stabilised by hydrogen bonding. Thus the polypeptide back-
bone may be thrown into a regular spiral held rigid by hydrogen
bonding between the imide group of one amino acid residue and
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the carbonyl group three residue distances along the chain, and this
occurs regularly down the spiral.  The spiral or helix could,
theoretically, be either right-handed or left-handed (Fig. 26(B)) but
the L-configuration of the amino acids favours and leads to the
right-handed helix being that present in protein molecules. It is this
kind of “‘secondary” structure, involving folding of the polypeptide
chains which seems to be of particular importance in the specific
physical and biological properties of many proteins.

It is hoped that the structure of the protein a-helix, can be
visualised from the description of its origin which has been given
and from Fig. 26(B). The value of using a modern set of “atom
models” to build up such a structure cannot, however, be over-
emphasised. This is the only really satisfactory introduction to
thinking about molecular architecture in three dimensions.

Now the a-helix is an elongated structure; a single helix contain-
ing say 300 amino acid residues would have a length of about
400 A and a diameter of 10A. Since, however, there is evidence of
a-helix structure in proteins whose molecules are globular it
follows that short a-helices must be linked together, that the
molecule can be visualised as built up of a stack of helical segments.
This association seems to depend upon an association between the
R groups of scparate helices, and it is from such linkages between
R groups that there arises the “‘tertiary” structure of protein
molecules. The R group of the amino acid, cysteine, is —CH,—SH
and two such groups can combine together, with the elimination of
hydrogen to form the co-valent bond known as a disulphide
linkage (—S—S—). Such disulphide linkages are very important
in stabilising “tertiary” structure and the destruction of such bonds
(for instance, by reduction) in enzyme molecules usually leads to
loss of biological activity. This is so, for instance, in the enzyme,
ribonuclease. ““‘Salt” linkages can also arise by association between
acidic R groups (those of aspartic and glutamic acids) and basic
R groups (those of arginine and lysine) and “hydrogen bonds” can
form between oxygen and nitrogen-containing R groups. Metal
ions may also form co-ordinative complexes with R groups and
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thereby link the a-hclices together. The calcium present in the
enzyme amylase may scrve this function.

This discussion of protein structure reveals that the primary
structure is built up from strong covalent peptide bonds but that
weaker linkages, particularly “hydrogen bonds” are involved in
the development of secondary and tertiary structure. The actual
destruction of protein molecules usually requires strong chemical
action such as the application of strong acids or alkalis and a high
tempcrature. Howcver, aqueous solutions of proteins are very
unstable in their physical propertics and important changes in
“native” proteins (proteins in the form in which they occur in
living cells) occur at temperatures above 40°C or when the pH is
decreased below 3 or raised above 9. The changed protein (“de-
naturcd” protcin) has lost its characteristic biological propertics;
in the casc of enzyme protein it has lost its catalytic activity. The
process of “‘denaturation” involves changes in secondary and
tertiary structurc. The techniques which have been gradually
developed by trial and crror for the isolation of cnzymes are
designed particularly to obtain the enzyme in its “native” rather
than its ““denatured” condition.

PROSTHETIC GROUPS AND COCEN?YMES
RN

The enzyme, urcase, crystallised by Sumner, is a “‘simple”
protein in the sense that its molccules are entircly built up from
amino acid residues. Many enzymes are, however, “compound”
proteins in that the active enzyme molecule is made up of a protein
moiety combined with some other molecule or atom and it is to
this non-protein moiety that we give the name prosthetic group. The
simplest prosthetic group is a metallic atom as exemplified by
certain oxidising enzymes which are copper proteins (c.g. ascorbic
acid oxidase). Other prosthetic groups are much more complex.
For example, the cytochromes, so important in respiration, are iron
porphyrin proteins; the flavoproteins, also involved in respiration,
have as their prosthetic groups riboflavin (vitamin B,) mono or
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dinucleotides; and the transaminases and amino acid decarboxylases
have pyridoxal phosphate (a derivative of vitamin Bg) as prosthetic
group. These prosthetic groups arc certainly part of the active
centre of the enzyme molccule and in some cases we know that the
prosthetic group undergoes a reversible chemical change as part
of the mechanism of catalysis (see Chapter 5, p. 147). It is often
very valuable in attempting to isolate an enzyme to submit the
initial extract to dialysis (diffusion through a membrane of restricted
pore size). The dialysis serves to separate the large protein molecules
(too large to pass through the dialysis membrane) from small
soluble molecules and ions. This often leads to inactivation of the
enzyme, not by causing protein denaturation but by removing some
dialysable co-enzyme or co-factor ‘cssential for enzyme activity.
The term co-factor is usually reserved for inorganic ions such as the
chloride ions essential for the action of the a-amylases and the
Mg*+ required for the enzymes promoting phosphate-transfer to
and from adenosine polyphosphate. The term co-enzyme is used to
describe organic substances which, like prosthetic groups, undergo
chemical change as part of the catalytic process; such co-enzymes
differ from prosthetic groups only in being readily separated from
the protein moiety by dialysis. The classical cxample of a co-enzyme
is co-zymase (also referred to as co-enzyme I or diphosphopyridine
nucleotide, DPN, see Fig. 34 and footnote on p. 86), the detection
of which by the biochemists, Harden and Young, will be discussed
in Chapter 4. Another important example is co-enzyme A to which
reference will again be made, both in regard to the respiratory
breakdown of sugars and in regard to fat synthesis and degradation.

The cell constituent (metabolite) acted upon by an enzyme is
usually termed its substrate, or where two cell constituents are caused
to interact we talk of their being substrates. Enzymes are named
cither after the particular substrate upon which they act, e.g.
urease whose specific substrate is urca, or according to the nature of
the reaction they promote e.g. for phosphate-transferring enzymes
the term transphosphorylases, or by a combination of both substrate
and reaction-type, c.g. triose phosphate dehydrogenase (glyceraldehyde
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phosphate dehydrogenase) which catalyses the removal of hydrogen
from p-3-glyccraldehyde phosphate. The distinction between
substrate and co-enzyme is often not immecdiately clear. Thus,
a-ketoglutaric acid dehydrogenase oxidises this acid in presence of the
two co-enzymes, DPN and co-enzyme A (represented in the
cquation as HS—CoA: sce Fig. 34) thus:

COOH
COOH |
| CH,
CH, |
| CH,
CH, +HS—CoA+DPN‘ - |  +DPNH+H* +CO, (3)
| C=0
C=0 |

S
COOH |

CoA

a—Ketoglutarate SuccinylCoA

The DPN is reduced, carbon dioxide is liberated and the product
of the reaction is a compound between succinic acid and co-enzyme
A. Now this succinyl-CoA is further transformed by a second
enzyme system, the overall reaction of which is

Succinyl - 'S CoA+ ADP+H;PO, — ATP + succinate+ CoA—SH (4)

Here then the distinction between substrates and co-enzymes can
only be madc in terms of the quantitics involved. Thesc enzyme
systems oxidatively decarboxylatc a mass amount of a-ketoglutaric
acid to succinic acid. The small amount of co-enzyme A acts over
and over again and the small amount of co-enzyme I (DPN) is
constantly being re-oxidised by another set of enzymes and so acts
over and over again to remove hydrogen from the a-ketoglutarate.

ENZYME ACTIVITY

Enzymes are catalysts: they cnable the reactions of living cells
to procced at measurable velocities. Our understanding, imperfect
as it is, of this catalytic activity of enzymes is founded upon the
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study of the kinetics of the reactions in vitro. The isolated enzyme
and its substrate(s) are allowed to interact under controlled con-
ditions.

\  Firstly, the rate of an enzyme catalysed reaction is influenced by
the concentration of the substrate. With a fixed amount of enzyme
(E) there is, with increase in substrate (S) concentration, an increase
in the velocity of the reaction until a “saturating” concentration of
substrate is reached when the reaction proceeds with maximum
velocity (V). From a quantitative study of therclationship between
S and reaction rate (v) it has been concluded that many enzymic
reactions involving a single substrate can be represented thus:

k .
E+§ TUTNES o E+ R ©)

where ES is an enzyme-substrate complex or compound and k is
the velocity constant of the rcaction whereby the complex breaks
up to give free enzyme and reaction product. The theoretical
concept of ES is supported by independent direct evidence partic-
ularly from absorption data in the ultra-violet to indicate the
formation of a compound between enzyme and substrate. In the
reaction sequence above it is the velocity constant (k) which deter-
mines the maximum velocity (V) and this is achieved when all the
enzyme is maintained as ES by the saturating concentration of S.
The affinity of the substrate for its enzyme can be expressed as a
dissociation constant of the ES complex and, in the simple case, this
constant—the Michaelis constant (Ks)—can be determined because
it equals the substrate concentration at which the ratc of reaction
is 0-5V (half the maximum ratc).

Enzyme-catalysed reactions like all thermochemical reactions
increase in ratc with rise in temperature. Below temperatures
where denaturation of the enzyme begins to occur, enzymic
reactions usually have a temperature cocfficient (Q;,) between 2
and 3, i.e. the rate rather more than doubles for cach 10°C rise in
temperature.

5 The rate of all enzymic reactions is influenced by pH; most
enzymes have a well defined pH optimum (pH at which they
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are most active). This presumably occurs because pH determines
the ionisation of the oxygen and nitrogen-containing R groups of
the amino acids in the protein molecule and a particular state of
ionisation of such groups at the active centre of the enzyme is
necessary for peak activity. pH may have two other effects. If
sufficiently high (alkaline) or low (acid) it may denature the enzyme
protein. It may also alter the position of cquilibrium of the reaction.
This can be exemplified by the reactions catalysed by the dehydro-
genase enzymes which have a pyridine nucleotide as co-enzyme.
The oxidised form of the co-enzyme, diphosphopyridine nucleotide,
can be represented as DPN*, the reduced form as DPNH. The
specific dchydrogenase which acts upon ethanol (the alcohol de-
hydrogenase) catalyses the following reversible reaction:

dehydrogenase
CH,;.CH,OH+DPN+ 7

cthanol acetaldehyde

H+ is thus a product of the forward reaction and a change of pH
of one unit is equivalent to a tenfold change in H* and will, there-
fore, alter the position of cquilibrium since the equilibrium constant
(K) is given by the cquation

_ (CH,CHO) (DPNH) (H)
(CH,CH,OH) (DPN*)

The study of the inhibitors of enzymes has also contributed to
our understanding of how cnzymes act. Certain enzyme poisons
such as carbon monoxide, cyanide and diethyl dithiocarbamate
have been shown to inactivate cnzymes by virtue of their high
affinity for metals. Thus the inhibition of cytochrome oxidase by
CO and CN- is because these combine with the iron of the haem
prosthetic group. Similarly, it is the affinity of dithiocarbamate for
copper which makes it a powerful inhibitor of ascorbic acid oxidase.
A second group of inhibitors combine with or oxidise sulphydryl
groups (—SH in cysteine) and the activity of many enzymes (the
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protein-degrading enzyme papain, the dehydrogenases and many
others) depends upon some of the —SH groups in the protcin being
unsubstituted and reduced. The inhibitors which act in this way
include iodoacetate, p-chloromercuribenzoic acid and the heavy
metals (Cut+, Hg*+).

