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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 isbased 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.

i



viii PREFACE

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
subject 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 manuscript.

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 have 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. Thé 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 successive 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.

JAMES 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 large 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



2 PLANT BIOCHEMISTRY

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 distinet 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. In 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. Tt
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 since
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%),
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still individual enzymes are ordinarily present in exceedingly low concen-
trations such as 0.019, or less of the total cellular dry matter. It is clear
then that the isolation of an enzyme or its identification by a property
other than its catalytic activity is ordinarily a difficult task and for this
reason relatively few plant enzymes have actually been isolated in pure
form.

Modern nomenclature makes use of the substrate acted upon with the
suffix ase for the names of enzymes. Thus we have amylase (starch
hydrolyzing), protease (protein hydrolyzing), and phosphorylase (phos-
phate transferring) as general groups of enzymes. There are however
several amylases which differ in the exact way in which they attack
starch. Two such different starch hydrolyzing enzymes are then called
respectiyely a- and B-amylase. Similarly the phosphate transferring
enzyme concerned with starch metabolism is known as starch phos-
phorylase, while that concerned with sucrose metabolism is known as
sucrose phosphorylase. In earlier work enzymes were named rather
more in accord with the spirit of free enterprise and we still have such
names as papain and ficin in common use today.

It cannot be assumed that the comparable enzymes of different species
are necessarily identical from a chemical point of view. Thus the leaf
phosphatases of spinach, tobacco, Chinese cabbage and Xanthium,
although generally similar in nature, do differ in their characteristic elec-
trophoretic mobilities (Chapter 17). Amylases, as well as proteases,
differ among themselves as to pH optima, inactivation characteristics,
and other qualities, indicating also a measure of species specificity which
is superimposed upon the enzymatic character of the individual enzyme.

Each different enzyme is, so far as known, a definite compound or
molecular species, and those which have thus far been isolated in pure
crystalline form are all proteins. The molecular weights of the known
plant enzymes range from the 13,000 of cytochrome C to the 483,000 of
urease, with the majority lying in the lower half of this range. Their
protein nature confers on enzymes as a class two of their most typical
characteristics, namely sensitivity to pH and susceptibility to heat inac-
tivation. Proteins are amphoteric substances containing both acidic
carboxyl and basic amino groups and capable then of ionizing cationically
in acid solutions and anionically in alkaline solutions. At some inter-
mediate pH, at which the number of cations of the protein just balances
the number of anionic groups, the protein is effectively neutral and is said
to be at its isoelectric point. It is not surprising therefore that the
catalytic activity of enzymes likewise changes with pH. The pH opti-
mum does not ordinarily reveal any simple relation to the isoelectric
point, and it is probable that in part the pH optimum reflects a change in
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stability as well as a change of ionic nature of the enzyme with pH.
With but few exceptions, the catalytic activity of enzymes is readily
destroyed by heat. The effect of this treatment is to denature the
enzyme protein, that is, the protein becomes insoluble and loses most if
not all of its biological specificity. Protein denaturants other than heat
also inactivate enzymes; they may for example be destroyed by the action
of ultraviolet light, by heavy metal ions, especially silver, mercury, and
lead, and by the action of concentrated acid or alkali.

Certain groups of enzymes consist wholly of protein, and in such cases
it appears that the protein itself is solely responsible for the catalytic
power of the enzyme. Enzymes of this group include the amylases and
the proteases. Enzymes of other groups consist of protein combined
with non-protein moieties or prosthetic groups, and in such qgses it is
the prosthetic group which is commonly the active catalytic center of the
enzyme. The prosthetic groups of certain enzymes are readily removable
from the protein and the prosthetic group free protein moiety is then
referred to as the apoenzyme. This is true of the dehydrogenases which
are described in detail in Chapter 15, and which contain di- or triphos-
phopyridine nucleotides as their loosely bound prosthetic groups. With
other enzymes the prosthetic group may be simply a metal ion, copper in
the case of several of the oxidases or magnesium in certain peptidases,
phosphatases, and enzymes of the carbohydrate metabolism. Finally
there are enzymes containing complex prosthetic groups which are very
tightly bound and which can be removed only by such drastic treatment
as denaturation of the protein moiety. This is true of the magnesium
porphyrin protein of the photosynthetic system as well as of certain iron
porphyrin enzymes including catalase. A striking fact concerning the
prosthetic groups of enzymes is the occurrence in them of such chemical
compounds as thiamine, pyridoxine, niacin, adenine, riboflavin, and
possibly pantothenic acid and biotin, which we also know as the vitamins
of the B group. Many of these substances were recognized as essential
dietary factors for animals, microorganisms, and even for certain higher
plant tissues before the biochemical bases of the requirements became
known. Similarly, the minor elements, copper, iron, and manganese, are
required by plants as prosthetic groups or portions of prosthetic groups
of specific enzymes, and it may be suspected that other essential minor
elements of plant nutrition, molybdenum, zine, and boron, may also
function as the active groups of particular enzymes.

Enzymes catalyze reactions which are spontaneous from a thermody-
namic standpoint but which take place spontaneously at a low or imper-
ceptible rate. In the presence of the proper enzyme a reaction will then
merely proceed more rapidly toward the attainment of its true thermody-
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namic equilibrium. In many enzymatic reactions, as for example the
hydrolysis of starch by amylase or of sucrose by g-fructosidase, the reac-
tion catalyzed is one in which the thermodynamic equilibrium is so far
toward one side that it is not possible to measure the equilibrium con-
stant or to enzymatically synthesize any detectable amount of the origi-
nal substrate from the reaction products. It is probable, none the less,
that most if not all enzymes catalyze reactions in both directions. The
reversibility of enzymatically catalyzed reactions has been demonstrated
for a wide variety of cases, beginning with the reversal of the hydrolysis
of ethyl butyrate to ethyl alcohol and butyric acid in the presence of the
enzyme lipase. In aqueous media this reaction proceeds largely to the
right, as written below. If lipase is allowed to act on ethyl alcohol and

Ethyl butyrate + H,O = Ethyl alecohol + butyric acid

butyric acid in reaction media containing but little water, as for example
in carbon tetrachloride, a good yield of cthyl butyrate may be obtained.
Similarly glucosides may be synthesized from glucose and an appropriate
aleohol in the presence of the hydrolytic glucosidases. In this instance
also, the synthetic reaction depends upon reduction of the water concen-
tration in the reaction medium, in this case by the alcohol added. More
detailed information concerning the reversibility of enzymatic reactions
has been obtained with the oxidative enzymes which are discussed in

In water

B-Ethyl glucoside + H,0 Ethyl alcohol + glucose

In 60-85% ale.
Hydrolysis and synthesis of g-ethyl glucoside in the presence of the enzyme
B-glucosidase (emulsin)

Chapter 15. Despite the fact that enzymatic reactions are in the main
reversible, it should be borne in mind that in many cases the reaction may
proceed in one direction only in living tissue. This is strikingly the case
with the hydrolysis of starch by amylase. The reverse reaction, synthe-
sis of starch, takes place by an entirely different route, involving a dif-
ferent enzyme and a different substrate.

Mode of Enzyme Action. It is commonly believed that not all
molecules of a substance or reactant are equally reactive and that only
those molecules which possess more than a certain minimal energy are in
fact capable of reaction. This minimal energy which the molecule must
have in order to insure reaction is called the activation energy and it
may be thought of as an energy barrier which the molecule must sur-
mount before it can rearrange its electronic structure, react, and
descend to the new and more stable state. The rate of chemical reactior
of a substance is proportional then not to the total number of molecule:
of the substance but to the number of such molecules which possess the
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required activation energy. The energy of activation may be supplied
by thermal collisions among molecules. Thus reactions ordinarily pro-
ceed more rapidly as the temperature is raised and as thermal movements
become accordingly more intense. The relation between reaction rate,
energy of activation and temperature is given by the Arrhenius equation

Velocity constant of reaction = Ae~5«/FT

in which A is a constant, E, the energy of activation, e the base of natural
logarithms, R the gas constant (1.99 cal. per mol) and 7' the absolute
temperature. The reaction rate is hence an exponential function of
activation energy and reciprocally an exponential function of tempera-
ture. This means that small changes in either activation energy or in
temperature exert great effects on the rate of chemical reactions.
Enzymes increase reaction rate by lowering the apparent activation
energy. Table 1-1 summarizes data for four reactions in which the acti-

TaBLe 1-1. Activation energies of enzymatically catalyzed and non-catalyzed
reactions. (After Lineweaver)

Activation energy Es in

cal./mol
No catalyst or Enzyme
Reaction Enzyme H+ ions alone  as catalyst
H;0: decomposition Catalase 18,000 5,000
Sucrose hydrolysis B-Fructosidase 26,000 11,500
Casein hydrolysis Trypsin 20,600 12,000
Ethyl butyrate hydrolysis Lipase 13,200 4,200

vation energy of an uncatalyzed reaction or of a simple hydrogen ion
induced hydrolysis can be compared directly with the activation energy of
the corresponding enzymatic reaction. In each case the activation
energy of the enzymatic reaction is lower, in some instances much lower,
than the activation energy of the nonenzymatic reaction. Because of the
exponential relation between reaction velocity and activation energy,
these decreases in activation energy correspond to very large increases in
reaction rate. Thus a decrease of the activation energy from 20,000
cal./mol to 10,000 cal./mol corresponds to an increase in reaction velocity
of roughly 500,000 times.

Although the exact manner in which an enzyme decreases the activa-
tion energy is not known, still it is clear that the critical point about the
process is the formation of a complex between enzyme and substrate.
Such enzyme-substrate complexes have been demonstrated by severaf
indirect methods and can be detected directly in the case of certain
metal-containing enzymes in which the absorption spectrum ol the
enzyme is altered as the result of complex formation. The early belief
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that enzymes merely accelerate but do not enter into areaction is therefore
not strictly correct. The enzyme does enter into the reaction but may
be regenerated in its original form as the complex decomposes to yield the
final reaction product.

High
L
E
2
"
2 Energy state of
5 active complex
b4
2r
"
»
o
4
2 Imtial Imitio!
w reactants reactants
Final Finoi
Lg_w products products

A Uncatalyzed reaction B Enzymatic reaction

Fi1a. 1-1. Diagrammatic representation of the activation energy as related to the
energies of the initial reactants and final products (A) in an uncatalyzed reaction and
(B) in an enzymatic reaction involving formation of an enzyme-substrate complex.
E, represents energy of activation.

Substrate

Substrate-enzyme
Enzyme complex

Product

Fi1c. 1-2. Substrate-enzyme complex formation followed by decomposition of the
complex into reaction product with regeneration of the enzyme.

A great deal of valuable information on the kinetics of enzymatic reac-
tions and on other specialized aspects of enzyme lore has been gathered
together in several works which are cited at the end of this chapter. The
balance of this book will not be so much concerned with enzymology
per se as with the nature of the enzymatically catalyzed transformations
which take place in the higher plant.
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Pathways of Plant Metabolism. The most striking feature of the
metabolism of higher green plants is their ability to synthesize a wealth of
complex organic compounds from simple substrates, e.g., carbon dioxide,
water and certain inorganic ions, the energy required for the process being
supplied as light. The common and primary step in all these many and
varied syntheses appears to be the photosynthetic reduction of carbon
dioxide to carbohydrate. The vast array of other plant products are then
synthesized from the photosynthetically produced carbohydrate or possi-
bly in some cases from photosynthetic intermediates closely allied to
carbohydrate. The discussion of plant biochemistry in this book will
therefore concern first (Part I) the carbohydrates, their nature, their
simpler transformations, and the conversion of the simple sugars into such
complex but metabolically active forms as starch and other reserve poly-
saccharides. The cell wall (Part II) is largely made up of polysac-
charides, which are derived more or less directly from the simple sugars,
and cell wall formation constitutes perhaps the largest single drain on the
carbohydrate supply of the plant.

