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PREFACE

The remarkable advances achieved in several branches of plant
biochemistry in recent years have gone far toward establishing the basic
similarity of the metabolic processes of higher plants to the metabolic
processes of other groups of organisms. It is in fact becoming apparent
that much of biochemistry is common to many kinds of living things and
that metabolic pathways elucidated for, perhaps, a microorganism apply
equally well to the mammal and to the higher plant. A familiar example
is the way in which yeast studies have increased our knowledge of the
steps involved in the glycolytic transformation of hexose to pyruvate—a
metabolic pathway which we now know to be ubiquitous. More recently
investigations of bacterial systems have held a key position in the dis-
covery and study of heterotropic CO. fixation and have contributed
greatly to our understanding of the role of energy-rich phosphate in
energy transfer, both processes of the widest general significance in living
organisms. The pathways of amino acid synthesis and interconversion,
discovered and worked out with the fungus Neurospora, appear to have
their counterparts also in other organisms and to be of value as a guide to
studies with higher plants as well as with mammals.

Although living things now appear to operate along lines that are
basically similar, still each group has its own special metabolic features
superimposed on this basic metabolic pattern. - In this discussion of the
biochemistry of the plant we shall be concerned, not only with metabolic
pathways which are well understood in other groups of organisms, but
also with matters which peculiarly concern plants, such as the metabo-
lism of starch and of the cell wall, the formation of certain typical sec-
ondary metabolic products, and the biochemistry of photosynthesis. It
is the purpose of this book to bring together the scattered work on general
biochemistry as it applies to plants as well as to summarize those fields
of biochemistry pertaining to the plant.

This book is written for the student whose interest in biochemistry
is especially directed toward the plant. It is based upon a course in plant
biochemistry which the author has given for the past twelve years to
students of the plant sciences as well as to students of the chemistry
of natural products, and which in the absence of any appropriate text
has been conducted solely by lectures and by readings in the original
literature.

it
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This volume is suitable as a text for courses in plant biochemistry
given on the senior and early graduate level, provided that the student
has a background of some organic chemistry, although not necessarily
any previous course in biochemistry. Selections from the general reading
appended to each chapter may serve as additional material for such
courses, while the specific references may prove helpful to the advanced
student or research worker who wishes to initiate a detailed study of a
particular field.

The author believes that a book of this nature, in order to be useful,
should not consist merely of a collection of facts or of an annotated
bibliography, but should rather present a series of as well ordered and
consistent pictures as are possible with the present state of our knowl-
edge. Every effort has been made therefore to present the facts of each
suk:ject in such a manner as to bring some order out of the whole. This
is by no means easy in the present unorganized state of our knowledge
concerning the biochemistry of plants. Future work and future concepts
will no doubt revise our notions as to the proper way in which to present
and organize the information on this subject.

There is much work to be done in plant biochemistry. Our under-
standing of many basic metabolic pathways in the higher plant is lament-
ably fragmentary. While the emphasis in this book is on the higher
plant, it will frequently be necessary to call attention to conclusions
drawn from work with microorganisms or with higher animals. Numer-
ous problems of plant biochemistry could undoubtedly be illuminated by
the closer application of the information and the techniques which have
been developed by those working with other organisms.

Biochemistry today is a rapidly expanding discipline and new facts
as well as new concepts are being continuously brought forward. It is
inevitable therefore that certain of the material contained in the present
book will be superseded by new facts and broader concepts. In certain
particularly active fields this has indeed occurred even during the
preparation of the manuseript.

Certain important aspects of biochemistry have been entirely omitted
from the present volume simply because of the lack of pertinent informa-
tion from the domain of higher plants.

The author wishes to express thanks to his colleagues who bhave so
generously helped him in the preparation of this book. To A. J. Haagen-
Smit in particular the author wishes to express his appreciation not only
for his unfailing and enthusiastic assistance with the present volume
but also for his counsel over the years. The author is indebted to the
students in his successive classes for aid in collection of much of the
original material. Thanks are especially due to those who diligently
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checked the original references cited in the text: Francis Haskins, Herbert
Hull, Leonard Jansen, Kenneth Paigen, Carl Price, Bernard Strauss,
Albert Siegel, and Emanuel Windsor.

Critical reading of various portions of the manuscript has been shared
by A. A. Benson, R. H. Burris, Ray Dawson, Jacob W. Dubnoff, A. J.
Haagen-Smit, W. Z. Hassid, James Henderson, Norman H. Horowitz,
K. Markley, John Nance, Walton B. Sinclair, Emil Smith, Adrian Srb,
W. Stepka, Paul K. Stumpf, Samuel G. Wildman and Laszlo Zechmeister.
To each the author wishes to express his appreciation. Daniel E. Atkin-
son and Gerald Fling have contributed by their critical reading of the
proof. It is improbable that this book could have been brought to
completion without the untiring and expert editorial assistance of Betty
Jean Wood, who has helped in all matters. The author wishes to also
thank Harriet Bonner, who has done much of the proof reading and
Shigeru Honda who has aided in the preparation of the illustrations.
For the task of typing the suc¢cessive versions of the manuscript the
author is particularly indebted to Delores Craton and Kay Asakawa.
A final note of appreciation is due to the directors of the Herman Frasch
Foundation for Agricultural Chemistry, who in their policy of supporting
basic work in plant biochemistry have done so much to promote study in
this field, both at the California Institute of Technology and elsewhere.