The action of some inhibitors can be prevented or reversed by
addition of more substrate; the extend of inhibition depends upon
the ratio of inhibitor to substrate concentration. The classical
example of such a relationship is the inhibition of the enzyme
succinic  dehydrogenase (this enzyme oxidises succinic acid) by
malonic acid. The chemical similarity between substrate and
inhibitor is clear from the formulas of succinic and malonic acids
(sec page 93).

In this casc we know that the malonic acid combines with the
enzyme protein at the sitc normally occupied by succinic acid (to
give an enzyme-inhibitor complex, EI) but is not oxidised. Further,
the concentration of succinic acid required to displace the malonate
depends upon the relative affinities of the enzyme for substrate and
inhibitor. If Ks and Ki arc the dissociation constants, respectively,
of ES and EI, then in the presence of a given concentration of
inhibitor (I), the “apparent Ks”, in practical terms the substrate
concentration required to give half the maximum velocity (0-51)
is increased to the value Ks(1+(I)/Ki). Now this forms the basis of
a practical test for this kind of competitive inhibition, a test to
which we shall refer again when considering competition between
ions in their uptake by plant cclls (p. 163). This test depends upon
the quantitative relationship between substrate concentration (S)
and the velocity of the reaction (v). This is such that if we plot 1/v
against 1/S (a double reciprocal plot) then we get a straight line with
the intercept at 1/V (reciprocal of the maximum velocity) and of
slope Ks/V. Then, if we had a competitive inhibitor the slope is

I
(0
i
altered to Ks — but the intercept remains at 1/, This is in

contrast to the action of a non-competitive inhibitor which does not
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competitive inhibitor.

alter the slope but alters the maximum velocity and hence the value
of 1/V as given by the point of intercept (Fig. 27).

HOW ENZYMES ACT

Most of the reactions which proceed in living cells are reversible
rcactions. A position of cquilibrium is reached at which the forward
and back reactions proceed at equal rate. Enzymes do not alter this
position of equilibrium. What enzymes do is to speed up the reac-
tion, they speed up cqually both the forward and the back reaction.
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In order to react, molecules must change from the passive to the
“activated” state; the rate of rcaction is determined by the number
of molecules whosc energy content renders them sufficiently
activated. In a population of molccules all do not have the same
energy content and by collisions between them this distribution is
constantly changing. In a collision one molecule may have its
energy increased at the expense of another molecule. If the tempera-
ture is raised the thermal agitation of the molecules is enhanced and
a higher proportion will become “activated”, in consequence the
rate of reaction will incrcase. Some reactions have a high energy of
activation, there is a high encrgy barricr impeding the reaction.
Such reactions will only procced at a measurable rate at high
temperature. Many reactions known to occur in living cells will
only proceed at high temperature in the absence of the appropriate
enzyme. In the presence of the enzyme they proceed at temperatures
compatible with life. What catalysts do, including enzymes, is to
lower the energy of activation of reactions. The extra energy above
the mean cnergy which the molecules have to acquire in order to
react is reduced. Thus, it has been calculated that at 25°C the energy
of activation of the acid hydrolysis of sucrosc has the valuce
25,560 cal/mol. Whereas the energy of activation of sucrose hydro-
lysis in presence of the enzyme saccharase is at 25°C only 8700 cal/mol.

Any explanation, therefore, of how enzymes act must explain
how they lower the cnergy of activation of the reaction, how they
decrease the stability of their substrates or increase their potentiality
to react with other molccules. Explanation of the remarkably
specificity and activating propertics of enzymes awaits clucidation
of the details of the primary, secondary and tertiary structure of
enzyme proteins and of enzyme-substratc compounds. This is a
formidable task. However, work along these lines is actively
procceding.  For instance, the structure of the relatively small
molecules of the enzyme, ribonuclease (an enzyme which digests
ribonucleic acid) has recently been almost completely clucidated.
This has involved working out the amino acid sequence and folding
of a polypeptide chain containing 19 different amino acid residues
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and having a molecular weight of 14,000. Work designed to
identify and characterise the site within the protein molecule at
which it exerts it hydrolytic activity on the nucleic acid has also
made some progress. Here, at the “active” site the substrate
molccule is presumably placed under the particular molecular
strain which will not only bring reactive groups into juxtaposition
but reduce the additional energy required to break certain of its
chemical bonds.

ENZYMES IN THE LIVING CELL

The purified enzymes of the biochemist are not artefacts but the
separate catalytic agents of living cells. However, we must
remember that within a cell cach enzyme functions in the presence
of a multiplicity of othcr cnzymes and other protein molecules.
Further, we do not know the precise location within the cell of
any enzyme nor the concentrations of its substrate(s) or of interfering
substances which are present at that location. This mcans that
while the particular catalytic activitics of many proteins are now
known their quantitative role in mctabolism is much less easy to
assess. The importance of *“ enzyme teams " is emphasised by the
discovery that cellular organclles or “ particles” like plastids,
mitochondria and microsomes have cach a charactersitic spectrum
of enzymes and that the biochemical activities of such particles
can be interpreted in terms of their enzymic complements. We
shall have further occasion to stress the significance in metabolism
of organised ‘‘multi-enzyme” units of this type.

There are, however, many enzymes which, because they do not
scem to be contained in such cellular particles, arc referred to as
“soluble enzymes”. Thus, the chemical reactions whereby the
yeast cell converts glucose into ethanol and which seem to be
identical with the first sequence of reactions in the normal respiration
of plant cells are catalysed by such “soluble” enzymes. In the
living cell such enzymes may, however, function as an “organised
multi-enzyme” system which forms part of the endoplasmic
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reticulum. The fact that they cannot be obtained in association
may merely reflect our inability to preserve the cndoplasmic
reticulum in “cell-free” preparations.  Thus, in alcoholic ferment-
ation by the yeast cell, which occurs in the absence of oxygen,
there is an oxidative reaction which is balanced by a reduction.
These both involve dehydrogenase enzymes having the same
co-enzyme, diphosphopyridine nucleotide. Onc of these reactions,
that catalysed by alcohol dehydrogenase, has alrcady been mentioned
(p. 67; Eqn. 6.). The other reaction involves the oxidation of
a trioscphosphate by the enzyme triosephosphate dehydrogenase:
Glyceraldchyde-3-phosphate + HPO, + DPN* =

1,3-Diphosphoglyceric acid+ DPNH+H*  (7)
The DPNH generated in this oxidation is utilised in the reduction
of acctaldchyde to ethanol by the alcohol dchydrogenase. It is
possible, since the co-enzyme is diffusable, that co-cnzyme reduced
by triosephosphate dchydrogenase has to migrate in solution to a
“remote” sitc where the alcohol enzyme is located. From the speed
of the reaction in the cell it is, however, much more likely that these
two “‘solublc” enzymes do in vivo work at the same site. In
support of this is the cvidence of a difference in the steric specificity
of the two cnzymes for the DPN. It is the nicotinamide part of
co-enzyme molecule which suffers oxidation and reduction by the
removal or addition of hydrogen:

p o
H H
H NS
H \CONH, H/ \CONH,
H +2H o & H L HY ®)
HlH ul Ju
I |
R R

If one of the H atoms at the para position of the nicotinamide ring
is replaced by deuterium (heavy hydrogen) then the C atom at
this position becomes asymmetric. When this is done it is found
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that hydrogen is removed from reduced DPN from one side of the
nicotinamide ring by some dchydrogenases and from the other
side by other dechydrogenasees. The alcohol enzyme by virtue of
the side of the nicotinamide ring to which the hydrogen is added
is defined as being a-specific. The lactic dehydrogenase which takes
the place of the alcohol enzyme in mammalian muscle has the
samc specificity, whercas the triosephosphate delydrogenase is -
specific. (Fig. 28).

. H__D
- .. CONH, CONH,
u J 4 CH3—CD,0H =—= E\E/
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+CHz~CDO+H*
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Fic. 28. The a-specificity of the alcohol dchydrogenase as demon-
strated by using deuterium labelled alcohol as substrate and then

recovering the deuterium by the reverse 1eaction. D -deuterium.
R ~ribose-pyrophosphate-ribose-adenine moicty of DPN (sce Fig. 34).

Another very important aspect of enzymes in living cells is that
cells which are performing different functions have different
enzyme complements and activities. The contrasts between the
metabolic activities of the absorbing cells of the root, the photo-
synthetic cells of the leaves, the living cclls of the xylem and phloem,
the sceretary cells of nectaries and other glands, and the actively
dividing cells of meristems reflect differences in enzymuc activity
within the different cell types. Similarly, the synthesis of alkaloids
in some plants, of gums and mucilages in others, of tannins and
resins in others and of particular polysaccharides (c.g. inulin) in
still others, reflect differences in enzymic composition and activities
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as betwcen different species. Thesc considerations indicate that
genetic differences can be reflected in enzymic differences and raise
the possibility that it is entirely through the control of enzyme
synthesis and activation that the gencs control physiology and devel-
opment. They also raise the possibility that specialisation of
structure and function within the organism is initiated by changes
in the number and relative activity of enzymes within the incipient
tissues. Great intercst clearly attaches to the mechanism of protein
synthesis, including the synthesis of enzymic proteins and of how the
genes exert a control over this vital process.

In subsequent chapters we shall not only consider the action of
further individual enzymes and of the multienzyme systems of
chloroplasts, mitochondria and microsomes but the regulation of
metabolism and differentiation through the controlled synthesis
and activation and inhibition of enzymes.
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4
CATABOLISM

“The existence of such anaerobic organisms is hardly in agreement with
the old dogma ‘no life without respiration’ unless we assume, as is here
done, that respiration includes all metabolic processes that involve a
liberation of energy.”

W. Pfeffer in The Physiology of Plants. Vol. 1. Translated by E. J.
Ewart, Oxford, 1900.

“Respiration in plants is taken to include all the phenomena of dissimila-
tion, the characteristics of which are the breaking down of complex sub-
stances into simpler ones with a consequent release of energy.”

W. Stiles and W. Lecch in Respiration in Plants. Methuen & Co.
Ltd., London, 1932.

INTRODUCTION

CataporisM embraces those processes which involve degradation
of the chemical architecture of the complex organic molecules of
cells. These processes result in the release of the potential energy
of organic compounds and the major catabolic systems of living
cells play an cssential role in metabolism in that they release a
substantial part of this energy in forms utilisable by the cell. Further
the intermediate compounds arising during catabolism are often
the starting materials for the synthesis of cssential cell constituents.

The reactions involved in the oxidation of organic cell constit-
uents by molecular oxygen constitute the catabolic process of
cellular respiration. In this process, the tranfer of electrons from

the organic molecules results in the reduction of oxygen to water
75
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and the release of their carbon as carbon dioxide. This is the
significance of the continuous uptake of oxygen and release of
carbon dioxide by plant cells first cxperimentally demonstrated
by dc Saussure in 1804.

However, when the cells of higher plants are deprived of oxygen
(placed under anaerobic conditions) the carbon dioxide release
persists at lcast for some time and at least part of this carbon dioxide
arises from a process of fermentation. Here, the electron acceptors
are organic compounds (particularly pyruvic acid and acetaldehyde)
and their reduction leads to the appearance in the cells of compounds
like lactic acid and ethyl alcohol.  Clearly, this fermentation which
can occur in the cells of higher plants closcly resembles the alcoholic
fermentation of yeast first studied in detail by Pasteur in 1870 and the
production of lactic acid in mammalian muscles under conditions
of an oxygen deficit, a process studied in detail by Fletcher and
Hopkins in 1907.