Plant tissues, other than the green photosynthesizing tissues them-
selves, must obtain the energy required for their maintenance from energy
liberated by the biological oxidations of respiration. In respiration, car-
bohydrate originally formed in photosynthesis is again metabolized to
carbon dioxide and water, but the organism is provided with mechanisms
for the conservation of the energy liberated by this highly exothermic
process. The energy thus conserved is then available in forms suitable
for the transformation of further carbohydrate molecules into other still
more energy-rich compounds such as amino acids, proteins, fats, and iso-
prenoids. The plant acids are important intermediates in the oxidative
breakdown of carbohydrates in respiration and constitute in fact a major
component of many plant tissues. Part ITI is therefore concerned firstly
with the plant acids and secondly with plant respiration as a whole.

Thus far we have tacitly assumed the existence of a protoplasm in
which metabolism of the carbohydrates takes place. In Part IV we will
consider in so far as possible the manner in which the proteins and other
nitrogenous constituents of the protoplasm are synthesized and other-
wise metabolized. Although nitrogen content is only one of the charac-
teristic features of the proteins and allied materials, it will nevertheless
be convenient to refer to this section as the metabolism of nitrogenous
compounds. The plant is able to fulfill its nitrogen requirement with
inorganic forms such as nitrate, which are taken up by the root, reduced,
and incorporated into the various amino acids which are the essential
units of the more complex proteins (Chapter 16). Chapters 17 and 18
concern the nature and metabolism of the plant proteins themselves, and
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this is followed by discussion of other important nitrogenous compounds,
including the purines and the pyrimidines, which are of particular sig-
nificance as components of the active groups of many proteins. The
alkaloids which are of so much pharmacological and chemical interest are
treated in this book only in so far as the scanty knowledge of their
metabolism would seem to justify. The present section on nitrogen
metabolism closes with brief discussion of the biochemistry of nitrogen
in nature as a whole and concerns particularly the conversion of molecular
nitrogen of the air into forms available to higher plants.

From the carbohydrate formed in photosynthesis and with the energy
liberated in respiration, the plant synthesizes and accumulates a host
of secondary products of which three general groups are considered in
Part V. The first of these groups to be taken up is that of the lipids or
fats and allied materials. These lipids are secondary only in sense of
biochemical derivation since quantitatively they make up substantial
proportions of many seeds, fruits, and even of particular vegetative tis-
sues. Fats, like starch, serve as forms for storage of food reserves and
are readily mobilized by the plant when conditions require. The iso-
prenoid compounds, simple terpenes, carotenoids, and rubber, have no
such obvious general function in the plant. Even though the simple
terpenes or rubber itself may be formed in large amounts by particular
species, still these materials perform no known role and appear at present
largely to represent a reckless squandering of resources by the plant. Of
the isoprenoids only the carotenoids and the chlorophyll component,
phytol, can reasonably be demonstrated to fulfill vital plant functions.
This does not mean that the biochemistry of the isoprenoids is not of
interest. On the contrary, both the simple terpenes represented by the
essential oils and the polyterpenes represented by rubber are of great
economic value to man, and it is clearly of interest to understand the
steps by which the plant synthesizes these materials in which it has
apparently a purely platonic interest. Still another group of products of
uniquely botanical interest are the water soluble plant pigments, the
anthocyanins and related compounds, which go to make up the great
bulk of flower as well as of many fruit and leaf pigments.

From the metabolism of the individual plant constituents we pass on
to the biochemistry of the processes which regulate and integrate the
growth of the plant as a whole. It is now clear that internal harmony in
the higher plant is brought about by a complex system of hormones,
organic substances which are synthesized in one organ or tissue and
translocated to other organs or tissues where they bring about specific
physiological responses. These responses in so far as they have been
studied have very largely to do either with the extent or quantitative
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aspect of the growth of the organ affected or, in other instances, with the
differentiation of the tissue into new kinds of tissues. It has been an
outstanding accomplishment of plant physiology to recognize, separate,
and study the processes thus hormonally regulated in the plant and a large
and steadily increasing literature on the subject already exists. Only a
small beginning has been made, however, in the biochemistry of hor-
monal growth regulation, and it can hardly be said that more than the
general nature of the processes involved is now understood.

This book closes with a summary of the presently known facts con-
cerning the biochemistry of photosynthesis. From a logical standpoint
this subject could better be the first taken up, but so complex is the sub-
ject that it seems better to consider it in the light of what has earlier been
developed concerning protein structure and metabolic pathways in the
plant.

Like so many of the metabolic pathways here described, the subject
matter of this book is cyclical rather than linear in arrangement. We
begin with the carbohydrates, pass on to respiration, proteins, various
secondary products and finally through photosynthesis we return to the
carbohydrates. Strictly speaking each aspect of biochemistry must be
considered in the light of and as related to all the other aspects. It is
merely an unfortunate geometric necessity which confines the textbook of
biochemistry to a linear sequence in its presentation.

General Reading

The works listed in sections 1 to 6 are those which cover the whole field indicated.
Specialized references to particular topics in plant biochemistry are given at the end
of each chapter.
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Czapek, A., Biochemie der Pflanzen. Fischer, 3rd ed., 1922.
Gisvold, O., and Rogers, C. H., The Chemistry of Plant Constituents, Burgess,
2nd ed., 1938.
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2. General analytical methods.
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analysis. (Pub. by The Assoc. of Official Agricultural Chemists, Washington,
D. C.), 5th ed., 1940.
Piper, C., Soil and Plant Analysis. Interscience Publishers, 1944.
Tunmann, O., and Rosenthaler, L., Pflanzenmikrochemie. Borntraeger, 2nd ed.,
1931. ’
Molisch, H., Microchemie der Pflanze. Fischer, 3rd ed., 1923.



AN INTRODUCTION TO PLANT BICCHEMISTRY 13

3. Earlier works bearing largely on plant biochemistry.
Thatcher, R., Chemistry of Plant Life. MecGraw-Hill, 1921.
Kostytschev, 8., Chemical Plant Physiology. Blakiston, 1931.
Onslow, M., Practical Plant Biochemistry. Cambridge, 2nd ed., 1923.
Onslow, M., Principles of Plant Biochemistry. Cambridge, 1931.
Tottingham, Wm. E., Plant Biochemistry. Burgess, rev. ed., 1937.
Snyder, H., Chemistry of Plant and Animal Life. Macmillan, 4th ed., 1920.
4. General works on enzymes and enzymatic reactions.
Sumner, J. B, and Somers, G. F., Chemistry and Methods of Enzymes.
Academic Press, 2nd ed., 1947.
Northrop, J. H., Kunitz, M., and Herriott, R. V., Crystalline Enzymes.
Columbia University Press, 2nd ed., 1948.
Glasstone, S., Laidler, K. J., and Eyring, H., The Theory of Rate Processes. Me-
Graw-Hill, 1941.
Bamann, E., and Myrbick, K. Die Methoden der Fermentforschung. Georg
Thieme, 1941 (Academic Press, 1945).
Sumner, J. B., and Myrbick, K., The Enzymes. Two volumes, Academic Press,
in press.
5. Important review series which occasionally contain articles on subjects relevant to
plant biochemistry.
Chemical Reviews
Cold Spring Harbor Symposia on Quantitative Biology
Annual Review of Biochemistry
Physiological Reviews
Quarterly Review of Biology
Biological Reviews
Ergebnisse der Enzymforschung
Advances in Enzymology
Advances in Protein Chemistry
Advances in Carbohydrate Chemistry
Vitamins and Hormones
The Botanical Review
Bacteriological Reviews
6. Journals which at the present time contain numerous original contributions to plant
biochemistry, together with the abbreviations used in this book.

U.S.A.

Archives of Biochemistry (Arch. Biochem.)

Journal of Biological Chemistry (J. Biol. Chem.)

Journal of the American Chemical Society (J. Am. Chem. Soc.)
American Journal of Botany (Am. J. Botany)

Botanical Gazette (Botan. Gaz.)

Plant Physiology (Plant Physiol.)

Soil Science (Soil Sct.)

Journal of Agricultural Research (J. Agr. Research)

Britain

Biochemical Journal (Biochem. J.)

Journal of the Chemical Society, London (J. Chem. Soc.)

New Phytologist

Proceedings of the Royal Soctety (London), Series B (Proc. Roy. Soc. (London))



14 PLANT BIOCHEMISTRY

Australia
Australian Journal of Ezperimental Biology and Medical Science (Australian
J. Ezptl. Biol. Med. Sci.)
Australian Journal of Science (Australian J. Sci.)
Switzerland
Helvetica Chimica Acta (Hely. Chim. Acta)

Sweden
Annals of the Royal Agricultural College of Sweden (Ann. Roy. Agr. Coll. Sweden)

France
Bulletin de la société chimique de France (Bull. soc. chim.)
Bulletin de la société de chimie biologique (Bull. soc. chim. biol.)
USS.R.
Biokhimiya (Biokhim.)
Bulletin of the Academy of Sciences, Moscow
Germany

Planta

Biochemische Zeitschrift (Biochem. Z.)

Berichte der deutschen chemischen Gesellschaft (Ber.), now Chemische Berichte
Hoppe-Seyler's Zeitschrift fir physiologische Chemie (Z. physiol. Chem.)
Liebig’s Annalen der Chemie (Ann.)

Netherlands
Biochimica et Biophysica Acta (Biochim. Biophys. Acta)



PART I. CARBOHYDRATES AND CARBOHYDRATE
METABOLISM

CHAPTER 2

THE MONOSACCHARIDES

The Hexoses. Four hexosesugars, p-glucose, b-mannose, p-galactose,
and p-fructose, are commonly found in higher plants although other
sugars including sorbose may also be found occasionally. Of the four
principal sugars, glucose and fructose occur both in combined forms and
in the free uncombined state, while the others are found mainly, perhaps
exclusively, in various types of chemical combination as, for example, in
the polysaccharides and in other derivatives including the glycosides.
The chemical structures of the principal hexoses are given below.

1 CHO CHO CHO CH,OH CH.OH

2 HéOH HOéH H(JJOH é=0 =0

3 HOCH HOéH HO(JJH HOJJH HO(]JH

4 HéOH HéOH HOJJH HéOH HéOH

5§ HCOH HéOH HCOH H(EOH HOCH

6 JJH,OH éHzOH éHon éHzOH éH,OH
p-Glucose p-Mannose p-Galactose p-Fructose L-Sorbose

Glucose and fructose differ from one another only in the groups present at
carbon atoms 1 and 2, the carbonyl group of glucose being terminal
(position 1) and hence aldehydic, whereas that of fructose is at the second
carbon atom and is hence a ketonic group. The other hexoses differ from
glucose or from fructose by their configurations about the asymmetric
carbon atoms, which in glucose are four in number. Thus mannose dif-
fers from glucose in orientation about carbon atom 2, whereas galactose
differs from glucose in orientation about carbon atom 4.