JamMEs BONNER
Pasadena, California
July 1950
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CHAPTER 1

AN INTRODUCTION TO PLANT BIOCHEMISTRY

Biochemistry is concerned with the chemical operation of living things,
and this book treats therefore the chemical operation of plants. We will
discuss the manner in which plants synthesize some of their many chemi-
cal constituents, the functions of these constituents in the plant, and the
ways in which these constituents may be again broken down or altered
into still other constituents; in fact, we will discuss, in so far as it is possi-
ble, the metabolism of the plant. Biochemistry merges imperceptibly
into the related field of the organic chemistry of natural products. It can
readily be sensed that this must be so since we must evidently be aware
at least of some of the exact chemical compounds present in a plant before
we are able to initiate any study of their metabolism. . A study of the bio-
chemistry of plant growth for example must first entail finding out what
chemical substances constitute the growth increment. It is not surpris-
ing therefore that the great bulk of the chemical work thus far carried out
with plants has concerned the isolation, identification, and structure
determination of some of the vast number of compounds synthesized by
and occurring in higher plants. This book is not intended to be a general
catalog of the chemical compounds found in plants. On the contrary,
such information is tabulated in several excellent works which are listed at
the end of this chapter and which should be consulted for details concern-
ing the phylogenetic distribution, amounts, isolation, and structure deter-
minations of particular plant products. Since biochemistry is, however,
the study of metabolic changes in chemical structure it will be necessary
for us to discuss in some detail the chemistry of the particular plant mate-
rials with which we shall be concerned. In this discussion of individual
plant components we should not however lose sight of the relationship
which these individual components bear to the structure of the plant cell
as a whole.

Biochemistry of the Cell. The generalized plant cell is made up of a
thin layer of protoplasm which surrounds the Iarge vacuole and which is
in turn surrounded by the characteristic cell wall. From the point of
view of cell volume, the vacuole is all important. Viewed physiologically,
the vacuole is also doubtless of great significance, particularly as to its

osmotic role in the water relations of the plant. From the standpoint of
1
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dry weight, however, the vacuole is relatively insignificant since its con-
tents are made up so largely of water. Metabolically also the vacuole is
not of great interest since few if any important metabolic processes take
place within this portion of the cell. The wall of the plant cell ordinarily
makes up a much smaller portion of the total volume than the vacuole,
although in certain cases very massive secondary walls may occupy the
bulk of the cell lumen. Even in the generalized cell, however, the cell
wall tends to make up a quarter to a half or more of the total dry weight,
and is then the largest single item in the overall cellular constitution.
The remaining dry matter of the cell is shared among the components
which go to make up the cytoplasm and its inclusions, the nucleus, starch
grains, fat droplets, the various granules and, particularly in the case of
the cells of green leaves, the chloroplasts. What now can we say about
the chemical composition and the metabolic functions of these different
portions of the plant cell?

The cell wall consists primarily of polysaccharides and polysaccharide
derivatives (Part II), and although there are a few special cases in which
the cell wall is made up largely of a single polysaccharide, still in the more
usual case, several distinct and different compounds are intimately inter-
mingled in its structure. Pores in this structure permit the ready
exchange of smaller molecules and it is undoubtedly the protoplasmic
membrane rather than the cell wall which constitutes the semipermeable
barrier in the plant cell. Cell wall constituents are evidently formed by
processes which take place in the protoplasm, although we have but little
evidence on this point. In any case, the cell wall once laid down is rela-
tively inert and its constituents ordinarily reenter the metabolism of the
plant sluggishly if at all. The cell wall is, however, subject to at least
two striking and important transformations, related respectively to cell
elongation (Chapter 7) and to fruit ripening (Chapter 9). In both of
these cases as in cell wall growth itself, the secondary transformations of
the wall constituents are undoubtedly mediated by metabolic processes
carried out within the protoplasm of the cell.

The nonaqueous constituents of the vacuole appear to consist princi-
pally of substances of low molecular weight including water soluble pig-
ments (Chapter 28) and possibly other glycosides, in addition to inorganic
ions, sugars (Chapters 2 and 3), and organic acids (Chapter 14). Proteins
if they occur in the vacuole at all are present only in small amounts, and
enzymes have been located with certainty in the vacuole only in latex
vessels where vacuolar and protoplasmic contents are inextricably mixed.