The hexose sugar, glucose, can serve as the starting point for
either respiration or fermentation and the following equations arc
often used to contrast these two processes:

o CgH,,04+ 60, - 6CO,+6H,0
Respiration AF — — 686 keal )
CeH,,04 — 2C,H;OH+2CO,

Fermentation AF — —54keal (10

AF represents the change in free encrgy per gram-mol of substrate
(glucose) and the negative sign of this value indicates that the
reaction involves a decrease in free energy, i.c. a release of encrgy
from the system.

The cquations (Eqn. 9 and 10) indicate that both processes
involve carbon dioxide evolution and decreasc in dry weight of the
cell. They also draw attention to the oxidative nature of respiration
and to the much greater amount of energy relcased per molecule
of glucose in this process.
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These introductory paragraphs clearly prompt a number of
interesting questions which will form the basis of our developing
discussion of catabolism. At what rates do these catabolic processes
proceed in plant cells and what are the factors which determine
these rates ? What substances other than glucose can and do
regularly act as substrates for respiration? What are the chemical
reactions involved and whereabouts in the cell do these reactions
take place ® How far do the reactions of fermentation still proceed
in the cell when oxygen is available? How are these catabolic
processes linked to the synthetic (anabolic) reactions of the cell and
to other cellular processes which are energy-requiring ?

RATES OF RESPIRATION

Rates of respiration can be calculated from mcasurements of
carbon dioxide evolution and/or oxygen uptake, from recording
rates of liberation of heat, or from mecasuring, in replicates of
the experimental material, decreases in dry weight, in calorific
value or in the content of specific food substances. The rate of
respiration when calculated will be expressed by reference to unit
time (e.g. per hour) and to unit amount of plant material (c.g.
per unit fresh or dry weight, per single cell of the tissue, or per
unit weight of cellular protein). The cxperimental conditions
under which the determinations were made (temperature, oxygen
supply, light or darkness, ctc.) and the species, age and exact nature
and previous nutritional history of the experimental plant material
must also be preciscly described.

Studies of respiration rate well illustrate the importance of
expressing the rates of physiological processes in as many different
ways as possible. Figures 29 and 30 show the oxygen uptake of
young roots of maize expressed in different ways. When the res-
piration rate is expressed by reference to fresh weight the peak rate
is in the region of most active cell division (0-5-2-2mm. behind the
apex.) When, however, rate is expressed per cell or per unit of
protein nitrogen the region of most active cell division has a minimal
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rate of respiration while a high rate of respiration is recorded in
the region of active cell clongation (2-2-7-0mm behind the apex).

In the classical researches of Kidd, West and Briggs (1921) on
the respiration of the sunflower, Helianthus annuus, it was found
that while during the first 60 days of growth the total carbon
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Fic. 29. Oxygen consumption (u1 per hour) of scedling Zea mays

(corn) roots at different distances from the tip. Solid curve per mg.

fresh weight; broken curve per mg. dry weight. (from D. R. Goddard

and W. D. Bonner in Plant Physiology Vol. 1A. Edited by F. C.
Steward. Academic Press, New York, 1960).

dioxide cvolved per plant per hour rose, there was from the onset
of seedling growth and throughout the subsequent period a fall
in the intensity of respiration expressed per unit of plant dry weight
largely due to the increasing accumulation of inert dry matter in
the form of cell wall materials. However, when the intensity of
respiration is expressed per unit of protein nitrogen the rate is seen
to increase with age probably indicating an increase in the rate of
respiration per unit of cytoplasm as cells mature and senesce.
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Goodwin and Goddard’s studies of the oxygen uptake of the
different tissues of the stem of Fraxinus again illustrate the import-
ance of the units in which respiration rate is expressed. Per unit of
fresh weight the cambium is the tissue with the most active
respiration; however, when the rate is expressed per unit of
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Fic. 30. Data as in Fig. 29 plotted by reference to ccll number

(solid curve) and to protein nitrogen (broken curve). Mitosis occurs

from 0-7 to 2:2mm from tip, elongation is maximal at 4-5mm and
ceases 9-0mm from root tip.

nitrogen the recently differentiated xylem is more active than the
cambial tissue. Presumably, on a fresh weight basis, the respiratory
activity of the xylem parenchyma and vascular ray cells is obscured
by the presence in the xylem tissuc of the mature and metabolically
inert conducting cells.

Certain environmental factors markedly influence the rate of
respiration. It is well known, for instance, that most tissues
respire very slowly at or close to 0°C and that with rise in tempera-
ture there is a steady rise in respiration rate until we reach the
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optimum temperature (temperature at which the maximum rate
is recorded) somewhere between 30-40°C. Within the range
0-30°C the temperature coefficient may be fairly constant, and
rate at t+10°C P

rate at °C ) res
quently fall within the range 2-1-2:6. This means that the res-
piration process as a whole is responding like a thermo-chemical
reaction to change in tempcrature (Chapter 3, p. 66). Above the
optimum temperature the rate of respiration declines, particularly
when the duration of exposure is prolonged. The deleterious
effects of high temperatures are usually interpreted in terms of the
_denaturation of the essential respiratory enzymes.

A number of investigators have rcported an cnhanced rate of
respiration in non-chlorophyllous tissues, c.g. Vicia faba roots
following transfer from darkness to light. Activity was reported
as being in the blue region of the spectrum (wave-lengths below
560mpu) suggesting absorption of the light by carotenoid or flava-
noid pigments. Further, even in chlorophyllous tissue, c.g. leaves,
there appear to be stimulatory carry-over cffects of illumination
on the rate of respiration which cannot be explained in terms
of cnhanced levels of respiratory substrate produced by photo-
synthesis. In calculating rates of photosynthesis from measurcments
of carbon-dioxide uptake or oxygen cvolution it is necessary to
assume that the respiration ratc is not directly influenced by light -
and unccrtainty regarding this assumption has complicated
attempts to detcrmine the optimum cfficiency of light cnergy
utilisation in the photosynthesis of sugars.

The rate of oxygen uptake in tissues rich in respiratory substrates
progressively increascs as the external concentration of oxygen
is raisced from zero to 1009, This rclationship is shown in a
generalised form in Fig. 31. When respiration rate is measured by
determining the ratc of carbon dioxide evolution, a minimum rate
(the extinction point=EP) is recorded at a low oxygen concen-
tration (usually at some point within the range 1-9%, oxygen
depending on the tissue used) and below this oxygen tension the

such temperature coefficient (Q](, values=
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carbon dioxide evolution rises stceply (Fig. 32) duc to fermentation.
The form of the carbon dioxide evolution curve illustrates the
suppression of fermentation by oxygen (the Pasteur effect) but does
not indicate the oxygen tension at which fermentation is completely
suppressed; this can only be determined by simultancous deter-
minations of alcohol and lactic acid formation at these low levcls

of oxygen supply.
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F16. 31. The influence of the per cent oxygen upon oxygen uptake
by the etiolated hypocotyl of the valentine bean (Results of Susan
Smith and W. D. Bonner from Goddard and Bonner, 1960 as Fig. 29).

The rate of respiration may be controlled by the concentrations
of respiratory substrates in the cells. A response curve similar to
that shown in Fig. 31, where respiration rate is plotted against
concentration of oxygen, can be obtained by inducing different
levels of soluble sugar in potato tubers by storage at temperature
within the range 1-10°C and then measuring their oxygen uptake
at constant temperature. Further study of the soluble sugars
present in the tubers shows that it is the content in the cells of the
disaccharide, sucrose, which controls the rate of respiration. The
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control of respiration rate by carbohydrate supply is also illustrated
by measurements on the oxygen uptake of root tips derived from
excised tomato roots, depleted of carbohydrate reserves by a
period of culture in sugar-frce solution and then supplied with
sucrose at different concentrations (Fig. 33).
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Fic. 32. The influence of the per cent oxygen upon the oxygen

uptake (®) and the carbon dioxide evolution (0) of Bramley’s Seedling

apples. Dotted line shows the carbon dioxide evolution due to fermen-

tation. E.P.=the oxygen tension at which fermentation is completely

suppressed, (after Watson from W. O. James, Plant Respiration.
Clarendon Press, Oxford, 1953).

Experiments on the respiration of detached leaves not only
illustrate the control of respiration rate by availability of respiratory
substrates but illustrate very clearly that not only carbohydrates
but also proteins may be respired. This protein respiration involves
protein hydrolysis to yield amino acids and amides, deamination
of these amino acids and subsequent decarboxylation (leading to
carbon dioxide release) and oxidation of the resulting organic acids.

In the overall equation (Eqn. 9. p. 76) used to express the
respiration of glucose, the volume of carbon dioxide evolved
is equal to the volume of oxygen absorbed. The fraction
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volume of CO, evolved . ) :
is referred to as the respiratory quotient

volume of O, absorbed
(R.Q.) and in the case of the respiration of glucose is unity. When
fats are the respiratory substrates the R.Q. is 0-7, when proteins,

t
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Fic. 33. Influence of the sucrose concentration in the external
medium upon the rate of respiration of cultured tomato roots. The
roots were grown in presence of 2 per cent sucrose, maintained in a
sugar-free solution for 48 hr and then transferred to the test media
and their oxygen uptake measured for 1 hr commencing 67 hr after

transference to the test medium.

the R.Qis 0-8. When organic acids are oxidiscd R.Q. valucs greater
than unity are obtained. For instance, the complete oxidation
of malic acid according to the equation

CH,.COOH
| +30, ——— 3H,0+4CO, (11)
CHOH.COOH

malic acid
corresponds to an R.Q.=1:33. Values of R.Q. above untiy,
particularly at low oxygen tensions, may also be indicative of the
occurrence of fermentation.
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CHEMICAL PATHWAYS OF RESPIRATION

One of the outstanding achicvements of biochemistry has been
the clucidation of the sequence of chemical reactions and the
isolation of the enzymes which are involved in the alcoholic
fermentation of sugars by yeast. This story had its beginning
in one of the historic experiments in plant science, the preparation
of “yeast press juice” by Hans and Edward Buchner in 1897 and
the demonstration that this juice could promote an active fermen-
tation of sucrose.

W. Pfeffer, influenced by the carlier studics of Pasteur, advanced
in 1900 the view that respiration might procced in two stages, a
first stage corresponding to fermentation and a second stage
involving the oxidation by oxygen of the products of fermentation.
This concept was developed by two distinguished Russian plant
physiologisists, V. I. Palladin (1922) and S. Kostychew (1927) who
emphasised that the enzymes of fermentation occur in the cells of
higher plants and that there is no evidnece to suggest that their
activity is suppressed by oxygen. Further, knowing that cthyl
alcohol is not itself readily oxidised by plant cells, they postulated
that some precursor of alcohol in the fermentation sequence of
reactions suffered rapid oxidation in the presence of oxygen.
In support of Kostychew’s hypothesis it is now known that (1)
low concentrations of cyanide and of hydrogen sulphide by
inhibiting the oxidative reactions of respiration lead to the accum-
ulation of alcohol and acctaldchyde in plant tissue supplicd with
oxygen; (2) substances known to inhibit fermentation have been
shown to inhibit respiration; (3) all the compounds known to be
intermediates in fermentation can be detected in respiring cells.
The “precursor of alcohol” which suffers complete oxidation to
carbon dioxide and water in respiration is now known to be pyruvic
acid. This contention is supported by a large body of evidence
starting from the pioneer discovery by von Grab in 1921, using
p-naphthylamine as a trapping agent, that pyruvic acid is formed
during yeast fermentation prior to acetaldchyde and alcohol. This
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was followed by the demonstration that the addition of 1-naphthyl-
2-sulphonic acid to higher plant cells causes the accumulation of
pyruvate by inhibiting its conversion to acctaldehyde by the
enzyme carboxylase and by numecrous cxperiments in which the
cells of higher plants and animals have been shown to effect rapid
oxidation of added pyruvic acid. We can now, therefore, develop
our consideration of the chemical pathways of respiration by
asking what recactions are involved in the formation of pyruvic
acid and by what reactions this is oxidised by molecular oxygen.