The classical work of Tollens and others has shown that glucose and
other hexoses exhibit chemical properties which indicate that they exist
in solution in the cyclic form as well as in the straight chain structures
shown above. Good evidence for the existence of such cyclic forms
follows from the work of Fischer! who found that when glucose is treated

156
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with methyl alcohol and HCl under acetal-forming conditions, one
methyl group enters the molecule at carbon atom 1 with formation of the
methyl glucoside. Such treatment of p-glucose gave rise, however, to
two isomeric glucosides differing from one another in optical rotation.
To these two compounds, a- and 8-methyl glucoside, Fischer assigned the
structures shown below.

H OCH; CH,0 H
N/
o c—
HéOH HéOH
HO(%?H J) HO(l_L/H (0}
HCOH HCOH
HC H(IJ——-—-
H,COH H,COH

Methyl a-p-glucoside Methyl g-p-glucoside

p-Glucose itself also exists in two forms, an a form having a rotation in
water of +113° and a 8 form having a rotation of +19°. When either
of these forms is dissolved in water the rotation of the solution gradually
changes to an equilibrium position of +52.5°, a phenomenon known as
mutarotation. This indicates then that the « and g forms of p-glucose
must be readily interconvertible and the equilibrium mixture contains a
mixture of the two forms.

H OH HO H
N N
HJ?OH HJ}‘OH

HO(JJH (0] HO(IJH 0]
H(‘)‘OH H(|30H
H(IJ——— HC——-

(IJHzOH (IJH,OH
a-p-Glucose B-p-Glucose

Correlation of the a and 8 forms of p-glucose with the a- and -methyl
glucosides of Fischer was accomplished by Armstrong? who showed that
by treatment of a-methyl glucoside with the enzyme maltase, a-p-glucose
is liberated, while treatment of g-methyl glucoside with the enzyme
emulsin results in the liberation of B-p-glucose. These facts establish
then that glucose does in fact exist in a ring or cyclic form. The closing
of the ring results in formation of a new asymmetric carbon atom at posi-
tion 1, and the possibility of isomerism at this point is responsible for the
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existence of the a and B forms of p-glucose. The point of closure of the
ring in the cyclic form of p-glucose was originally assigned by Fischer to
carbon atom 4, which would involve the formation of a five-membered or
furanose ring. Proof that the cyclic form of p-glucoseisinfact a six-mem-
bered or pyranose ring was brought forth only in much more recent work.
The methods used in the establishment of the pyranose ring structure of
p-glucose are basic to structure determinations in other more complicated
cases and will therefore be described in some detail. The theory of the
structure determination is based upon the complete methylation of the
free hydroxyl groups of the sugar, a method first described by Purdie and
Irvine.® p-Glucose is first treated with methyl alcohol and HCI with
formation of the methyl glucoside; this is followed by methylation of the
free hydroxyl groups with methyl iodide and silver oxide to form the
tetramethyl methylglucoside. The glucosidic methyl group at carbon
atom 1 is less stable to hydrolysis than the methyl ether groups and may
be readily hydrolyzed off to yield a tetramethyl-p-glucose. Thissubstance

H OH H OCH; H OCHj, H OH
N/ N/ N S A4
O — C— C-- C
' ¢ ‘ ¢
HCOH HCOH HCOCH, HCOCH,
}‘ O MeOH | O 4Mel (IJ HCl |
] HCl1 & 2Ag.0 H:0
HCOH HCOH HCOCH,; HIOCH;
H?l)—————- HC—— H HC
|
H,COH HzéOH H,COCH,; szOCH:
a-n-Glucose Methyl-a-p- Tetramethyl methyl Tetramethyl-
glucoside a-D-glucoside a-D-glucose

Fia. 2-1. Steps involved in the exhaustive methylation of p-glucose.

is much more stable than the original glucose and may be subjected to
treatments which are not applicable to glucose itself. Alternative
methylation methods for the sugars have been proposed, notably that of
Haworth* in which dimethyl sulfate in the presence of sodium hydroxide
is employed. Tetramethylglucose may be oxidized and from the oxidation
products the point of ring closure, that is, the carbon atoms which lack a
methyl ether group, may be ascertained. Final proof that glucose is in
fact p-glucopyranose was obtained in this way by Hirst,® who subjected
tetramethylglucose to oxidation with nitric acid. From the oxidation
products the appropriate derivatives of glutaric and succinic acids were
isolated, indicating that in the oxidation the molecule is first attacked
adjacent to carbon atom 5, which must therefore lack the methyl ether
group and is then the site of the ring closure.



18 PLANT BIOCHEMISTRY

Subsequent to the identification of the ring structure of glucose by the
degradation of the methylated sugar, a simpler method was found in
periodate oxidation of the methyl glycoside.® This reagent has the
property of cleaving a carbon chain between any two adjacent carbon
atoms bearing hydroxyl groups. In the case R-CHOH-CH.OH, the
primary alcohol group yields formaldehyde; the secondary alcohol yields
an aldehyde. If it is adjacent on both sides to other carbon atoms bear-

COOH
HCOMe COOH
MeOéH - HJJOMe
HéOMe MeOJJH

H OH
A4
C— COOH OH HCOMe
HéOMe S HéOMe gHOMe éOOH
Trimethoxyxylo-
MeOCH — MeOCH — glutaric Zciﬁ
HéOMe HéOMe COOH
H ¢=o ~ i
é é HCOMe COOH
H;OMe H,OMe
MeOCH HCOMe
—y
OMe MeOJ}H
OH éOOH
Dimethoxysuc-
H,OMe cinic acid
1. Tetramethyl- 2. Hypothetical 3. Oxidation
glucose intermediates products of
in the oxi- tetramethyl-
dation of 1 glucose

Fia. 2-2. Proof of structure of tetramethyl-p-glucose pyranoside by oxidative method
of Hirst.®

ing hydroxyl groups (R-CHOH-CHOH-CH,OH), the central CHOH
group yields formic acid. Thus the nature and quantities of the oxidation
products formed yield information as to the structure of the compound
oxidized. Oxidation of the methyl a-p-glycosides of furanose and
pyranose structures yield the oxidation products as shown in Fie. 2-3.
The glucofuranose derivative requires two mols of periodic acid for oxida-
tion and yields one mol of formaldehyde, while the glucopyranoside uses
up two mols of oxidant and yields one mol of formic acid. Application
of the periodate method confirms the conclusion arrived at above that
p-glucose exists in solution in the pyranose ring form.
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A pyranose ring structure is common to the aldose hexoses, including
glucose, galactose, and mannose, and this is true both as to the free sugars
and as to the same sugars in their combinations as disaccharides and the
more complex polysaccharides. The furanose forms of these sugars do
not appear to be of common occurrence in nature, a fact which may be
related to the relative instability of the furanose as compared with the
pyranose sugars.

H OCH, H OCH,

N/ A4

HéOH —|— aldehyde group — &HO
2 mols HIO, + HOJJH —|]— aldehyde group — CHO

b ;

HJJOH —— aldehyde group — HO

I
CH.0H ——

Methyl a-D-gluco-
furanoside

H /OCHB H OCH,
C— C—
HéOH éJHO
O——————» O + HCOOH
2 mols HIO, + HOCH CHO
H&OH HC———-

. H(l)——— éHzOH

J}HzOH

Methyl a-p-gluco-
pyranoside

HCHO

Fia. 2-3. Oxidation with periodic acid.

The spatial relationships of the atoms in glucose are not accurately
shown in the type of formulas used above but are best depicted by a
hexagonal formula, and Haworth” has suggested that in such formulas the
orientation of the hydrogen atoms and hydroxyl groups be indicated by
their position with respect to the ring. Thus the groups pictured above
the atom to which they are attached are those which are understood to be
above the plane of the formula (or in a position to the right in the Fischer
formula), while those pictured below the atom to which they are attached
are understood to be below the plane. The Haworth representation may
be made clearer by heavy shading of the lines connecting atoms of
the hexagonal ring to indicate that the observer is looking down on a
projection of the hexagon. In this book it will be convenient to write
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HGOH OH o OH OH
H2(|)OH ¢ )
H ]
HogH | / 1'{ |/ H H\
\ OH H OH H
0w AN \C C/
HC—— l
5 H 6CHzOH H CHzOH
6CH,OH
Fischer representation Haworth representations

(heavy shading indicates bonds
closest to observer)

F1e. 2-4. Alternative methods of depicting e-p-glucose.

the pyranose form of sugar in a slightly different orientation, that shown
below, in which carbon atoms 1 and 4 lie on the horizontal axis of the
hexagon. In addition, for many purposes, such as the depicting of poly-
saccharide structures, a purely formalized hexagon structure will be used.

CHzOH
H
!/ \
HO\' 3 2 '/ OH

OH
a-p-Glucopyranose Conventionalized
representation of

p-glucose

Fructose as it is found in the native state, as in hon(.ay, nectar of plant
glands, and fruit juices, occurs as does glucose in a pyranose structure.
In this case the ring is closed between carbon atoms 2 and 6.

CH,0H
HO—&—— n

HO(‘:H ) @H H oo
H(lfOH no N\, HO ccx?,on
HCOH OH H

H,

p-Fructopyranose

Fructose in the bound state as in sucrose and in various polysaccharides
is found only in a furanose form in which the ring is formed between
carbon atoms 2 and 5. The two cyclic forms of fructose are however
probably in equilibrium in aqueous solution, with the more stable
pyranose form predominating.
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CH,0H
HO
0
HOCH HOH,C OH
nbon N\ HO “Cw,om
Hé} OH H
bmom

p-Fructofuranose

p-Galactose, as noted above, occurs only in combined forms, notably
in galactans, gums, and mucilages. It is an interesting fact that galactose
and the sugars sterically related to it, fucose and arabinose, are found,
although rarely, in both the p and L forms, occasionally even in the same
plant product. Thus L-galactose is a constituent of agar, a polysac-
charide which consists principally of p-galactose.

CH,OH
HO H 0 H

4 1
g\OH H 7oy

H OH OH H
a-p-Galactopyranose a-L-Galactopyranose

p-Mannose like galactose occurs in the plant principally in the form of
polysaccharides, including particularly the mannans and various gums.
With this sugar as with the other aldohexoses it is the pyranose form’
which is found exclusively in natural products.

CH.OH CHzOH
HONOH HO /4y HO\OH Ho>|
H
B-p-Mannopyranose a-D-Mannopyranose

The Pentoses and Heptoses. Three pentoses, or five-carbon sugars,
may be considered as being general and major constituents of the higher
plant. These include the isomeric aldoses L-arabinose, D-xylose, and
D-ribose.

CHO CHO CHO
H(J:on udon HéOH
HOGH HOGH HCOH
HOCH HéOH H(JJOH
CH,0H éH,on J:H,on

L-Arabinose p-Xylose p-Ribose
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None of these sugars ordinarily occur in the free state but all are found,
rather, in combination: arabinose in hemicelluloses, gums, and arabans;
xylose in hemicelluloses and in the important xylans of woody tissue, and
ribose as the sugar component of the cytoplasmic nucleotides. L-Arabi-
nose possesses a steric configuration identical with that of p-galactose and
may be thought of as derived from p-galactose by removal of carbon
atom 6 from the latter. Dp-Xylose bears a similar relationship to p-glucose.