The full complexity of the plant cell is achieved only in the proto-
plasm, of which proteins are the principal and characteristic components.
Of the protoplasmic protein, which may constitute a fourth to one-half of
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the total dry weight of a typical leaf cell, approximately one-half goes to
make up the soluble cytoplasmic fraction while the remaining half is con-
tained in various particulate inclusions, the nucleus, chloroplasts, and
other granules. Many different and chemically individual proteins are
undoubtedly concerned in the composition of these different cellular
components and further cytochemical differentiation between the various
cellular structures is found in the distribution of still other materials.
Thus chlorophyll and the carotenoid pigments are restricted in higher
plants to the plastid, desoxyribonucleic acid to the nucleus, and ribonu-
cleic acid largely to the cytoplasm. This cytochemical differentiation is
associated with important biochemical differentiation in metabolic func-
tion. Thus we know that the synthesis of certain proteins, the desoxy-
ribonucleoproteins, occurs in the nucleus and there are indications that
the nucleus may also directly synthesize other proteins which are then
liberated into the cytoplasm. It is probable also that the synthesis and
degradation of the starch grains and of the fat droplets which occur as
particulate inclusions in the cytoplasm are reactions which take place in
or on the surface of these particles. It is the chloroplast, however, which
most clearly carries on chemical processes quite different in kind from
those of the cytoplasm in which the chloroplast is imbedded. Thus the
typical reaction of photosynthesis, the light-induced splitting of water,
is a process confined in the higher plant to chloroplasts. The terminal
stages of chlorophyll synthesis as well as the synthesis of the associated
carotenoid pigments appear also to occur only within the chloroplast
structure. Recent work indicates that much of the active respiratory
system of the plant cell may be included in the particulate structure.
What then is left to the cytoplasm proper by way of biochemical func-
tion? What synthetic and what degradative reactions are typically
cytoplasmic processes? We cannot yet answer this with certainty,
although it seems probable that there are biochemical reactions which are
cytoplasmic in occurrence and which may include among other processes
the formation and transformation of the simple carbohydrates and the
synthesis of particular amino acids.

The point to be stressed is this. Biochemists have long tended to
treat the cell as a homogeneous mixture of catalysts and substrates, the
whole capable of carrying out the manifold activities of living things.
Biologists on the contrary have been deeply concerned with the descrip-
tion of the structures which may be observed within the cell. We now
know that each cellular structure, the nucleus, the chloroplast, and the
other particulate inclusions, is concerned with its own typical and charac-
teristic aspect of the overall metabolism. The concept of the cellular
granule or particle as a metabolic unit has emerged with particular clarity
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from work on the animal enzyme systems responsible for such processes as
pyruvate.or fatty acid oxidation. Respiratory pyruvate oxidation takes
place (Chapter 15) through an orderly sequence of reactions involving at
least fifteen different kinds of enzymes. These enzymes are not dis-
tributed randomly among the cytoplasmic proteins-of the cell but are
combined into one large highly organized particle. It has been known
for many years that certain types of biochemical reactions, including
respiration, are dependent on cellular structure and are lost when cellular
structure is destroyed. Just what aspect of cellular structure is it which
is essential to such a process? It now seems probable that the answer to
this question is somewhat as follows. Biochemical reactions in which an
orderly sequence of reactions are required frequently take place only in
the presence of highly organized particles made up of the required array
of enzymes. The proper functioning of this metabolic particle may also
require the presence of components of the cytoplasm such as coenzymes,
energy acceptors, or other enzymes. The proper functioning of a cell
as a whole undoubtedly requires the appropriate functioning of many
different kinds of these metabolic units, all suspended in and interacting
through the same cytoplasm. 1In this book we shall in general talk about
metabolic processes as occurring in a particular kind of cell or tissue and
will not be able from:sheer lack of information to define more closely the
exact nature of the cellular units involved in the particular reaction. It
should be borne in mind however that any full elucidation of a biochemical
process will necessarily include definition of the cellular units concerned.

Enzymes. Cellular metabolism consists essentially in the chemical
alteration of substrate molecules by reactions which take place to an
appreciable extent only in the presence of individual and specific enzymes.
It is appropriate therefore to include in this introduction some discussion
of the general nature and properties of enzymes. It will be assumed that
the reader of this book is acquainted with the fact that the majority of
biological reactions are catalyzed by enzymes and that all enzymes thus
ar isolated in pure form are protein in nature. Since each enzyme
pecifically catalyzes only one reaction or one type of reaction and sin ce
he cells of many tissues are known to be able to carry out many different
inds of reactions, it is clear that each cell must contain a great many dif-
erent kinds of enzymes. Sumner and Somers have, in fact, calculated
hat the animal cell may contain of the order of 1000 different enzymes.
While nowhere near this number have as yet been detected in any single
kind of cell or tissue, a total of several hundred different enzymes is known
in all. Although in a few cases a particular enzyme may make up a
moderate proportion of the total dry weight of a cell, for example phos-
khatase of leaves (several per cent) or urease of jack bean (ca. 0.1%),