The unravelling of the sequence of chemical steps involved
in the formation and oxidation of pyruvic acid has followed from
studies of the chemical activitics of plant extracts and of the individ-
ual enzymes isolated from such extracts. Such studies have now
yielded a very detailed picture of the biochemical reactions
involved in respiration; have provided us with the essential
biochemical foundation for a critical study of the process of
respiration as it proceeds in the living cell. In this volume where
our cmphasis is on the metabolism of living cells a detailed con-
sideration of the biochemistry of respiration or of any of the other
vital aspects of metabolism would be inappropriate. Nevertheless,
and just in so far as interpretation of cellular metabolism requires
appreciation of the nature of the underlying chemical cvents we
can properly draw upon the findings of biochemistry.

In 1908 the British biochemists, Harden and Young, when study-
ing the alcoholic fermentation of glucose by “yeast pressed juice”
found that the fermentation was augmented by the addition of
inorganic phosphate. This enhancement was short-lived and if
when the rate began to decline the fermentation liquor was boiled
and then treated with uranium acctate, a sugar phosphate was
precipitated. This was shown to be a diphosphate of fructofuranose
and since the phosphate groups are attached to carbon atoms 1 and 6
of the sugar, is known as fructose-1-6-diphosphate. Subsequent
biochemical work has shown that this compound ariscs whenever
the primary substrate of respiration is glucose, fructose, some other
simple sugar or a polysaccharide such as starch. The first stage
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of carbohydrate respiration involves phosphorylation and inter-
conversion of sugars to give this fructose-1-6-diphosphate.

In 1934 it was shown that yeast and mammalian muscle contain
an enzyme (aldolase) which splits this fructose-1-6-diphosphate
between carbon atoms 3 and 4 to give two triose phosphates
(glyceraldehyde-3-phosphate and dihydroxyacetone phosphate).
The same enzyme was, in 1949, shown to be universally distributed
in higher plants. Further, the two isomeric trioscphosphates
formed arc interconvertible by means of a second enzyme, phos-

hotriose isomerase. This is important because it is only the
glyceraldehyde-3-phosphate which is normally further metabolised
in respiration.

Harden and Young, who revealed the importance of phosphory-
lation in fermentation, also showed that the “ycast press juice”
(containing the mixture of enzymes known as zymase) could be
separated by passage through a porous porcelain candle impregnated
with gelatin into (1) a colloidal protein fraction which did not
pass the filter and (2) a crystalloidal fraction stable to heat. Neither
fraction alone promoted glucose fermentation but the activity was
restored by mixing together the two fractions. Following the
concept introduced by Bertrand as carly as 1897, Harden and Young
recognised the crystalloidal fraction as a co-ferment or co-enzyme
which came, therefore, to be referred to as co-zymase. This co-
enzyme was subsequently isolated in pure form and named di-
phosphopyridine nucleotide (or, for short, as DPN). This name
has remained in use although it docs not adequately indicate the
nature of its two component nucleotides* (Fig. 34). Now DPNisa
vital component of those enzyme systems called dehydrogenases
which catalyse the oxidation of substances by removal from them
of pairs of hydrogen atoms. The hydrogen removed from the
molecule of the metabolite reduces the co-enzyme. DPN functions
as the co-enzyme for a number of dehydrogenases cach of which
acts on a specific metabolite by virtue of the specificity of the

* In research literature this co-enzyme is now referred to as nicotinamide
adenine dinucleotide (NAD).
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catalytic enzyme protein. The glyceraldchyde-3-phosphate formed
during fermentation is metabolised by being acted upon by one
such specific dehydrogenase, the enzyme triosephosphate dchydro-
genase. The action of this particular dehydrogenase is rather unique
as the oxidation of the free aldehyde group of the triosephosphate
to an acidic carboxyl group is coupled with combination of the
carboxyl group with inorganic phosphate to give a diphospho-
glyceric acid. The overall reaction can be represented thus: (as
Chapter 3 p. 72) '

CHO COO(P)
HCOH+iP+DPN+ == HCOH+DPNH +H* (7)
l Glyceral?}ehyde
CH,0(P) achyarogense  CHLO(P)
Glyceraldehyde-3—phosphate 1,3-Diphosphoglyceric acid

In fermentation this oxidative stcp is cquated with a balancing
reduction in which the co-enzyme is re-oxidised. In ycast fer-
mentation it is acetaldchyde which is reduced to ethyl alcohol by
a second specific dehydrogenase (alcohol dehydrogenase), and the
same co-enzyme (sce Chapter 3, p. 67). These oxidation-reductions
are reversible and here the dchydrogenase is acting ““in reverse”:

CH, CH,
| +DPNH + Ht < | + DPN* (6)
CHO CH,OH

Acetaldehyde Ethanol

In respiration the reduced co~cnzyme is oxidised by the intervention
of molecular oxygen as will be discussed below.

Now the chemical steps between diphosphoglyceric acid and
pyruvic acid are of interest in another direction. The diphospho-
glyceric acid is first acted upon by one of a group of enzymes
known as transferases or kinases, enzymes which catalyse the transfer
of chemical groups from one molecule to another. The action
of the kinase here is to produce mono (3)-phosophglyceric acid but
the phosphate group removed does not appear as inorganic phos-
phate but is tranferred to an organic acceptor molecule, a molecule
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of adenosine diphosphate (ADP) which is converted to the tri-
phosphate (ATP) thus:

1:3 diphosphoglyceric acid+ ADP ——

3-phosphoglyceric acid + ATP (12)
The 3-phosphoglyceric acid then undergoes an internal chemical
change and releases a molecule of water to give a phosphopyruvic
acid. The phosphopyruvic acid is now acted upon by a sccond
kinasc, transfers its phospho-group to a molecule of ADP (thereby
converted to ATP) and pyruvic acid is formed. From a molecule
of the hexose diphosphate, two molecules of the 3 carbon keto-acid,
pyruvic acid are formed.

The pyruvic acid has now to be completely oxidised and on the
assumption that the oxidative steps, like the oxidation of triose-
phosphate, each involve the removal of two hydrogen atoms, the
overall reaction can be represented thus:—

CH,.CO.COOH+4 50 ——— 3CO,+2H,0 (13)
or
CH,.CO.COOH + 3H,0 ——— 5x2H+3CO, (14)
pyruvic acid

This latter method of representation (Eqn. 14) is justified because we
know that five specific dehydrogenases cach acting on a scparate
intermediate are involved and that the carbon of pyruvic acid is
released as carbon dioxide by three reactions in each of which a
specific decarboxylase enzyme splits off carbon dioxide from a
carboxyl group. To initiate the oxidation the pyruvic acid has to
be converted to “active acctate” and there has to be present in the
cells a catalytic amount of another acid (oxalacetic acid) with which
this can combine to give citric acid. The citric acid then undergoes
the series of chemical changes which result in the reduction of
DPN (dchydrogenase steps), the relcase of carbon dioxide (de-
carboxylase steps) and the regeneration of oxalacetic acid ready to
combine with further “active acctate”. It is this series of reactions
which is known as the citric acid, tricarboxylic acid (TCA) or
Krebs cycle (Fig. 35).
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“ Active acetate” is important; not only is it an essential inter-
mediate in the oxidation of pyruvate arising from carbohydrate
but also in the respiration of fats. The chemical nature of this
“active acetate” (highly reactive acetate) was, for a time, an
outstanding biochemical puzzle until Lipmann in 1946 obtained

acetyl-S.Co A
@0
oxaloacetic acid
/ 4o
malic acid
(4 Q)
fumaric acid
40
succinic acid citric acid
“9 /Qf)
‘> a-ketoglutaric acid
co, 50 ‘ CO,

Fic. 35. The Krebs, tricarboxylic acid (TCA) or citric acid cycle.
(After E. Baldwin, The Nature of Biochemistry, Cambridge University
Press, 1962.)

evidence for and later isolated a co-enzyme of acylation now known
as Co-enzyme A (Fig. 34) and which because it reacts through its
sulphydryl group is usually abbreviated in biochemical cquations
to CoA-ASH. When, in 1951, Lynen demonstrated that the
“active acetate” of yeast was acetyl-co-enzyme A the problem
was posed of how pyruvate is converted to this compound. This has
also proved a difficult problem and its unravelling has shown it
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to be a complex process in which still other co-factors arc involved.
However, the overall equation for the oxidative decarboxylation
which occurs can be represented:

CH,
CH,
| C=0
C=0+CoASH+DPN* —— |  +CO,+DPNH+H* (15)
S
COOH |
CoA
pyruvic acetyl-CoA
acid (‘‘active acetate’)

This acctyl-CoA then transfers a “2C fragment” to oxalacctic
acid to form the citric acid whose metabolism back to oxalacetate
is effected by the Krebs cycle enzymes.

The oxidative decarboxylation of pyruvate and the subsequent
dehydrogenasc reactions of the Krebs cycle generate reduced DPN
and the continuation of carbohydrate and fat respiration depends
upon this reduced DPN being actively oxidised by molecular
oxygen. This reduced DPN, like the reduced form of the other
coenzyme TPN discussed below, is, however, stable in air and the
oxidation of these co-cnzymes depends upon the reaction sequence
considered under the heading of “terminal oxidation”.

Many famous biochemists contributed to our present knowledge
of fermentation and the sequence of reactions involved is often
referred to as the Embden—Meyerhof-Parnas (EMP) pathway in
particular recognition of the important contribution made by
three German scientists. Once this biochemical sequence was
worked out, from work particularly with yeast and muscle extracts,
evidence quickly accumulated for the widespread and possibly
universal occurrence of the intermediate compounds and enzymes
concerned. This reaction sequence, coupled with oxidation of
pyruvate via the Krebs cycle came to be regarded as the pathway of
carbohydrate breakdown.