CH,OH H
H 0 o
H H Removal of C atom 6 H H H
HONOH H /4y " HON\QH  H Gy
H OH H OH
a-p-Glucose a-D-Xylose
CH,OH H
HO H H Removal of C atom 6 HO H 0 H
H\¢H H oy T A\CH H n
‘ H OH H OH
a-p-Galactose B-L-Arabinose

F1c. 2-5. Configurational relationships between glucose, galactose, and the corre-
sponding pentoses, xylose and arabinose.

The structural relationships between glucose and xylose or between galac-
tose and arabinose need not imply that the two pentoses are necessarily
derived in the plant by decarboxylation of the corresponding hexoses, and
in fact no evidence as to the mode of manufacture of pentoses in the plant
has yet been uncovered. It is entirely possible that pentoses may be
built up from simpler compounds as, for example, by the union of a two-
carbon with a three-carbon unit and that pentoses may represent slightly
aberrant products of reverse glycolysis (Chapter 30) rather than direct
hexose degradation products.

p-Ribose is not intimately related to any other natural sugar but is
nevertheless probably a universal constituent of living cells, including
those of higher plants. The occurrence of ribose appears to be restricted
to nucleotides and it constitutes the sugar of the nucleotides of the cyto-
plasmic nucleic acids as well as of at least three broad groups of enzymes.
In all these derivatives, ribose is attached through its aldehydic group
to a carbon atom of a purine or pyrimidine base, and the sugar is addi-
tionally combined through an hydroxyl group with one or more molecules
of phosphate. Ribose like fructose is always found in its derivatives in
the furanose form.
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0]
HOH,C H

N 0n
OH OH
a-p~-Ribofuranose

The methyl pentoses may be considered as hexose reduction products
in-which the*primary alcohol group of carbon atom 6 has been reduced
to a terminal methyl group. Typical methyl pentoses are L-rhamnose,
widely distributed in glycosides and found in certain gums; L-fucose, a
component of the algal polysaccharide, fucan; and p-fucose, or rhodeose,
a component of a few rare glycosides. Although p-fucose is structurally
related to p-galactose, the other methyl pentoses are, from a structural
view, reduction products of hexoses which do not occur in nature. It is

CHO

H(IJOH H

- - HO At O\ 0H

Hoclm a\d  H 4

HOCH OH OH
CH,

L-Rhamnose a-L-Rhamnopyranose

CHO

HOCH H

HCOH B tu, OH
HCOH HO NI HO /&

HOCH OH H
tn,

L-Fucose a-L-Fucopyranose

therefore entirely possible that the methyl pentoses are synthesized in
the plant by mechanisms other than the seemingly obvious route through
reduction of the appropriate hexose.

A sugar which is reduced at carbon atom 2 is known in the form of
2-desoxy-p-ribose, a component of the nucleic acids of the nucleus. The
distribution of 2-desoxyribose in the cell is therefore to be contrasted with
that of ribose which is, as pointed out above, largely confined to cyto-
plasmic nucleic acids and other extra-nuclear structures. A 2-desoxy-
6-methyl pentose, digitoxose, has been found among the sugars liberated
by hydrolysis of the Digitalis glycosides, sterols combined with sugars
which have striking effects on the heart. The rare methylated sugar
digitalose also occurs in these glycosides.
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CHO CHO CHO
J:Ha (l3Hz H(IJOH
HCOH H(EOH CH;O(EH
HJ}OH H)JOH HOéH
(|3H30H HéOII HéOH
bn, - b
2-Desoxy-p-ribose Digitoxose Digitalose

Attention should be further called to a branched-chain pentose, hama-
melose, known only from Hamamelis, the witch hazel. The sugar is of
particular interest in that it could conceivably be built up by aberrant
condensation of two molecules of a well-known sugar breakdown product,
glyceraldehyde.

(IJHO (l}HO
HO(I)—CH-..OH HO('}—CHzOH

I_*I- \_) HCOH

CHO 77 méom
HO(B—CH,OH éHzOH
Glyceraldehyde Hamamelose

Possible, but hypothetical, production of hamamelose

Two heptoses, both of very limited distribution, are known to occur
in higher plants. p-Mannoketoheptose is found in the free form in the
fruit of the avocado, while p-altroketoheptose or sedoheptose occurs free
in the leaves of Sedum and other succulents. p-Mannoketoheptose is
structurally related to fructose, while sedoheptose, a pyranose sugar in
which the ring is closed between carbon atoms 2 and 6, is not referable to
any other natural sugar.

CH:0H CH,O0H
=0 =0
HJJOH HOCH
H(!)OH HJ}OH
HOCH HCOH
HO(!JH HCOH
H,0H éHzOH
p-Mannoketoheptose p-Altroketoheptose

(sedoheptose)
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TaBLE 2-1. The occurrence of various pentoses and pentose derivatives in the plant

kingdom
Species in which Compounds in which sugar
Type of sugar ~ Name of sugar sugar 18 found 18 found
Pentose L-Arabinose General Gums, arabans, hemicellulose
p-Xylose General Gums, xylans, hemicellulose
p-Ribose General Cytoplasmic nucleotides
Methyl L-Rhamnose Common, not Gums, glycosides as quer-
pentose general citrin, naringin
L-Fucose Fucus Fucan
-Rhodcose Convolvulaceae, Glycoside jalapin
(p-fucose) Tubera jalapae
Desoxy pentose 2-Desoxy ribose General Nuclear nucleic acid
Desoxy methyl Digitoxose Digitalis Digitalis glucosides

pentose
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CHAPTER 3

THE DISACCHARIDES

The disaccharide sucrose is of central importance in the carbohydrate
metabolism of the plant, while the disaccharides maltose and cellobiose
are of quantitative significance as the building blocks of the two important
polysaccharides, starch and cellulose. The chemistry of these and other
disaccharides is hence of great importance, and determination of the
structures involved has attracted much interest. Structure determina-
tion in the disaccharide series entails a whole series of chemical problems,
including identification of the monoses involved, identification of the
stereochemical configuration (a or 8) of the glycosidic bond between the
two components, identification of the sugar involved as the alcohol in
the glycosidic linkage, identification of the carbon atom involved in the
glycosidic linkage, and finally determination of the ring structures of
the component sugars. The component monoses involved in sucrose or
in any disaccharide are identified by isolation of the pure compounds
after hydrolysis of the disaccharide. Thus maltose yields only p-glucose
on hydrolysis. The nature of the glycosidic linkage can frequently be
determined enzymatically, a method originally developed by Armstrong.?
Alpha glycosides, such as a-methyl glucoside or maltose, are hydrolyzed
to p-glucose by maltase, the enzyme complex of sprouting barley, or by
a-glycosidase of yeast. Beta glycosides on the contrary are hydrolyzed
by emulsin, an enzyme complex containing g-glycosidase and obtained
from seeds of the Rosaceae. This enzymatic specificity holds throughout
in the hydrolysis of the a or 8 glycosidic linkages in the disaccharides.

In the determination of the carbon atoms involved in the glycosidic
and ring structures it is necessary to make use of the technique of methyla-
tion of the disaccharide, followed by hydrolysis of the methylated product
and identification of the methylated monoses obtained. Methylation of
the reducing disaccharides requires milder treatment than that used in
methylation of the monoses. Thus methyl alcohol and HCI cannot be
used to introduce a methyl group into the reducing part of the molecule
since the acid causes hydrolysis of the glycosidic linkage. The methyl
iodide-silver oxide method cannot be used since the reagent acts as an
oxidizing agent on any free sugar reducing group. The dimethyl
sulfate procedure, however, has been used with success by Haworth.?2 In
this technique the methyl glycoside of the sugar is first formed by treat-

26
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ment with methyl sulfate in alkali at low temperature. The temperature
is then raised and methylation of the hydroxyl groups of the glycoside
accomplished. As a final safeguard, a treatment with methyl iodide and
silver oxide may be added to insure complete methylation. The methyl-
ated disaccharide may then be hydrolyzed with acid to its two constituent
methylated monosaccharides and these may in turn be separated by
fractional distillation. Through the work of many investigators, the
properties of the several tetra-, tri-, di-, and monomethyl sugars are
known. Thus the identities of the methylated sugars derived from
hydrolysis of any oligo (di-, tri-, etc., saccharides) or polysaccharide may
be determined by the comparison of boiling points, melting points, and
the properties of derivatives such as the anilides, with those recorded
in the literature.

Maltose. Maltose as we know today is 4-p-glucose-a-p-glucopy-
ranoside; that is, it consists of two glucopyranose residues linked through
carbon atoms 1 and 4 and is a reducing disaccharide since one of the two
aldehyde groups is not involved in linkage. Maltose as such is not found
in nature but occurs only as a constituent of polysaccharides, particularly
of starch from which it is liberated as a product of the action of amylase.

CH,OH CH,0H
0 0
u H ;g OH
HONOH H 0 oH H /L
H OH H OH

Maltose: 4-p-Glucose-a-p-glucopyranoside

Hydrolysis of maltose by maltase or by acid yields two molecules of
p-glucose and attack of the compound by maltase establishes the com-
pound as an a-glucoside. Completely methylated maltose may be
hydrolyzed with acid to yield equimolecular amounts of 2,3,4,6-tetra-
methyl-p-glucopyranose and 2,3,6-trimethyl-p-glucose. (It should be
noted again that although the free glucosidic carbon atom 1 is methylated
during the methylation treatment, this methyl group is lost during
hydrolysis of the methylated disaccharide.) The isolation of 2,3,4,6-
tetramethylglucose clearly establishes p-glucopyranose as a constituent
of maltose. The presence of 2,3,6-trimethylglucose might however
represent either of two possibilities, namely, glucopyranose bound
through a glycosidic linkage at carbon atom 4, or glucofuranose bound
through a glycosidic linkage at carbon atom 5. This question can be
settled by oxidation of the free aldehydic group to a carboxyl group with
bromine. The ring is opened by this treatment. Methylation of the
acid disaccharide derivative (maltobionic acid) followed by hydrolysis
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CH:OH CH:0H
N H 4 OH
HO\OH H 0—I\OH H /4
H OH H OH
Maltose

Br: oxidation

CH,0H "CH,OH
0 OH
\ H q \ H COOH
HO \OH I;I 0 OH H
H OH H OH

Maltobionic acid

Methylation with Me2SO«

CH,0Me CH,OMe
0 oM
H H H H & e
Meo\OMe H Lo N\ oMe 1 ,C00Me
H OMe H OMe
Hydrolysis
! |
CH,OMe CH,OMe
H 4 0 H H OMe
H COOH
MeO OMe OH HO OMe H
H OMe H OMe
2,3,4,6-Tetramethyl-p-glucose 2,3,5,6-Tetramethyl-p-gluconic acid

F16. 3-1. Steps in structure determination of maltose.
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results in the isolation of a tetramethyl aldonic acid, 2,3,5,6-tetramethyl
gluconic acid. This leaves only carbon atom 4 for involvement in the
glycosidic bond of the second residue.

Other Disaccharides of Glucose. The disaccharide cellobiose
resembles maltose in that it is a reducing disaccharide which yields two
molecules of p-glucose on hydrolysis. Cellobiose also does not occur as
such in nature but may be obtained as the result of carefully controlled
hydrolysis of cellulose. Methylation and hydrolysis of the disaccharide
yields 2,3,4,6-tetramethyl-p-glucopyranose and 2,3,6-trimethyl-p-glucose.
The pyranose nature of the second residue can be established through
bromine oxidation as with maltose. Cellobiose, like maltose, hence con-
sists of two p-glucopyranose units linked through carbon atoms 1 and 4.
In contrast to maltose, however, cellobiose is a B-glucoside since it is
hydrolyzed by emulsin and other g-glucosidases.