However, ever since the period 1932-7, it has been known that
yeast and many other plant cells contain a dehydrogenase which
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directly oxidises a monophosphate of glucose arising during the
initial phosphorylation of sugars in respiration. Further, that the
co-enzyme of this system differs from that of the other dehydro-
genases so far mentioned; it is a tri-phosphopyridine nucleotide*
(TPN). The action of this enzyme can bc represented thus:

glucosc-6-phosphate + TPN* ———— phosphogluconate +
TPNH+H* (16 )

Yeast and higher plant cells also contain a sceond enzyme which
oxidatively decarboxylates the phosphogluconate thus:

COOH co,
| +
HCOH CH,OH
HOCH 6~phosphogluconate C=0
| +TPNFY — | +TPNH+H*(17)
HCOH dehydrogenase HCOH
|
HCOH HCOH
| |
H,C—OPO;H, H,COPO;H,
6-Phosphogluconatc p-Ribulose-5-phoshate

Subsequent research has demonstrated that the pentose (5 carbon
sugar) phosphate so formed can suffer complete biological oxid-
ation by a sequence of reactions, the overall effect of which can be
represented thus:

glucose-6-phosphate + 12TPN+ +7H,0 ——— 6CO,+
12TPNH + 12H+ (18)

This alternative route of carbohydrate breakdown, which involves
as intermediates 2 number of pentose sugars, a 7-C sugar and a 4-C
sugar which arc also involved in photosynthesis, is usually referred
to as the pentose phosphate pathway or pentose phosphate shunt.

* In research literature this co-enzyme is now referred to as nicotinamide
adenine dinucleotide phosphate (NADP). -
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The elucidation of the biochemistry of the pentosc pathway
raises the question of its importance in carbohydrate breakdown
rclative to the EMP pathway. Evidence on this question comes
from two approaches. The first arises from the finding that one of
rcactions of the Krebs cycle, the oxidation of succinic acid, is very
specifically inhibited by another organic acid of similar structure,
malonic acid.

COOH COOH
| |
CH, CH,
|
CH,
COOH
COOH
succinic malonic
aad acd

The inhibiting action of the malonic acid depends not only upon
its own concentration but also in the concentration of the natural
substratc of the cnzyme, the succinic acid. The inhibition is,
therefore, described as competitive and is known to involve
competition between the two acids for combination with the
enzyme protein; the protcin in combination with the malonic acid
being inactive as a catalyst of the oxidation of succinate (see Chapter
3, page 68). Malonic acid, by inhibiting this reaction, inhibits the
Krebs cycle sequence of reactions and blocks the oxidation of pyru-
vate by this pathway. Malonate is, in consequence, an inhibitor of
respiration and it has been argued that the malonate-sensitive res-
piration is mediated by the Krebs cycle and the malonate-insensitive
by an alternative pathway. However, this conclusion may be an
over-simplification because the permeability of cells to malonate
varies and is very sensitive to factors like pH and also the shutting
down of the Krebs cycle may itself activate a pathway not normally
operative at an appreciable rate.

There is, however, another and rather interesting way of
approaching this problem by the usc of radio-active carbon (C4).
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This approach provides strong evidence that carbohydrate de-
gradation in plant cclls is in part, though apparently to a variable
extent, via the pentose pathway. This involves the use as respiratory
substrates of samples of glucose phosphate in which only the first
carbon atom or only the 6th carbon atom of the sugar is enriched
with radio-active carbon (the glucose molecule is not uniformly
labelled but specifically labelled on particular carbon atoms). The
carbon dioxide which is released immediately after supplying the
glucose phosphate will come, in the pentosc pathway, only from
the carbon atom 1 of the sugar and only when this is radioactive
should the carbon dioxide be labelled. By contrast, the inter-
conversion of the triosephosphates (p. 86) in the EMP pathway
‘should result in equally labelled carbon dioxide, whether C1 or
C6 is labelled in the glucose sample. Thus, the extent to which
the radioactivity of the carbon dioxide is reduced when the C4;
instead of the C4, sugar is provided as substrate will be a measure
of the contribution of the pentose pathway to the carbon dioxide
evolved in respiration.

So far we have concentrated our attention upon the respiratory
breakdown of carbohydrates. In a number of seeds the main food
store is fat and the low R.Q. to be observed during the germination
of such sceds is evidence of fat respiration. Since the classical
studies by E. Schultze in 1876 of the chemical changes occurring
during the germination of lupin seed we have known that proteins
can also be respired. How far proteins are respired, except in a few
such protein-rich seeds or under conditions of starvation and
senescence, is, however, controversial. Further, our knowledge
of the chemical reactions in the respiration of fats and proteins
by higher plant cells is still very limited.

It has already been mentioned (p. 90) that “active acetate”
(acetyl-CoA) arises not only from pyruvate but during fatty acid
oxidation and that it is via this compound that the carbon of fats
enters the Krebs cycle. The first step in fat break-down is a
hydrolysis liberating the free fatty acid and glycerol. The glycerol
probably undergoes phosphorylation. and is oxidised to triose-
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phosphate and hence enters the reactions of fermentation. The
fatty acids appear to be activated by combination with CoA and
then to undergo a process of f-oxidation:

f «
...... CH,CH,CH,CH,COOH —————fatty acid
+CoA.SH
...... CH,CH,CH,CH,CO.S.CoA ——fatty acid-CoA
_2H ) compound
...... CH,CH,CH:CH.CO.S.CoA
+HO B-oxidation (19)
...... CHZCH2CH(OI{)CH2CO .S.CoA
| -
...... CH,CH,CO.CH,CO.S.CoA
+CoA.SH ——thiolysis
...... CH,CH,CO.S.CoA+ CH3CO.S.CoA
AN
N
fatty acid-CoA compound enters TCA
with fatty acid chain (Krebs) cycle

2 carbon atoms shorter

Therefore, froxidation successively leads to the release of a two
carbon fragment of the fatty acid chain which enters the main
pathway of carbohydrate respiration as acetyl—CoA.

Protein respiration almost certainly involves first a hydrolytic
breakdown by proteinases and peptidases to give free amino acids.
Of the amino acids of plant cells, only glutamic acid is known to be
actively oxidised by an enzyme universally distributed, the glu-
tamic acid dehydrogenase:

glutamic acid+ DPN* + H,O — a-ketoglutaric acid
+NH,+DPNH+H*  (20)

The a-ketoglutaric acid is an intermcdiate in the oxidation of
8 .
pyruvate by the Krebs cycle and, therefore, can enter the main
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pathway of carbohydrate degradation. Plant cells also contain
transaminase enzymes which catalyse the transfer of the amino
groups of amino acids to keto acids. Onc of the most active of
these enzymes in plant cells is that transferring amino groups to
a-ketoglutaric acid (which is thus converted back to glutamic
acid). Such a reaction can be represented thus:

a-ketoglutaric amino Jutamic keto acid
acid (amino + acd —o8 wad T corresponding (21)
group acceptor) (R) ) " toR

It could, thercfore, be that all the nitrogen of respired protein can’
in this way, be canalised into the formation of glutamic acid and
" then be rcleased as ammonia by the glutamic acid dchydrogenaesc
enzyme. We arc not certain that this is the casc; a-ketoglutaric
acid, and oxalacetic acid (corresponding to the amino acid aspartic
acid) and pyruvic acid (corresponding to alaninc) arc acids of the
Krebs cycle and can, thercfore, be oxidised by this pathway.
However, we do not yect know how the other keto acids arising
by transamination can be oxidised nor even, in many cases, whether
they are normal cell constituents. There is, thercfore, as yet no
certain knowledge of the reactions by which many of the known
amino acids of plant cells are oxidised during protcin respiration.

TERMINAL OXIDATION IN PLANT CELLS

The oxidations involved in the respiration of carbohydrates,
fats and proteins involve the transfer of hydrogen atoms and clec-
trons and result in the reduction of the co-enzymes. Terminal
oxidation involves transport of these hydrogen atoms and electrons
to oxygen and a coupling of this with the creation of new chemical
bonds in which most of the conscrved encrgy of repiration is held
in utilisable form.

Our present understanding, still very incomplete as far as plant
cells are concerned, of the enzymic reactions which effect this
transport has a long and interesting history. In 1886, MacMunn
detected in many animal tissues pigments chemically reclated to
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hacmoglobin, capable of existing in both an oxidised and a reduced
form and to which he assigned the role of enabling the tissues in
which they occur to take up oxygen. This work of MacMunn was
not at the time accepted but was later vindicated in a classical paper
published in 1925 by Keilin under the title On Cytochrome, a Res-
piratory Pigment Common to Animals, Yeast and Higher Plants. In this
paper Keilin not only described the characteristics of these pigments
but obtained evidence that they formed a link between the dehydro-
genases and oxygen. He was able to recognise three distinct
cytochromes which he termed cytochromes g, b and c. These were
iron-porphyrins combined with protcin (hemoproteins) and in the
oxidised form contained ferric (Fet+**) and in the reduced from,
ferrous (Fett) iron. The reduced forms of the cytochromes have
distinct absorption bands in the visible spectrum; the oxidised
forms diffuse poorly defined absorption spectra. If we take a
flat-sided vessel containing a suspension of ycast between a bright
source of light and a hand spectroscope and cither keep the suspen-
sion under anaerobic conditions or add inhibitors like cyanide or
sulphide or a reducing agent like hydrosulphite these absorption
bands of the reduced cytochromes are clearly visible. If we admit
oxygen to the anaerobic suspension these bands disappear as the
cytochromes are oxidised by molecular oxygen.

When Keilin succeeded in isolating cytochrome ¢ from baker’s
yeast he found that it could be reduced by mild reducing agents
but was then not reoxidised by shaking a solution in oxygen.
Its oxidation immediatcly occurred, however, in the presence of
living cells. This suggested the existence in living cells of an
enzyme catalysing the oxidation of cytochrome ¢ by oxygen.
Now some ycars carlier the German biochemist, Otto Warburg,
as a result of a series of brilliant researches started in 1918, had
detected in all the living cells he had examined, an iron-containing
oxygen-activating respiratory enzyme (Atmungsferment) and shown
that the activity of this enzyme was inhibited by carbon monoxide
and that this inhibition was reversed by illuminating the cells.
In this conncction it is interesting to recall that as early as 1897,
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Haldane had shown that oxygen is displaced from hemoglobin
(also a hemoprotein) by carbon monoxide and that the hemoglobin-
carbon monoxide complex is unstable in light.

Warburg went on to demonstrate that the absorption spectrum
of his respiratory cnzyme indicated it to be a hemoprotein and in
1939 Keilin and Hartree scparated from a cytochrome a preparation,
a new cytochrome (cytochrome ay or cytochrome oxidase) which
reacted directly with oxygen and was in its properties identical
in every way with Warburg’s respiratory enzyme. Cytochrome
oxidase is unique in the rapidity of its reaction with oxygen and
in its high affinity for this gas. This affinity for and reactivity with
oxygen points to cytochrome oxidase as the last step in the
transport of electrons and hydrogen ions to unite with oxygen
and form water. The name cytochrome oxidase indicates that
the enzyme catalyscs a direct oxidation of its substrate (a cyto-
chrome) by molecular oxygen and in this respect resembles the
copper-protein enzymes, catechol oxidase first described by
Bourquelot and Bertrand in 1895 and ascorbic acid oxidase discovered
by Szent-Gydrgyi in 1931. These copper-protein enzymes have
also been considered as possible terminal oxidases in plant respiration
but the evidence that they function in this role is very controversial
particularly in veiw of their relatively low affinity for oxygen.
Further, while cytochrome oxidase appears to be universally found
in respiring cells, these other enzymes have a wide but not universal
distribution.

Substances which can exist in an oxidised or reduced form
and which can interact can be arranged in order of their ability to
oxidise or reduce one another. The highly reducing substances at
onc cxtreme of such a series have increasingly negative oxidation-
reduction potentials (the standard hydrogen electrode having by
definition a zero potential), the highly oxidising substances at the
other end of the series have increasingly positive oxidation-reduction
potentials. The span of oxidation-reduction potential involved in
the electron transport system of respiration ranges from —0-32 volts
for the DPN*/DPNH system to +0-82 volts for the oxygen
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clectrode. The path of hydrogen and electrons from the dehydro-
genases to oxygen will be through a scquence of “carriers” cach
with a more positive oxidation-reduction potential. This enables
us to say that clectrons will flow from cytochrome b — cyt. ¢ —
cyt. a - cytochrome oxidase —> oxygen. This poscs the question
of whether in the respiring cell this cytochrome complex directly
oxidises the reduced co-enzymes. The answer is that ferric cyto-
chrome ¢, the most extensively studied of the plant cytochromes,
cannot oxidise the reduced form of DPN, so that presumably
some hydrogen carricr is interposed between reduced co-enzymes
and the cytochromes. In 1932, Warburg and Christian isolated a
“yellow enzyme” (a flavoprotein) from yeast and such flavo-
proteins are now known to be universally distributed in living cells.
These flavoproteins consist of protein in combination with flavin
nucleotides and the nucleus of these nuclcotides can undergo
reversible oxidation and reduction; the molecule is colourless in
the oxidised form and ycllow in the reduced form. The reduced
molecules are cither slowly oxidised by oxygen or are quite stable
in oxygen but they are very rapidly oxidised by ferric cytochrome
¢ provided that the flavoprotein has been purified by a method
which does not remove the iron or other heavy metal with which
it is apparently associated in nature. Two of these flavoproteins
arc of particular interest to our present problem because one acts
as a specific dehydrogenase for reduced DPN and the other for
reduced TPN. These flavoproteins are, as might be anticipated,
intermediate in oxidation-reduction potential between DPN+/
DPNH and the cytochromes. The hydrogen transport chain
involved in the oxidation of reduced DPN in respiration can,
therefore, be represented thus:

AH; pPN*t FAD. 2H Reduced Y20,
X X Xmeml 2 x cytochrome
A = DPNH+H' ~Oxidized < Ho0

Y
Dehydrogenase Protein componeni of flavoprotein Cytochrome chain
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Clearly, provided each step in this transfer chain is a rapid reaction
only catalytic amounts of flavoprotein and the cytochromes will
be required to maintain a rapid uptake of oxygen.

THE LOCALISATION OF RESPIRATORY ENZYMES IN
PLANT CELLS

The cnzymes of fermentation are described as soluble enzymes
because when cclls are disintegrated in such a way that the nuclei,
plastids and mitochondria are not disintcgrated and then the
suspension is centrifuged at very high speed (up to 100,000 x ¢
(the force of gravity)) these enzymes are present in the clear super-
natant liquid. Of course, these enzymes may, in the living cell,
be bound to the endoplasmic reticulum since this is not prescrved
in existing techniques used to disintegrate plant cells.

When from a suspension such as that described above the nuclei
and plastids are sedimented by low centrifugal forces (up to 2000 x )
and then the suspension is spun at speeds giving a centrifugal force
of about 10,000 x ¢ the mitochondria are scdimented.  Such isolated
mitochondria are capable of oxygen uptake and the oxidation of
pyruvate and other acids of the Krebs cycle. They contain all
the enzymes involved in the Krebs cycle and in terminal oxidation.
Mitochondria are, therefore, the centres of respiratory activity. Our
techniques of isolating mitochondria are still imperfect and the iso-
lated mitochondria arc unstable and quickly loose their oxidative
and other metabolic activities. Because of this it is not yet possible
to prove that the whole of the oxygen uptake involved in res-
piration is mediated by enyzmes located in the mitochondria but
this may well be so.
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CONSERVATION OF THE ENERGY LIBERATED IN
RESPIRATION

Reference has previously been made to the formation of adenosine
triphosphate from adcnosine diphosphate at two steps in the se-
quence of rcactions by which triosephosphate is converted to
pyruvic acid.

This substance, adenosine triphosphate (ATP) (sce Fig. 34), is a
universal constituent in living cells and plays a central role in the
conscrvation of energy and in the transfer of energy from catabolic
to anabolic (synthetic) rcactions.

The phosphate bonds of ATP can be broken hydrolytically
under appropriate conditions and the free cnergy changes associated
with the cleavage of cach of the three phosphate bonds is as follows:

ATP+H;O — ADP+ phosphate AF = —11-5keal. (23)
ADP+H,0 — AMP+ phosphate AF = — 11:5kal.  (24)
AMP+H,0 - adenosine + phosphate AF = —2kcal.  (25)

The molecule of ATP therefore contains two phosphate bonds
which are “cnergy-rich” and onc which is rclatively poor in
energy. We usc the symbol ~P to represent a high energy
phosphate radical so that the ATP molecule can be represented
A-P ~P ~P where A represents the nucleoside, adenosine.

The synthesis of ATP from ADP in transfer reactions catalysed
by specific kinases conscrves energy released in the metabolism
of trioscphosphate to pyruvate. The reaction:-

e oree + DR+ 3 PROSPhoglyeeric , ppntepe (20)

involves a large decrcase in free energy and most of this would be
lost as a positive heat of reaction. However, this reaction should be
compared with the reaction catalysed by triosephosphate dchydro-
genase (p. 88) which has a AF=+0-4kcal. Part of the cnergy
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released in the oxidation of triosephosphate is conserved by the
simultaneous synthesis of the high energy phosphate bond in the
carboxyl group of C atom 1 of the diphosphoglyceric acid (the
instability of this 1 carboxyl phosphate group is indicative of its
cnergy-rich nature). However, despite the instability of this carboxyl
phosphate bond, its encrgy is conserved because in the presence
of ADP and of the specific kinase, ATP is synthesised (Eqn. 12.
p- 89). A similar conservation of the high energy content of the
phosphate bond of phosphopyruvic acid is achieved by the forma-
tion of pyruvic acid being linked to the synthesis of ATP from ADP.

It thus follows that in the conversion of a molecule of fructose
1-6-diphosphate to 2 molecules of pyruvic acid, four of the
terminal phosphate bonds of ATP are synthesised. However, ATP
is, as already mentioned, also involved in synthetic reactions and
when glucose is the respiratory substrate two molecules of ATP
are degraded to ADP to form the fructose-diphosphate. The net
gain in ~P during the fermentation of a gram mol. of glucose is,
therefore, 2x11-5=23kcal. as phosphate bond energy. The
equation (Eqn. 10) on p. 76) shows that the AF of fermentation is
—54kcal from which we can calculate that of the total cnergy
released 23/54 x 100=439%, is conserved as energy in ~P of ATP.
Comparison of the equations for Respiration and Fermentation
(Eqn. 9 and 10) leads us now to enquire whether the very much
greater energy release in respiration is also conscrved by ATP
synthesis. Thus we are led to seck for reactions involved in
pyruvate oxidation in which the energy released is conserved by
simultaneous synthesis of ATP from ADP.

Using pigeon brain dispersions and heart muscle extracts, Ochoa,
in 1944, obtained evidence that 6 molecules of inorganic phosphate
were taken into organic combination per molecule of oxygen
absorbed in respiration. Later work with mitochondria showed
that a similar phosphate assimilation accompanied the oxidation
of organic acids, including pyruvate. Mitochondrial preparations
can also be used to study the quantitative synthesis of ATP during
the oxidation of pyruvate by oxygen. To do this a rather interesting
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technique has to be employed. Although the adenosine phosphates
are so important in the energy relationships of the living cell they
arc present in cells in small amounts. Consequently, if ATP
synthesis from ADP proceeds actively the small amount of ADP
present is quickly depleted unless some mechanism by which the
terminal phosphate bond of ATP is transferred in a further phos-
phorylation reaction is proceeding simultancously and thereby
constantly regenerating ADP. Reference has already been made
(p- 102) to the phosphorylations of sugar which preceeds the forma-
tion of triosephosphate and to the involvement of ATP in these
reactions. One of these phosphorylation reactions is catalysed
by the enzyme, glucokinase and can be represented thus:

glucose+ATP — glucose-6-phosphatc + ADP (27)

If we take some recently isolated mitochondria, add some ADP to
reinforce the natural content, glucose and glucokinase to trap the
phosphate of newly formed ATP as glucose-6-phosphate, and an
oxidisable substrate such as pyruvate or other organic acid of the
Krebs cycle, it is possible to demonstrate active phosphorylation.
Further, by measuring glucose-6-phosphate formation and oxygen
uptake by the mitochondria onc can work out what is called the
P:O ratio, the molecules of phosphate incorporated into ATP per
oxygen atom absoried. This was first successfully carried out using
animal mitochondria, but in work since 1953 by Laties and many
others, active and cfficient phosphorylation has been obtained with
mitochondrial suspensions from higher plants. The most efficient
suspensions of mitochondria have given P:O ratios above 3-0 and
approaching 4:0 which corresponds well with Ochoa’s estimates
made earlicr and implies that at least some 15 (5% 3) ~P can be
synthesised per molecule of pyruvate oxidised (sce Eqn. 13 and 14
for pyruvate oxidation on p. 89). It is interesting that many
mitochondrial preparations have much lower efficiencies than those
recorded above, the P:O ratios often approximating to 1-0, and that
as mitochondrial suspensions “‘age” they loose their ability to
effect phosphorylation while their oxidative activity as measured
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by oxygen uptake and carbon dioxide release is unimpaired. A
similar effect follows additiog of dinitrophenol to cells or isolated
mitochondria; this substance “‘uncouples” oxidation from phos-
phorylation, oxygen uptake is usually stimulated but no ATP
synthesis takes placc.

This brings us to the difficult question of the rcactions involved
in ATP synthesis in respiration. The reactions of the Krebs cycle
have been very fully clucidated, both as regards the chemical
changcs involved and the changes in frec energy occurring at cach
step. Only at onc step (possibly the step operating when P:O
ratios of unity arc rccorded with mitochondria) in this cycle is
ATP synthesised. This is in the oxidation of a-ketoglutaric acid to

“succinic acid. In this reaction a compound between succinic acid
and Co-A is formed (succinyl-S.CoA) and this rcacts with ADP in
the presence of inorganic phosphate thus: (see Chapter 3, p. 65).

Succinyl-S.CoA + ADP+ H,PO, — ATP+*"“™CL CoA-SH (4
2 acid

Incidentally, this is an interesting reaction because it shows us that the
S-linkage binding CoA to metabolites is also an “‘energy-rich”
bond; that it contains sufficient energy to power the synthesis of
ATP from ADP and inorganic phosphate. Now, in the conversion
of triosephosphate to pyruvatc there are also two reactions (p. 102)
involving ATP synthesis. Thus, we know of three substrate phos-
phorylations occurring in the completc oxidation of triosephosphate
i.e. 6 molccules of ATP are synthesised by such reactions per mole-
cule of glucose and, since two of these are consumed in the formation
of fructose-1-6-diphosphate, there is a gain of 4 x ~P per glucose
molecule by substrate phosphorylation.