H OH CH.OH

HO /OH ©H\H H/H OH

H \H p 0 OH H/ 'y
CH,0H H H

Cellobiose: 4-p-Glucose-g8-p-glucopyranoside

Gentiobiose, a reducing B-disaccharide, isfound in glucosides including
the amygdalin of the bitter almonds and the crocin of Crocus. On
hydrolysis the disaccharide yields two molecules of g-p-glucose, while
methylation followed by hydrolysis yields 2,3,4,6-tetramethylgluco-
pyranose and 2,3,4-trimethylglucopyranose. This establishes gentiobiose
as 6-glucose-B-p-glucopyranoside.

The nonreducing disaccharide trehalose is produced by many fungi
and stored by them as a reserve sugar and occurs also in Selaginella.
Trehalose yields two molecules of p-glucose on hydrolysis. Since the
sugar is nonreducing the two constituent molecules must be linked

CH,0H
2 0——CH, .
HONQH M 4 H/n OH
H OH HONQH H/j
H OH
CH,0H | H
2 ING ¢ H e B\A
HONQH H o} HOH:C /iy
H OH H

Gentiobiose Trehalose
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through the two carbon atoms 1 to form a-p-glucopyranosyl-a-p-gluco
pyranoside. This structure is confirmed by the results of periodate
oxidation which yields two mols of formic acid per mol of trehalose
indicating the presence of three adjacent OH groups in each glucose
residue.

Sucrose. Of all the disaccharides, sucrose is of by far the most
significance both because of its wide distribution and its intimate meta-
bolic role in the plant. Sucrose is not only a major photosynthetic
product and a general constituent of higher plant tissues but is also one
of the principal forms of carbohydrate storage and accumulation. In
addition, carbohydrates appear to be largely transported within the plant
in the form of sucrose. It is of interest to note that, important though
it is, the complete structure of sucrose was worked out only in the investi-
gations of Haworth and co-workers in 19272 while final enzymatic syn-
thesis of the molecule was achieved by Hassid and others only in 1944.1
The problems relating to the determination of sucrose structure are more
involved than in the cases of the disaccharides considered up to this point.
Sucrose is not a reducing sugar, hence both reducing groups must be
involved in glycosidic linkage. Hydrolysis of sucrose yields equal
amounts of p-glucose and p-fructose, a mixture known as invert sugar
from the fact that the dextrorotation of a sucrose solution changes to a
levorotation during hydrolysis, due to the liberation of the strongly
levorotatory p-fructose. Methylation of sucrose followed by hydrolysis
yields equal amounts of 2,3,4,6-tetramethylglucopyranose, and 1,3,4,6-
tetramethylfructofuranose, while enzymatic investigations have estab-
lished that sucrose is both an a-glucoside and a g-fructoside. These facts
taken together establish sucrose as 1l-a-p-glucopyranose-g-p-fructo-
furanoside. A striking property of sucrose is its remarkable ease of
hydrolysis in acid solution, its rate of hydrolysis in acid being of the order

CH,.OH

H/H O HOHC H

HO\ OH o H HO/CH.,0H
H H OH H

Sucrose: 1-a-p-glucopyranose-g-p-fructofuranoside

of 1000 times greater than the comparable rates for maltose or lactose.
A specific enzyme, invertase, limited to the hydrolysis of sucrose (and
possibly of inulin), is widely distributed in higher and lower plants.
Further Disaccharides Containing Two Different Sugars. Lactose,
which contains one molecule each of p-glucose and p-galactose, is the
principal sugar of mammalian milk but appears to be absent from higher
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plants. Lactose is a reducing sugar and since it is hydrolyzed by emulsin
it must possess a @-glycosidic linkage. Methylation and subsequent
hydrolysis yield 2,3,6-trimethylglucose and 2,3,4,6-tetramethylgalactose
while oxidation to the aldobionic acid, followed by methylation and
hydrolysis yields 2,3,5,6-tetramethylgluconic acid as does maltose. The
structure of lactose is hence analogous to that of cellobiose with the sub-
stitution of a galactosidal residue for the glucosidal residue. Melibiose,
a sugar found as a constituent of various bark exudates and formed also
by partial hydrolysis of raffinose, is similarly a glucose-galactose disac-
charide structurally related to gentiobiose. In melibiose, a D-glucose
residue is linked through carbon atom 6 to the aldehydic group of a
p-galactose residue.

H H CH.OH
0)
oH m\J L4 H
go \I o 0 OH H /L.
CH,OH H OH
CH,OH ‘——CH,
HO O\ n H 0
H 0 H OH
g\OH H HONOH H
H OH H H
Lactose Melibiose

There are known in nature several disaccharides in which a glucose
residue is linked to a pentose molecule. Thus the glucoxylose found in
leaves ofj Daviesia contains glucose and xylose linked through their two
reducing groups to form a nonreducing disaccharide. In primeverose,
found in leaves of Primula officinalis, glucose is linked through its
reducing group to carbon atom 6 of xylose.

Trisaccharides. Of the trisaccharides only one, raffinose, is known
to occur widely in nature, cottonseed meal and sugar beet juice being
usual sources. Raffinose on hydrolysis yields p-glucose, p-fructose, and
D-galactose in equimolecular amounts. Enzymatic hydrolysis with
emulsin yields sucrose and galactose while mild acid hydrolysis or
hydrolysis with the yeast enzyme raffinase yields melibiose and fructose.
The component monosaccharides are therefore arranged in raffinose as
follows:

Galactose-1-6-glucose-1-2-fructose

B e i Sl i
Melibiose Sucrose
N e

Raffinose
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TaBLE 3-1. Occurrence and constituent sugars of trisaccharides in plant material

Trisaccharide Constituent Sugars Occurrence
Nonreducing tri-
saccharides
Raffinose p-Galactose-p-glucose-p-fructose ~ Widespread, sugar beet roots,
1-[6-a-galactose-a-p-gluco- cottonseed
pyranose]-g-p-fructofuranoside
Gentianose p-Glucose-p-glucose-p-fructose Roots of Gentiana

1-[6-p-glucose-a-p-glucosel-
B-p-fructofuranoside

Melezitose p-Glucose-p-fructose-p-glucose Exudate of conifers as Lariz,
2-[3-(a-glucose)-8(?) p-fructo- Pseudotsuga; exudates of
furanose]-a-p-glucoside Populus, lime

Reducing trisac-
charides

Rhamninose n-Galactose-L-rhamnose-L-rham-  Glycoside xanthorhamnin from
nose Rhamnus

Robinose L~-Rhamnose-L-rhamnose- Glycoside robinin from flowers
p-galactose of Robinia

An isomer of raffinose, planteose, occurs in Plantago species. A second
interesting trisaccharide, gentianose, is found in roots of Gentiana lutea
and consists of two glucose molecules joined to a fructose molecule. The
material is nonreducing. Weak acid hydrolysis removes the fructose,
leaving gentiobiose, while removal of the terminal glucose residue yields
sucrose as a product. Other trioses of limited distribution are listed in
Table 3-1.

Fructose-2-1-glucose-6-1-glucose
T ——

Sucrose Gentiobiose
I ——

Gentianose

Stachyose. But one tetrasaccharide, stachyose, is known at present
a8 a natural product and has been reported from the roots of Stachys as
well as from seeds of Lupinus luteus, Soja hispida, and Ervum lens.
According to older authors this sugar is composed essentially of raffinose
containing an added galactose unit.

Galactose-1-6-galactose-1-6-glucose-1-2-fructose
™ g™

Melibiose Sucrose
N

Raffinose

— ~" "

Stachyose
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More recent work has indicated however that the galactose-glucose
linkage may be through carbon atoms 1 and 4, in which case stachyose
would be unrelated to raffinose.

General References

Hudson, C. 8., Advances in Carbohydrate Chemistry. Academic Press, 1946.
Vol. 2, p. 1.

Pigman, W. W., and Goepp, R. M., Jr., Carbohydrate Chemistry. Academic Press,
1948.

References

. Armstrong, E. F., J. Chem. Soc., 83, 1305 (1903).

. Haworth, W. N., Long, C., and Plant, J., J. Chem. Soc., 2809 (1927).

. Avery, O. T., Haworth, W. N, and Hirst E. L., J. Chem. Soc., 2308 (1927).
Haworth, W. N, Hirst, E. L., and Learner, A., J. Chem. Soc., 2432 (1927).

4. Hassid, W. Z., Doudoroff, M., and Barker, H. A., J. Am. Chem. Soc., 66, 1416

(1944).

W N =



CHAPTER 4

TRANSFORMATION OF THE SUGARS

Phosphorylation of Hexoses. The initial step in many of the trans-
formations to which the hexoses are subject is esterification with phos-
phoricacid. Fourphosphorylated hexoses, two of which are glucopyranose
derivatives and two fructofuranose derivatives, appear to occur univer-
sally in plant material and have been found whenever carefully sought.
The concentrations of these substances found in tissue vary from exceed-
ingly minute to concentrations of several per cent of the dry weight of
plant, as is shown in Table 4-1.

TasLE 4-1. Amounts of phosphorylated hexoses found in various plant materials
Hezose phosphate content

Species Part Treatment Compound % Basis
Pisum sativum®s Seed, meal None Hexose mono- 0 17 Airdry
phosphate
Fructose di- 0.14 “ou
phosphate

Pisum sativum®® Seed, meal Incubated 70 hr. Hexose mono- 1.18 “ou
with phosphate phosphate
Fructose di- 4.47 oo

phosphate

Pisum sativum® Leaves None Hexose mono- 0.046 Fresh
phosphate

Beta vulgaris®  Leaves None Hexose mono- 0.034 ‘“
phosphate

Solanum tuber- Tuber Common storage Glucose-6- 350 Dry

osum?®e phosphate
Fructose-6- 0.17 “
phosphate

Avena sativate Coleoptile  None Fructose-1,6- 0 077 Fresh
diphosphate
Fructose-6~ 0.048 “
phosphate

The phosphate esters of the hexoses are frequently referred in the
older literature to the names of the biochemists who first discovered
each. These names together with the chemically identifying terms used
today are shown in Fig. 4-1. The role of phosphate in the transforma-
tions of hexoses was first appreciated by Harden and Young in 1905.!
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These workers showed that during the fermentation of glucose by yeast
preparations inorganic phosphate is used up and fructose diphosphate
appears. The steps in the production of fructose diphosphate have since
been studied in elaborate detail in yeast and in muscle by Emden,
Meyerhof, Neuberg, Lohmann, Cori, and many others,? and the sequence
of reactions discussed below appears to be essentially identical in all living
tissues. The principal substrate for phosphorylation is glucose. In the
presence of the enzyme hexokinase glucose is converted to glucose-6-

CH.OPO,H,
Glucopyranose-6-phosphate OH H Robison ester
H OH
OH
CH,OH
Glucopyranose-1-phosphate — Cori ester
H OPO,H.
H OH
Fructofuranose-6- H,0,POH.C ° OH
phosphate @ Neuberg ester
H CH.0H
H H
chmmr?ﬁgﬁg-slﬁg;te H.0,POH; H Harden-Young ester
NI HO Aln.opom,
OH H

F16. 4-1. Phosphate esters of the hexoses.

phosphate at the expense of phosphate contained in the compound
adenosine triphosphate (ATP).? In the reaction ATP becomes adenosine
diphosphate (ADP) and phosphate is transferred to glucose as follows:

Hexokinase

Glucose + ATP = Glucose-6-phosphate + ADP

The equilibrium position of this reaction lies far to the right, as can be
sensed from the fact that whereas the pyrophosphate bond of ATP yields
about 12,000 cal. per mol on hydrolysis, the phosphoric acid ester bond
as in glucose-6-phosphate yields but approximately 3000 cal. per mol.
ATP, whose mode of formation will be considered in Chapter 15, is hence
a carrier of energy-rich phosphate, a source of phosphate available for the
synthesis of ester phosphates. The enzyme hexokinase which is respon-
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sible for the transphosphorylation of glucose hasbeenisolated in crystalline
form from yeast* and study of the pure enzyme shows that in addition
to ATP, the presence of Mg*+* ions is required for activity. Hexokinase
has not been studied extensively in higher plants but evidence of its
activity has been found in the potato tuber, in spinach leaves, in seedlings,
and in other tissues, and it is highly probable that the enzyme is of
universal occurrence in higher plants.

Evidence to be presented in Chapter 30 indicates that hexose phos-
phates are formed as intermediates in the photosynthetic reduction of
CO, and that the hexoses themselves are not intermediates in this
process. The photosynthetic formation of hexose phosphate may then
be a major source of these materials in green tissue.

Conversion of glucose-6-phosphate to glucose-1-phosphate takes place
through the mediation of the enzyme phosphoglucomutase. In the
equilibrium mixture approximately 95% of the total hexose phosphate is
present as the 6-phosphate and approximately 5%, as the 1-phosphate.
Phosphoglucomutase activity is known to occur in extracts of pea seeds
and the potato tuber and the enzyme is doubtless of wide occurrence in
higher plants. Formation of fructose-6-phosphate from glucose-6-phos-
phate occurs in the presence of phosphohexoisomerase; this reaction is
so far as known today the sole manner in which glucose and fructose may
be interconverted. In an equilibrium mixture approximately 709, of
the hexose is present as glucose-6-phosphate and 309 as fructose-6-
phosphate. The enzyme has been studied in muscle, in pea meal and in
potato tubers. No detailed analysis of the mechanism of the conversion
can be given but it should be noted that a change from pyranose to
furanose ring structure as well as an alteration in position of the carbonyl
group is involved.

Fructose-1,6-diphosphate is formed from fructose-6-phosphate by
reaction with ATP in the presence of the enzyme phosphohexokinase.
Thus the conversion of glucose to fructose-1,6-diphosphate involves the
utilization of two mols of ATP and the intervention of three enzymes.
These reactions, which are summarized in Fig. 4-2, are the initial steps
in the oxidation of hexose in the organism, whether by respiration or by
fermentation. A discussion of their role in respiration will be found in
Chapter 15.

Hexo- Phosphogluco-
kinase . mutase
Glucose + ATP —==—— Glucose-6-phosphate s=—===———— Glucose-1-phosphate
l’ Phosphohexo- Phosphohexo-
18so0merase inase
Fructose-6-phosphate + ATP Fructose-1,6-
diphosphate

F1a. 4-2. Formation and interconversion of hexosephosphates.



TRANSFORMATION OF THE SUGARS 37

In addition to the hexose phosphate esters, ribose and desoxyribose-
phosphates are of general occurrence in combined forms, including in
particular the nucleotides in which ribose or desoxyribose phosphate is
combined to a purine or pyrimidine base through formation of an N-gly-
cosidic linkage.

Enolization of Hexoses. It has sometimes been suggested that con-
version of glucose to fructose might occur through the enol form common
to glucose, fructose, and mannose. In mildly alkaline solution, p-glucose
is spontaneously although slowly converted to an equilibrium mixture of
p-glucose, p-fructose, and p-mannose, the reason being that these com-
pounds arise through the formation of a common enol form, as shown
below. At equilibrium the mixture contains approximately 63 % glucose,
319, fructose and 2.4% mannose. The conditions for this spontaneous
conversion are not, however, fulfilled in the plant organism where the pH
is in general less than 7. An additional argument against the inter-
conversion of these sugars by enolization ¢n vivo is the fact that rarely if
ever are the expected equilibrium amounts found in plant tissues, mannose
in particular not occurring in the free form.

H
HC=0 HCOH HCOH

H(JBOH _ CoH _ A*=0
HO(IJH ‘——HOJUH FIIOJ!H
& % %

p-Glucose  Enol form p-Fructose
Hi=0
HO('JH
HOéH
%
p-Mannose

Interconversion of glucose, fructose, and mannose through the common enol form

Formation of Galactose. The conversion of glucose to galactose
should involve inversion of the groups on carbon 4. It has been sug-
gested that this might be accomplished by esterification and de-esterifica-
tion at carbon atom 4 with a molecule such as phosphoric acid. This
reaction, which would be of the type known as a Walden inversion, has
not, however, been shown to occur either enzymatically or otherwise, and
in addition no 4-phosphorylated sugars are known. Nevertheless the
possibility that inversion at particular points within the sugar molecule
may occur by such a mechanism involving either phosphoric or some other
acid is an attractive one.
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Formation of Sucrose. Glucose, fructose, and sucrose form the
principal soluble sugars of the higher plant. We have seen that rapid
interconversion of glucose and fructose in the plant is achieved through
the transformation of the hexose-G-phosphates in the presence of the
enzyme phosphohexoisomerase. The hexoses are in turn readily con-
verted to sucrose. Direct experimental evidence for this conversion is
provided by the fact that sections of leaves or other tissues floated on
solutions of glucose or fructose accumulate not only hexose itself but also
form sucrose. Experiments of this kind have been done with leaves of
clover and wheat, sugar cane, barley, and with slices of potato tuber.”
In the work of McCready and Hassid,® barley leaves were cut from the
plant and allowed to respire in the dark for 24 hours to deplete them of

B A A
—H,0 +H:0

C +§H:OP03H2‘_’ C C
= N

{OH; ----- ! {H! -----:0PO;Hy; HO H

+ H;PO,

F1a. 4-3. Possible mechanism of Walden inversion in conversion of one stereoisomer
into another through intermediary of phosphorolysis.

sucrose. They were then placed either in water or in 109, glucose solu-
tion and subjected to vacuum infiltration. This procedure, an extremely
useful one in plant biochemistry, consists merely of submerging the tissue
in the desired solution which is in turn placed in a container, such as a
vacuum desiccator, which may be evacuated. On evacuation, gas is
removed from the intercellular spaces of the tissue and on release of the
vacuum the solution in which the leaves are immersed is drawn into the
tissue. In this way, intimate contact between the cells of a plant tissue
and any desired solution may be achieved. In the present experiment,
the leaves were placed in distilled water after infiltration and were
analyzed for sucrose after various periods of incubation. The data given
in Fig. 4-4 show that in leaves not supplied with glucose, sucrose
disappears completely within about 20 hours. In leaves supplied with
glucose, however, the sucrose content reaches a level of approximately 6%
of the dry weight in the same period. Similar results were achieved after
infiltration with fructose. Smaller accumulations of sucrose were
obtained at the expense of galactose and mannose. These results
demonstrate qualitatively then that any of the four sugars may be trans-
formed in the leaf into the glucose and fructose necessary for sucrose
synthesis. They also show that an effective mechanism for sucrose pro-
duction from hexose is present in the leaf. The nature of this mechanism
has been the object of intensive investigation. The enzyme invertase or
B-fructosidase which hydrolyzes sucrose to its component monosaccharides
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is widely distributed in plant material and the reaction catalyzed by this
enzyme has been thoroughly characterized. In this reaction the equi-
librium lies far toward the side of hydrolysis and since reversal of the
reaction to a detectable extent has not been achieved, it does not seem
possible that invertase participates in sucrose synthesis in the plant.
Although intact leaves or other tissues readily form sucrose from mono-
saccharides, the same reaction will not take place ¢n vitro with prepara-
tions made from higher plants. Grinding or other disruption of the
tissue thus appears to inactivate the sucrose synthesizing mechanism.

60+ x
50 4

A-GLUCOSE INFILTRATED

40

- 30-7r
20 4

104 B-WATER INFILTRATED

) ¥ L4 ¥ ]
10 20 30 40 50
TIME IN HOURS

MG. SUCROSE SYNTHESIZED
PER § GR. FRESH WEIGHT

F16. 4-4. Sucrose synthesis in isolated barley leaves floated on 109, glucose solution.
(After McCready and Hassid®)

That the synthesis of sucrose actually takes place through the inter-
mediary of a phosphorylative mechanism has been shown by the work of
Hassid, Doudoroff, and Barker® with a microorganism, Pseudomonas
saccharophila. From the dried cells of this organism an enzyme sucrose
phosphorylase can be extracted and purified by fractional ammonium
sulfate precipitation. In the presence of sucrose phosphorylase, glucose-
1-phosphate and fructose react to form sucrose and inorganic phosphate.
Both glucose-1-phosphate and inorganic phosphate enter into the equi-
librium as the divalent anions. The equilibrium constant for the reaction

Glucose-1-phosphate -+ fructose == Sucrose + H;PO,
varies with pH owing to the fact that the dissociation constants of

glucose-1-phosphate and inorganic phosphate are not identical. Sucrose
phosphorylase is specific for glucose-1-phosphate and is unable to utilize

(Sucrose) (HPO~) _ l 0.05 at pH 6.6
(Glucose-1-phosphate) (Fructose) 0.09 at pH 5.8

other hexose phosphates. Thus fructose phosphate and glucose cannot
replace glucose phosphate and fructose in the synthesis. The enzyme is

K =
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also unable to combine glucose-1-phosphate with fructose-6-phosphate or
fructose-1,6-diphosphate. The presence of free glucose inhibits the
reaction between glucose-1-phosphate and fructose, presumably owing
to a competition between glucose-1-phosphate and glucose for the enzyme.
The specificity is not complete however, since fructose may be replaced
by either sorbose or ketoxylose, either of which is able to react with
glucose-1-phosphate in the presence of sucrosc phosphorylase. In the
first case a glucosido-sorboside analog of sucrose is formed, a sugar which
is unknown in nature. Similarly, reaction of glucose-1-phosphate with
ketoxylose results in formation of a glucosido-xyloside which is likewise
a non-naturally occurring disaccharide. In all these reactions, the initial
step appears to consist of the formation of an enzyme-glucose complex in
which the energy of the phosphate bond is retained. Thus glucose-1-
phosphate in the presence of the enzyme enters into an exchange of
phosphate with inorganic phosphate in the medium, as can be shown by
the use of radioactive phosphate. We might thus consider sucrose
phosphorylase as a sort of a glucose transglycosidase, capable of removing
glucose from one glycosidic linkage (the phosphate linkage) and of
transferring the glucose to other acceptors as fructose or sorbose.