Clearly, most of the ATP molecules formed in respiration arc
synthesised at some other part of the respiratory scquence than in
either pyruvic acid formation or its oxidation in the Krebs cycle.
Now there is a very large release of energy (decrease in free energy)
involved in the oxidation of reduced DPN and this, calculated
from the gap in oxidation-reduction potential between the DPN+/
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DPNH system and oxygen, comes out at some 52 kcal per g-mol.
In linc with this is the experimental oscrvation that when reduced
DPN is fed to mitochondria it is possible to obtain P:O ratios close
to but usually slightly below 3-0. This means that for every two
hydrogen atoms from reduced DPN transported along the terminal
oxidation pathway to combinc with one atom of oxygen there are
up to three molecules of ATP synthesised. Since, to oxidise a
molecule of glucose 12 x 2H are transported and 12 atoms of oxygen
absorbed, this indicates the synthesis of 36 ~P of ATP per molecule
of glucose respired. It is this phosphorylation occurring in mito-
chondria and linked to the oxidation of reduced co-cnzyme via the
flavoprotein-cytochrome pathway which is termed oxidative phos-
phorylation.

From the above discussion it will be seen that some 40 ~P (36
by “oxidative” and 4 by “‘substrate” phosphorylation), cach with
an energy content of ~11kcal g-mol, arc synthesised per g-mol of
glucose respired and some 440 keal therefore conscrved 1s utilisable
encrgy. Since the overall decrease in free energy envolved in the
complete oxidation of a g-mol of glucose is 686 kcal (Eqn. 9, p. 76)
this means that approx. 60%, of this energy is trapped during
respiration in a form which can be used in cellular metabolisim for
the synthesis of cell constituents or to perform work.

One of the maj& Butstanding unsolved problems of respiration
relates to the chemical mechanisms involved in oxidative phos-
phorylation. All we can say with certainty at the moment is that
the changes in oxidation-reduction potential in three steps in the
hydrogen and clectron transport chain of terminal oxidation
(in the steps successively between reduced DPN and flavoprotein,
between cytochromes b and ¢ and between cytochrome a and
oxygen) are each sufficiently large to rclease encrgy in excess of
that required to synthesise an ~P. What we do not yet understand
is how these oxidation-reduction reactions are linked to ATP
synthesis (sec Chapter 9).

How far cnergy is conserved when sugar is degraded by the pen-
tose pathway is at present unknown. Isolated mitchondria do not



106 Plant Metabolism

oxidise reduced TPN. An enzyme (pyridine nucleotide trans-
hydrogenase) is known which catalyses the reaction:

TPNH+DPN+ - TPN+ +DPNH (28)

but the activity and distribution of this enzyme in plants is at
present unknown. If plant cells cannot couple the oxidation of
reduced TPN with phosphorylation then the significance in
cellular metabolism of the pentose pathway is not clear. Although
it may be proposed as a mechanisim for the synthesis of pentose
and other special sugars, we know of reactions whereby Cs, C, and
C, sugars can be formed in cells without the intervention of the
TPN-specific dehydrogenases which, in the pentose pathway,
oxidise glucose-6-phosphate and phosphogluconic acid.

p-oxidation of fatty acids is coupled to the reduction of DPN
and the acetyl-CoA enters the normal pathway of respiration
mediated by the mitochondria. Further, there is experimental
evidence for a high level of ATP synthesis associated with fat
respiration. For instance, it has been calcglatéd that in the
respiration of one molecule of palmitic acid (C1,¥O2) there is net
gain of 137 ~P of ATP, which correspondsato conservation of
about 70%, of the encrgy theorctically availablg from the complete
oxidation of this fatty acid.

THE CONTROL OF RESPIRATION

Presumably, at full oxygen tension and optimum temperature
and in the presence of abundant respiratory substrate, the rate of
respiration is controlled by those chemical reactions whose rate
puts a “‘brake” on the overall process, by reactions which act as
“pacemakers”. Isolated enzyme systems may be self-regulatory
in their activity as instanced by the dehydrogenase which oxidises
malic to oxalacetic acid. When in this system the oxalacetic
acid concentration reaches 107*M it inhibits its own synthesis.
Further, oxalacetic acid also inhibits another enzyme of the Krebs
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cycle, the enzyme oxidising succinic acid. The concentration of
oxalacetic acid, itself regulated by the rate of formation of acetyl-
CoA with which it condenses, may, therefore, control the rate of
cycling of the Krebs cycle.  Again the rate of formation of glucose-
6-phosphate by glucokinase action will depend upon the con-
centration of ATP and this, in turn, will depend upon the rate of
ATP formation during the metabolism of trioscphosphate in
fermentation; the rate of glucose phosphorylation will be “geared
in” to the rate of triosephosphate metabolism.

Reference has already been made to the stimulation of oxygen
uptake which follows the application of dinitrophenol to cells or
isolated .mitochondria. The “uncoupling” of respiration from
oxidative phosphorylation cnhances the rate of the oxidative
reactions of respiration. To maintain a high ratc of oxygen uptake
coupled with phosphorylation we have to add to mitochondrial
preparations the ~P utilising glucosc-glucokinase system and
thereby maintain a high ratio of ADP:ATP. When cells are
actively absorbing inorganic ions their rate of rcspiration is increased :
this increascd rate offoxygen uptake (the so-called “salt respiration”)

is due to the co tion of encrgy from ATP in the process of
salt accumulation. e availability of the phosphate and energy-
acceptor ADP is, i§aiilifforc, clearly a controlling factor in the rate
of respiration.

One of the mc.. ... : longest known, and most difficult

to explain examples of the regulation of carbohydrate catabolism
is the observation, first made by Pasteur, that at low oxygen tensions
the rate of respiration is strongly suppressed and the rate of fermen-
tation increased and that under these conditions, and particularly
at zero oxygen pressure, the rate of glucose breakdown can be
four times that in air. This pronounced ‘“‘sparing” action of
oxygen upon the breakdown of sugars is known as the Pasteur effect.
In this case, although the effect of oxygen upon the relative levels
of ATP, ADP and inorganic phosphatc is clearly involved, no
simple biochemical explanation of the Pasteur effect is entirely
satisfactory (sce Chapter 6).
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Synthetic processes proceeding in respiring cells not only consume
the energy stored in ATP and other phosphorylated compounds
but draw upon the intermediates of respiration. For instance,
the enhanced rate of respiration of cells actively synthesising
proteins is, in part, due to the utilisation in amino acid synthesis
of organic acids which are Krebs cycle intermediates. It is clearly
a major objective in the study of plant metabolism to understand
the quantitative aspects of such inter-relationships between the
metabolic processes of the ccll.
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ANABOLISM

that this operation . . . begins only after the sun has for some time made
his appearance above the horizon . . . that this operation of the plants is
tnore or less brisk in proportion to the clearness of the day and the exposition
of the plants . . . that this operation of plants diminishes towards the close
of day, and ceases entirely at sunset; that this office is not performed by the
whole plant, but only by the leaves and the green stalks; that even the
most poisonous plants perform this office in common with the mildest and
tnost salutary; that the most part of leaves pour out the greatest quantity of
this dephlogisticated air from their under surface . . .”

Jan Ingen-Housz in Expetiments upon Vegetables, Discovering Their
Great Power of Purifying the Common Air in Sunshine and Injuring it in
the Shade and at %ht. Elmsly & Payne, London, 1779.

“ATP is the main fuel of life produced in photosynthesis and oxidative
phosphorylation. Igsboth cases it is produced by an electric current, that is,
the energy released by a ‘dropping’ electron.”

A. Szent-Gyorgi in Introduction to a Submolecular Biology Academic
Press, New York, 1960.

INTRODUCTION

THE term anabolism covers all those aspects of metabolism which
involve the development of complex molecules from less complex
molecules, of larger molecules from smaller molecules. These
are the synthetic reactions of mctabolism, the reactions whereby
the primary nutricnts, the inorganic ions, water and carbon dioxide
required by green plants, are built up into a myriad of organic

moleculcs.
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The primary process of anabolism is photosynthesis, the process
whereby sugars are synthesised, in green cells exposed to sunlight,
from carbon dioxide and water. As carlier emphasised the unique
aspect of this form of carbon assimilation is the conversion of light
energy into the chemical energy of newly synthesised sugar
molecules. It is this photosynthesis of sugar which maintains life
in all its abundance on this planet, it is this process which has
reduced the content of carbon dioxide in the carth’s atmosphere
to 0-03 per cent. and raised its oxygen content to 21 per cent.

It may well be that the first forms of life were colourless anaerobic
micro-organisms dependent upon being bathed by a sea containing
a great varicty of complex organic compounds; that the first
organisms were cxtreme heterotrophs. However, the continuation
and evolution of life depended upon an event perhaps sccond only
in improbability with the origin of life; depended upon some
organism acquiring the ability to utilise as its primary source of
energy the sun’s radiation, depended upon the “invention” of
photosynthesis. Thereby arose a new type of organism, a green
plant, which was no longer dependent upon external organic
matter but was an autotroph requiring onlg simple inorganic
nutrients. This led to a separation of oxygermrom 1ts union with
carbon; led to the first appearance of oxyggp in the previously
anaerobic atmosphere. The reductive process of photosynthesis
provided the raw material for a new mechanism of energy release,
the acrobic respiration of organic cell constituents. The sugar
molecules elaborated by photosynthesis were at one and the same
time the starting molecules (precursor molecules) for the synthesis
of other organic molecules essential to lifc and the source of energy
for such synthesis.

It is therefore, appropriate to open any discussion of anabolism
with a consideration of the process of photosynthesis.
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THE DISCOVERY AND GENERAL NATURE OF
PHOTOSYNTHESIS

As carly as 1772, Joseph Priestley described the power of plants
to restore air vitiated by the burning of candles or animal life.
Then in 1779 in the book Experiments upon Vegetables, discovering
their Great Power of Purifying the Common Air in Sunshine and Injuring
it in the Shade and at Night, Jan Ingen-Housz clearly established that
the purifying activity of plants depended upon their exposure to
light, that it involved the absorption of some constituent of the air
and that during this process “dephlogisticated air” was evolved.
By 1782 came the recognition by Jean Sencbier that the constituent
absorbed by plants from the air in light was “fixed air” and by
1796 the discovery of the nature of photosynthesis was almost
complete for Ingen-Housz in his book Food of Plants and Renovation
of the Soil published in that year clearly enunciated the view that
plants acquire their carbon as “fixed air” which he recognised as
carbonic acid, that this carbon is elaborated into organic matter
in the light and that during the processes oxygen (previously
reterred to as “dephlogisticated air””) is evolved. It remained for
N. Théodore de Saussurc in his book Recherches chimiques sur la
vegetation published in 1804 to describe the quantitative experiments
which had led him to the conclusion that both water and carbon
dioxide are involved in the synthesis of organic matter by green
plants in light.

Ingen-Housz recognised that photosynthesis was a property
of the green parts of the plant, its leaves and green stems. The
pigment complex conferring this green colour was termed chloro-
phyll in 1818 by Pelletier and Caventou and the importance of this
complex stressed by Dutrochet in 1837 who regarded it as a veritable
“clixir of life”. Julius Sachs in 1862 first postulated starch as a
direct product of photosynthesis and described the famous ex-
periment in which if half of a lcaf is effectively shaded and the other
half exposed to light, then starch appears only in the illuminated
half. Since the starch grains arose in the plastids, he regarded these
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as the centres of photosynthesis. That the chloroplasts are also the
centres of oxygen relcase in photosynthesis was elegantly demon-
strated by Englemann (1882) by using oxygen-sensitive motile
bacteria which migrated to the postion of the chloroplasts. Another
famous nineteenth century German plant physiologist, W. Pfcffer
(1873) showed that starch formation only occurred in illuminated
leaves if the atmosphere contained carbon dioxide.