Glucose-1-phosphate + sucrose = Sucrose phosphorylase- + H,PO,
phosphorylase glucose complex

Pseudomonas, the organism in which sucrose phosphorylase was first
discovered, contains invertase in addition to the phosphorolytic system.
Thus there is present in this organism at least one mechanism for the
synthesis of sucrose and at least two mechanisms for its degradation. In
the hydrolytic system the equilibrium is too far toward the side of
hydrolysis to permit of appreciable sucrose synthesis. In the phos-

Sucrose

phosphorylase
Sucx:gse + H;PO, ==—=——=—= Glucose-1-phosphate + fructose

H.O0

| Invertase
Glucose + fructose

phorolytic system on the contrary either synthesis or breakdown may
occur, depending on the concentrations of the several reactants. From
an energetic standpoint we may say that the energy needed for the
formation of the glycosidic bond in sucrose is derived from the energy
originally expended in the phosphorylation of glucose with the formation
of glucose phosphate. This energy requirement of the initial phospho-
rylation may be in turn derived from the oxidation of carbohydrate
through the intermediary of ATP (Chapter 15). Hexose phosphates
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may, as indicated earlier, also arise directly as early photosynthetic prod-
ucts and the evidence presented in Chapter 30 suggests that sucrose may
be formed in green tissues directly from photosynthetically produced
hexose phosphate without the intermediary of the free glucose itself. The
sucrose phosphorylase of Doudoroff has not yet been found in higher
plants although an intensive search has been made for the enzyme in
potato tubers and in other tissues. It is of course possible that still other
mechanisms of sucrose synthesis remain to be discovered. That sucrose
synthesis does have a direct relation to phosphorylation is, however,
shown by the work of Kursanov and Kryukova!® who have found that
leaves of phosphate-deficient plants lose the power to synthesize sucrose
from hexose. When phosphate is restored the synthetic power is
regained. It seems entirely possible that a sucrose phosphorylase gener-
ally similar to that of Pseudomonas may be found in the higher plant if
appropriate conditions for its isolation can be discovered.

Oxidation of Hexoses. In respiration the hexose molecule is dis-
membered, first to C; units and finally to CO, and water. Hexose is also
subject, however, to oxidation without dismemberment. Thus the oxida-
tion product of glucose at carbon 6, p-glucuronic acid, is a common con-
stituent of gums and mucilages and presumably arises by direct oxidation
of glucose.

CH,OH COOH
H o0 u o H O H
xidation
HO i H OH HO OH X OH
H (0)¢8 H OH
p-Glucose p-Glucuronie acid

p-Galacturonic acid, which may arise from oxidation of galactose at
carbon atom 6, is a component of pectin and of gums and is like p-glucu-
ronic acid a widespread plant product; the corresponding p-mannuronic
acid is found as a cell wall constituent of kelp. In none of these cases has
any enzyme system for the oxidation been discovered nor has direct proof
that the obvious reaction is indeed the actual one been brought forward.

The products of oxidation of sugars at the aldehydic end of the mole-
cule are rarely if ever encountered in higher plants. Thus gluconic acid
is not found in plant products, although an enzyme for oxidation of
glucose-6-phosphate to phosphogluconic acid has been described in blood.
Aspergillus and other fungi, as well as many bacteria, contain glucose
oxidase or glucose dehydrogenase systems which oxidize glucose itself to
gluconic acid. In this reaction H;O; is formed as an additional product.
Glucose oxidase is not, however, known in higher plant tissues. Sac-
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CeH1206 + O: + H,0 ——— CeH1:0; + H;0,

Glucose
oxidase

Glucose Gluconic
acid

charic acid, in which both carbon atoms 1 and 6 of p-glucose are oxidized
to carboxyl groups can readily be prepared by the action of nitric acid on
glucose. Neither saccharic acid nor other six-carbon acids of this type
are, however, known as natural plant products.

Reduction of Sugars. There are in nature several sugar alcohols
which may be regarded as reduction products of the hexoses and direct
evidence is available to show that they are actually produced in this
manner by the action of microorganisms. Thus the alcohol p-sorbitol,
which is the reduction product of p-glucose, is found in many rosaceous
plants, and occurs in particularly high concentrations in fruits including
those of the apple, peach, apricot, cherry, and of Sorbus. Sorbitol may
be reoxidized by various microorganisms of the Acetobacter group.

CHO CH,OH CH,0H
HJ}OH HéOH o é=0
Oxidation

HO(.L/H Reduction HO(I:H Acetggncter HOCH
—_— —_—
HCOH HCOH HéOH

HéOH HéOH HOJDH
éH,OH éﬂon (JJH,OH
p-Glucose p-Sorbitol L-Sorbose

In the reoxidation however the ketose sugar, L-sorbose, is formed. bp-
Mannitol, the common reduction product of p-mannose and p-fructose,is
of widespread occurrence in higher plants (onion, carrot, parsnip, for
example) and occurs occasionally as a crystalline exudate on the bark of
olive and ash trees (Fraxinus ornus). Mannitol is also formed by micro-
organisms and during the fermentation of corn leaves in silage, may be
formed to the extent of 0.5-3% of the weight of silage. Dulecitol, the
reduction product of galactose, is of only rare occurrence but is found in
the red algae as well as in the higher plants Melampyrum nemorosum and
Euonymus atropurpureus.

Reduction of a ketose sugar results in the formation of two possible
isomers. Thus fructose yields p-mannitol and p-sorbitol which differ only
in their configuration at carbon atom 2. It is perhaps noteworthy that
the two principal hexose alcohols are thus derivable from the two principal
free hexose sugars of the plant.
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CH.,OH CH.OH CH,OH

é=0 HCOH HO(JJH
HOéH HO&TH HOATH
HCOH H(IJOH H(JJOH
H(IJOH HéOH HéOH

H.OH éHon (JJH,OH
p-Fructose p-Sorbitol p-Mannitol

Sugar alcohols corresponding to sugars other than the hexoses are
found as scattered occurrences through the higher plants. Erythritol, a
four-carbon sugar alcohol, has been found in grasses, while ribitol, the
reduction product of p-ribose, is found in the free form in Adonis vernalis.
Ribitol is in addition universally found in plant tissues combined as the
isoalloxazine ribitol derivative, riboflavin or vitamin B,. The functions
of riboflavin will be discussed in Chapter 15. The reduction product of

CH,0H CH,OH
éIIOH CHOH
éHOH é’/HOH
(tJHgOH (IJHOH
H,0H
meso-Erythritol meso-Ribitol

p-mannoketoheptose, p-perseitol, accompanies the seven-carbon sugar in
fruits of avocado (Persea gralissima).

Inositol. Inositol is a six-carbon cyclic sugar alcohol, and although
the term is often used to designate the most widely distributed isomer,
there are strictly speaking a number of inositols as well as several inositol
derivatives which are found in higher plants. The structures and struc-
tural relationships of these compounds are shown in Table 4-2.

Meso-inositol is probably universally distributed in higher plants, being
found in concentrations of the order of 1-10 mg. per. gram dry weight, and
is probably also a universal constituent of other living forms. It is a
vitamin of the B complex for higher animals and is required as an exo-
genous (added) growth factor for several microorganisms. The demon-
stration by Eastcott in 1928!2 that meso-inositol is the bios I factor of
yeast marked, in fact, the first step in elucidation of microbial growth
factors of the B group. No specific physiological role can yet be assigned
to meso-inositol in higher plants. It is found, however, not only in the
free form but also in a variety of derivatives. Thus the hexaphosphoric
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TABLE 4-2

Compound Naturally occurring derivatives
H H

H H

Monomethyl meso-inositol (bornesitol)
Monomethyl meso-inositol (sequoyitol)

HO meso-Inositol hexaphosphate (phytic acid)

g

H OH
meso-Inositol

OH H
HO
Monomethyl-p-inositol (pinitol)

T

OH H
p-Inositol
H OH
H OH . )
Monomethyl-L-inositol (quebrachitol)
HO H
H OH
L-Inositol
OH H H OH
HO HO OH
OH H H
Scyllitol p-Quercitol

acid ester of meso-inositol, phytic acid, is found in seeds and seedlings and
apparently represents a reserve form of phosphate in the seed. The
liberation of inorganic phosphate from phytic acid is accomplished by the
enzyme phytase which is found in seeds and seedlings as well as in mature
plant tissues. Whether phytase is a distinct enzyme or whether phytase
activity is merely one attribute of phosphatases in general is not yet
wholly clear, although purified leaf phosphatase does appear to possess
phytase activity. meso-Inositol is also found as the alcohol of complex
lipids, the lipositols, which will be described in Chapter 24. Among the
simpler derivatives of meso-inositol are two different monomethyl ethers,
bornesitol and sequoyitol. The former is found as an impurity in Borneo
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rubber, the latter as an exudate on the bark of the redwood Sequoia
sempervirens. :

D-Inositol is very much less widely distributed than meso-inositol
and is in fact mainly confined to occurrence as the monomethyl ether
pinitol which is found (a) as an exudate on the bark of Pinus lambertiana
(““sugar” pine) and other pines, and (b) as a latex constituent of Mada-
gascar rubber. L-Inositol is found in nature as the monomethyl ether,
quebrachitol, of which the two best known sources are the latex of the
rubber tree, Hevea brasiliensts, and the bark of the quebracho tree. In
Hevea, quebrachitol can apparently be metabolized since the amounts
recovered in the latex decrease during starvation (for example after
defoliation) of the tree. Scyllitol is a constituent of acorns, dogwood
leaves, and of the coconut palm, but is primarily known from fishes includ-
ing the dogfish, sharks and others. Quercitol, a desoxy inositol, is a six-
carbon cyclitol containing but five hydroxyl groups, and is found in the
oak, especially in the acorn.

Two further inositol derivatives which contain carboxyl groups are
quinic acid and shikimic acid.

i34 H H
H COOH H
COOH
HO OH 1O
H H H H
p-Quininic acid Shikmie acid

Quinic acid appears to be of moderately widespread occurrence in plants,
being found in small amounts in many leaves and fruits. Shikimic acid
on the other hand is reported only from species of Illicium.

It is possible that the inositols are formed by cyclization of the appro-
priate hexose, and p-glucose would be the hexose appropriate for synthesis
of meso-inositol, quantitatively the most important isomer. There is in
any case no direct in vivo or in vitro evidence that such a synthesis does
take place in nature, attractive as the possibility might seem.

Ascorbic Acid. Ascorbic acid, vitamin C, is a sugar derivative of
nearly universal occurrence in plant tissues but whose function in the
plant is still obscure. Ascorbic acid was first isolated by Szent-Gyorgyi!?
from various higher plant tissues, and identity of the compound isolated
with vitamin C was suggested by the same author. Structure determina-
tion followed by synthesis!¢ led to the conclusion that ascorbic acid is a
six-carbon lactone with the lactone ring closed between the first and
fourth carbon atoms. Structurally ascorbic acid is a derivative of the
ketose L-sorbose and may in fact be synthesized from sorbose.
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CH.OH ('T‘OOH 0=C 0=C
é—‘=0 C=0 HO(JZ HOéH
HOéH HOéH HOéll o= ‘
HéOH —4H HJ’?OH —H,0 H(lg Hé——
HOCH +m0 HOGH HOCH HOJFH
H.0I0 éHzOH (EHQOH CH,OH
L~-Sorbose 2-Keto-L-gulonic 1~-Ascorbic L-Ascorbic
acid acid acid,

keto form
Structural relationships of L-sorbose and rL-ascorbic acid

In aqueous solution an equilibrium appears to be established between the
enol forms of ascorbic acid and a 3-keto form, a fact which confers on
ascorbic acid some ketonic properties. Ascorbic acid may also be revers-
ibly oxidized by removal of two hydrogen atoms from carbon atoms 3 and
4 with the formation of dehydroascorbic acid, an oxidation carried out by
the enzyme ascorbic acid oxidase as described in Chapter 15 and catalyzed
also by inorganic copper itself.

o | 2 o7
il al
HO&H HO(IJH

H.OH éHzOH
Ascorbic acid Dehydroascorbic acid

In plant tissue a variable proportion of the total ascorbic acid is found in
this reversibly oxidized state which has lead to the suggestion that ascor-
bic acid somehow functions as an oxidation-reduction carrier.’®* Oxida-
tion of ascorbic acid beyond the stage of dehydroascorbic acid results in
destruction of the compound with loss of vitamin C activity.
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CHAPTER 5
STARCH

Structure of Starch. Starch is the most abundant reserve carbo-
hydrate of the plant world and is found under favorable conditions and in
higher or lower concentrations in most organs of most higher plants, as
well as in many microorganisms. It is of interest therefore that despite
the quantitative importance of starch and despite the great deal of
chemical attention paid to the substance, it is only in recent years that
any clear understanding of its structure has been attained.