The general nature and importance of photosynthesis was
established by the end of the ninetcenth century. During the
first 40 years of the twenticth century the chemistry of the chloro-
phyll pigments and their absorption spectra were worked out
beginning with the classical studies of Willstitter and Stoll (1913~
1918). During this period, the quantitative relationships between
photosynthesis and temperature, light intensity and carbon dioxide
concentration werc also worked out, beginning with the classical
studies of F. F. Blackman in 1905. These studies of Blackman
showed that when photosynthesis is procceding in well illuminated
leaves receiving an ample supply of carbon dioxide then its Q, is
always above 2:0 whercas at low light intensitics the Q,, approachcs
1:0. Qyq is the temperature cocfficient, the ratio of the rate of a
“reaction” at x°C to its ratc at x—10°C. For ordinary chemical
reactions (thermochemical reactions) the Qo is 2:0 or higher
(see Chapter 3, p. 66: Chapter 4, p. 80), whereas photochemical
reactions (reactions involving the absorption of radiant encrgy)
are almost insensitive to tcmperature and, therefore, have Q)
values close to unity. From these observations, Blackman suggested
that at low light intensities photosynthesis was limited by reactions
involving light encrgy (photochemical or ““light” reactions), whereas
the response of photosynthesis to temperature at high light inten-
sities indicated the occurrence of thermochemical reactions, which
he designated, for contrast with the photochemical reactions, as
“dark” reactions. In support of this concept the rcnowned
German biochemist, Otto Warburg, showed that cyanide (a
powerful inhibitor of enzymes with metal ions as prosthetic groups)
was a powerful inhibitor of photosynthesis at high and a relatively
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weak inhibitor at low light intensities. The cyanidc inhibition
of a “dark” reaction was, as expected, most marked at high light
intensities when ‘“dark” reactions would be limiting the rate of
photosynthesis. At the same time, Warburg showed that at high
light intensitics, the rate of photosynthesis during a period of
illumination was enhanced by intermittent illumination (by
interposing dark intervals between the light flashes). v A similar
observation was later made by Emerson and Arnold (1932) and in
their experiments it was shown that. using intense flashes of 108
second, the minimum dark interval permitting maximum oxygen
evolution per light flash was 0-03 scc at 25°C and 0-4 sec at 1°C.
Thesc flashing light experiments again pointed to ““dark” reactions
which could be limiting and which, after a period of intensc
illumination, could “catch” up in a dark interval to permit again
of the maximum rate of oxygen cvolution in light. Thesc obser-
vations formed the background for the generalisation of the nature
of photosynthesis advanced by van Niel in 1930-31 in a survey
of photosynthesis both in green plants and in certain purple sulphur
bacteria.  Van Nicl suggested that all forms of photoreduction of
catbon dioxide can be formulated:

CO,+2H,A — {CH,O} + H,0+2A (29)

In the case of the sulphur bacteria A=sulphur, in the case of green
plants, A=oxygen. Photosynthesis is represented as an oxidation—
reduction reaction in which carbon dioxide is reduced to the level
of carbohydrate, represented {CH,0,} by 4 hydrogens from the
reductant H,A which, therefore, also yields 2A (2 atoms of sulphur
or a molecule of oxygen according as to whether the reductant is
hydrogen sulphide or water). Since, clearly the sulphur formed in
bacterial photosynthesis must come from the H,S then if this
general formulation is correct the oxygen of photosynthesis must
come entirely from water in green plants.  Van Niel’s equation for
photosynthesis in the green plant is, therefore:

CO,+2H,0 - {CH,0} +H,0+0O, (30)
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and the introduction of the second molecule of water in the left-
hand side of the equation is meaningful since there must be no less
than two water molecules involved to release the molecule of
oxygen.

Van Niel further postulated that the photochemical reactions of
photosynthesis arc concerned with the decomposition of the reduct-
ant, water. In its simplest form this would presumably involve
four identical photochemical reactions:

4{H,0} RN 4{H} +4{0ﬁ} (31)

In this equation hv represents a unit (a photon or quantum) of
light energy, {H,O} represents water ecither as such or in some
complex, {H} represents the compound which is directly concerned
in carbon dioxide reduction. and {OH} is the “peroxide” whose
decomposition releases oxygen and which can be represented

4{OH} - 2H,0+0, (32) .

The concept that the photochemical reactions are concerned with
the photolysis of water received support frcm the demonstration
in 1937 by R. Hill that he could isolate chlcroplasts which although
they had lost the ability to reducc CO, could, when and only
when illuminated, both evolve oxygen and reduce ferric compounds
or quinones. The Hill reaction was interpreted as a partial photo-
synthetic system, one in which the linkage between the primary
reducing activity generated photochemically and the *‘dark”
reduction of CO, had been broken. The concept that the reactions
involved in carbon dioxide assimilation and reduction were the
“dark” reactions of photsynthesis was supported by the demon-
stration, first made in 1935 by Wood and Werkman with bacteria,
that CO, can be assimilated into organic form using the energy
and “reducing activity” generated by respiration. The unique
feature of photosynthesis was not the assimilation of CO, but
the utilisation of light as the source of energy for this assimilation.

Despite these tentative steps towards an understanding of the
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mechanisms involved in photosynthesis no rcal breakthrough in
our understanding of its biochemistry came until immcdiately
after the Second World War which brought with it the availability
for biological research of isotopes including the radioactive isotope
of carbon (C') and the mass isotope of oxygen (O). One of
the first of the post-war experiments was the demonstration by S.
Ruben in 1941 using, altcrnatively, CO, and H,O labclled with
O™, that the oxygen evolved in photosynthesis comes from the
H,0, as postulated by van Niel, and not from the CO,. But this is
leading us on to the biochemistry of photosynthesis and it would
be appropriate if first we considered further certain aspects of
photosynthesis as it proceeds in the living leaf or algal cell.

INFLUENCE OF EXTERNAL FACTORS ON THE RATE
OF PHOTOSYNTHESIS

It was a result of his studics of the influence, at constant temper-
ature, of carbon dioxide concentration and light intensity that
Blackman (1905) was led to cnunciate the principles of limiting
factors thus ““when a process is conditioned as to its rapidity by a
number of scparate factors the rate of the process is limited by the
pace of the slowest factor”. Later and more accurate determin-
ations showed that the curves relating rate of photosynthesis to
light intensity or carbon dioxide concentration are of the form
shown in Fig. 36. With fixed CO, concentration this means that
there is a region where the rate of photosynthesis rises in a linear
fashion with risc in light intensity (where lightis a ““limiting factor ™)
but that with further incrcase in light intensity the curve begins to
bend (some other factor is beginning to limit the rate) and beyond
a certain point becomes parallel to the abscissa. At this point the
system is light saturated and the rate is determined by limiting
“dark” reactions. One very interesting aspect of this light curve
is that it seems from the very beginning to be linear; light at very
low intensities is used with an efficiency similar to that at all in-
tensities up to the point when other factors begin to limit the rate.
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This suggests that the amount of light being absorbed by the
“chlorophyll complex” is linearly rclated to the intensity and
that a fixed amount of carbon dioxide is assimilated (or oxygen
evolved) per unit of light energy absorbed even though, at low
intensitics, only a small proportion of the chlorophyll molecules
will, at any one time, be in an “activated” state (their energy
enhanced by absorption of cnergy) (see p. 133).
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Fic. 36. Relationship of carbon dioxide concentration to the rate of

carbon dioxide assimilation at various light intensitics (shown against

cach curve in kerg/cm?/scc). Data for whole plants of Triticum sativa

(wheat) after W. H. Hoover, E. S. Johnston and F. S. Brackett.

Smithsonian Inst. Publ. Misc. Collections, 87: No. 16. 1933 (from E. L.

Rabinowitch. Photosynthesis, Vol. 2. Pt. 1. Interscience Pub. Inc. New
York, 1951).

These studies have involved the use of artificial *“white” light
having a spectral composition similar to natural sunlight. Other
workers have used monochromatic light (literally light of a single
wavelength but in practice light within a narrow band of wave-
length) from different regions of the visible spectrum in an attempt
to assess which regions of the spectrum are utilised in photosyn-
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thesis. In such studies it is necessary to know the extent to which
the particular wavelength is absorbed and, if possible, to compen-~
sate for non-specific absorption (absorption other than by the pig-
ments of the chlorophyll complex). It is also necessary to express
the absorbed radiation in similar units irrespective of wavelength.
One way of expressing “intensity”” or absorbed radiation would be
in the conventional terms of encrgy, such as ergs per cm? per sec.
However, the radiant energy concerned in photosynthesis is
involved in the photochemical reactions and in such reactions
radiation is absorbed in units or “‘packets” of energy termed
quanta (usually denoted hv*) and the energy value of these quanta
varies with the wavelength (long wave radiation having a lower
quantum valuc than short wave radiation). It is, therefore,
preferable to express the amount of energy absorbed as a number
of quanta and to express the efficiency of cach wavelength in terms
of the number of quanta absorbed for cach molecule of carbon
dioxide assimilated (as a quantum efficiency). This reveals, for
instance, whether a quantum of red light is used with equal efficiency
to a quantum of green, or yellow or blue light in photosynthesis.
A typical result of such an experiment is hown in Fig. 37. In
experiments of this kind, the major difficulty is to determine
cxactly the energy absorbed by the ““chlorophyll complex™ and,
in consequence, there has been some disagreement between different
laboratories as to the quantum efficiency of different wavelengths.
It is clear, however, that all wavclengths of the visible spectrum
up to about 700 mu are utilised and that although the efficiencics
arc highest in the red and in the blue region there is, nevertheless
a very significant utilisation between 640 and 490mpu. These
results are particularly interesting when compared with the absorp-
tion spectra of the individual pigments of the *chlorophyll
complex” (Fig. 40, p. 124).

* E(energy of a quantum in ergs)=hv; where h=Planck’s constant
(661 10-27) and v (the frequency of the radiation):%:— , where C =vclocity

of light (3 x 10-1°cm/sec) and A-=wavelength in cm.
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Under bright natural light photosynthesis is limited by the low
carbon dioxide concentration (0-03 per cent.) of the atmosphere
and the rate of photosynthesis (and, in turn, of growth) of most
plants can be enhanced by increase in the concentration of carbon
dioxide at least up to 1 per cent. There are two aspects of the

350

300

250

200 -

50

Relotive photosynthesis measured as CO, utilization

(o] 1 | 1 "
350 450 550

Wavelengths, mu
Fic. 37. Relative rates of photosynthesis of wheat in different wave
lengths of light of equal intensity. (Data of W. H. Hoover, Smithsonian
Inst. Publ. Misc. Collections 95, No. 21, 1937; 11).
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influence of carbon dioxide concentration upon the rate of photo-
synthesis which are particularly interesting. One is the very high
rate of photosynthesis which can occur with the low natural
carbon dioxide concentration of 0-03 per cent. This phenomenon
is underlined by the ability of certain unicellular algac to lower the
concentration of carbon dioxide by photosynthesis to a value as low
as 0-001 per cent. Here we have a clear indication that the reaction
bringing carbon dioxide into organic combin