Starch on acid hydrolysis gives a quantitative yield of p-glucose.
Enzymatic hydrolysis with amylase yields the disaccharide maltose and
proof that maltose type linkages are involved in the intact starch molecule
was early obtained by Haworth and others.! Haworth methylated
starch, using an intermediary acetylation with acetic anhydride followed
by methylation with dimethyl sulfate. When methylated starch was
subjected to acid hydrolysis, 2,3,6-trimethylglucopyranose was isolated
as the main product. Under very mild conditions of hydrolysis con-
siderable yields of methylated maltose were also obtained. These facts
establish that the starch molecule must consist primarily of chains of
glucopyranose units linked through a-glycosidic linkages as in maltose:

CH,OH CH,0H CH,OH
nA O\ AT O H AT O\
—o-N\or B /l—o—Nor u/Ll—0—\o0H H lo-
H OH H OH H OH

Linkage of a-p-glucose residues in starch

In addition to the trimethylglucose obtained from hydrolysis of
methylated starch, a smaller amount of 2,3,4,6-tetramethylglucose is also
recovered. This must evidently arise from the terminal units of the
starch chains in which carbon atom 4 is free for methylation. The ratio
of tetramethyl to trimethylglucose recovered in the hydrolysis products
provides then a measure of the number of glucose residues linked together
in the starch chain; this means of estimating the chain length is known as
the end group assay method.2 A further general method of end group
assay is periodate oxidation as applied by Hirst to polysaccharides.? In
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the presence of KC] and sodium periodate, oxidation of polysaccharides
such as starch or cellulose is confined to the terminal residues which are
oxidized with the liberation of formic acid, as illustrated in Fig. 5-1. One
molecule of formic acid is produced from oxidation of one nonreducing
terminal group, while two molecules of formic acid are produced from
each reducing terminal residue. The excess periodate ions remaining
after the oxidation may be decomposed by addition of ethylene glycol and
the formic acid may be simply determined by titration. Periodate oxida-
tion provides a quick and highly useful method for determination of the
number of end groups contained in a polysaccharide and is particularly
valuable in cases where only small samples of material are available.*®
The chain length of the starch molecule as obtained by these methods

CH,OH CH,OH CH,OH

4 H HA O\ H 4

0} OH H 0

{OH!— — ->HCOOH

HCOOH <-—{H_| OH H OH H |OH|————->HCOOH
Nonreducing Nonterminal Reducing terminal
terminal grou residue: not residue — 2 formic acids
— formic aci attacked

F1a. 5-1. Attack of terminal groups of starch by periodate.

depends on the exact fraction of the starch under consideration, a matter
which will now be discussed.

It has long been appreciated that starch consists of two components
which differ in physical properties. The two starch constituents are
commonly known as amylose, which is more water soluble and less viscous
in solution, and amylopectin, less water soluble and more viscous in solu-
tion. The two components can be separated by allowing whole starch
grains to swell in water at 60-80°C. The amylose then diffuses out and
the grains containing the residual amylopectin may be centrifuged off.
A second method for separation of the two components consists in pre-
cipitation of crystalline amylose from aqueous starch solutions saturated
with butanol,® or certain other organic solvents. In this case the amylose
appears to form insoluble molecular complexes with the precipitant.

Amylose is also primarily responsible for the blue iodine reaction of
starch, the iodine color given by a given amount of amylose being approxi-
malely six times as intense as the iodine color given by an equal amount of
amylopectin. Since amylose, in contrast to amylopectin, takes up iodine
quantitatively and stoichiometrically, it is possible to determine the
amylose content of whole starch by iodometric titrations. Colorimetric
methods for determination of amylose based on the intense color of the
amylose-iodine complex have also been proposed.
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Amylose makes up 0-35% of whole starch,” the proportion varying
with the species considered, as is summarized in Table 5-1. It is of
special interest that whereas the seed starch of ordinary field corn con-
tains amylose, plants homozygous for the recessive gene wazy produce
amylose-free seed starch.” Similar genes are known in other species and
amylose-free seed starch is produced by wazy rice, sorghum, and barley.
The production of amylose appears then to be controlled by a single gene.

TABLE 5-1. Proportion of amylose in starch of various species’
Chain length

Species % amylose in starch  of amylose
Tapioca 17 980
Rice 17 ...
Banana 20 5 .o
Field corn 22 490
Waxy corn 0 ..
Potato tuber 22 980
Potato leaf 18
Potato sprouts 46
Wheat 24 540
Sago 27 420
Lily, bulb 34 640

Application of the end group assay to amylose shows that the glucose
chains of this material contain of the order of 300 to 1000 glucose residues.
The molecular weights of amylose as obtained by osmotic pressure meas-
urements further indicate that each molecule must consist of one such
chain of glucose residues. Amylose consists therefore of long gluco-
pyranose chains containing as many as 300-1000 glucose residues, with no
association of the individual chains into larger complexes.

Application of the end group assay method to amylopectin gives an
apparent chain length of 24-30 glucose residues for all starches. The
molecular weight of amylopectin as determined by osmotic pressure or
ultracentrifuge measurements gives, however, values indicating that a
great many more than 30 residues are combined in one unit, the molecules
of amylopectin being actually much larger than those in amylose. The
nature of the association of the 24—-30 residue units into larger aggregates
has therefore been a subject for lively discussion. It was early suggested
that chains 24-30 glucose residues in length might be associated by sec-
ondary valences into small crystalline units or micelles. This idea seems
unlikely in view of the fact that no disaggregation of the amylopectin
molecules follows acetylation, which would be expected to change radi-
cally the binding forces between molecules. Haworth, Hirst, and Isher-
wood in 1937 brought forth an important new fact in the finding that
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considerable amounts of 2,3-dimethylglucose are found among the hydro-
lysis products of methylated starch, together with tri- and tetramethyl-
glucose.* The occurrence of this dimethylglucose can be explained on
the basis of a branched-chain structure in which carbon atoms 1 and 4 of
the glucose residue at the branch point would be involved in the main
chain, while carbon atom 6 of the same residue would be involved in for-
mation of the bond to the branch chain. The assumption of a branched-
chain structure for amylopectin would also explain the absence of reducing
groups in starch, since the aldehydic carbon atom 1 contained in the
terminal residue of the branch chain would be involved in formation of
the 1,6 branch linkage.

CH:0
H /' 0 H

to branch chain

To main chain——0Q OH H O——t0 main chain
H OH
Structure of p-glucopyranose residue of amylopectin involved in branching at carbon
atom 6

The early Haworth-Hirst concept of amylopectin structure is then that
chains 24-30 glucoses in length are attached to one another through 1,6
linkages.® As many as 80 chains might be united in one large molecule,
according to molecular weight determinations based on osmotic pressure
measurements. Staudinger and Husemann suggest, in contrast to the
views of Haworth, that the starch molecule may consist of a central chain
of glucose units from which side chains protrude at intervals of several
glucose units.’® The branches would have then to be of the appropriate
length so that the structure as a whole would satisfy the overall require-
ment of one end group per 24-30 glucose residues.

Still another view has been advanced by Meyer.!! This structure is
one in which there is no central backbone chain but in which there is a free
and multiple branching of short chains. Meyer’s concept is based pri-
marily on work with g-malt amylase, an enzyme which converts amylose
quantitatively to maltose, i.e., can apparently attack straight chains
consisting of any number of glucose residues linked exclusively through
1,4 linkages. Amylopectin is, however, converted by g-malt amylase to
a mixture of maltose (54% of theoretical yield) and a resistant high-
molecular-weight residue or residual dextrin. This residue represents,
according to Meyer, the central skeleton of amylopectin together with
the stubs of the branches, the remainder of the branches having been
hydrolyzed off as maltose. A strong support of this interpretation is the
fact that the residual dextrin does yield a higher proportion of dimethyl-
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glucose on hydrolysis than the original amylopectin. Comparison of
data on hydrolysis of methylated amylopectin with that obtained from
hydrolysis of the methylated residual dextrin shows that the free portions
of the branches must contain 15-18 glucose residues and that these are

Fic. 5-3. Staudinger proposal for structure of starch. The branches are attached
to the main chain by 1,6 linkages.

spaced 8-9 residues apart. The concept of amylopectin structure sug-
gested by Meyer is thus in general accord with the presently known facts
obtained both from enzymatic and from chemical studies. By similar
arguments, Meyer arrives at the conclusion that glycogen, the reserve
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carbohydrate of yeast and animals, consists of a multiple-branched struc-
ture with the free branch ends 6-7 glucose residues in length.

Starch consists then of chains of glucopyranose residues linked
together through 1,4 a-glucosidic linkages. These chains may be either

Av 8 residues

Av 17 residues

S

#

Fic 5-4. Multiple branched chain of starch according to Mever

=V IO S O I

B-amylase
A

Amylopectin (hydrolysis to branch only)

F1a. 5-5. Mode of attack of amylose and amylopectin by g-amylase. (After Hassid)

unbranched (amylose) or branched (amylopectin). How are these glu-
cose residues arranged in space along the chain axis? Evidence on this
point comes from several sources. The enzyme a-malt amylase splits
starch rapidly into dextrins containing six or twelve glucose units. Hanes
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has proposed,'? principally on this basis, that in starch the chains of
glucose residues are looped in wide spirals such that six glucose units
constitute one complete coil of the spiral. Some support for this view is
the fact that starch is converted by the microorganism Aerobacillus
macerans into the Schardinger dextrins, two crystalline compounds which
contain respectively six and seven glucose residues combined in closed
nonreducing rings. Clear evidence concerning the configuration of
starch chains was, however, first obtained by x-ray investigations of the

F1G. 5-6. Resistant:residue or residual dextrin formed by action of g-malt amylase
on amylopectin.

crystal structure of starch, particularly by Bear, French, Rundle, and
co-workers. These workers first used retrograded amylose, which had
spontaneously become insoluble in and precipitated from water solution.
X-ray diffraction examination of films made from such starch leads to the
conclusion that retrograded amylose consists of straight or extended
chains of amylose arranged in a parallel fashion.!® Native amylose which
has been obtained by butanol precipitation and which is not in the retro-
graded state gives, on the contrary, an x-ray diffraction pattern consistent
with the view that the chains are coiled in the form of helices in which
each coil of the helix is made up of six glucose residues.’ Further con-
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firmation of the helical structure of native amylose as well as information
on the arrangement of the helices in crystalline butanol-precipitated
amylose can be obtained from the study of the starch-I, complex.14:16
Iodine Complexes of Starch. It has been noted above that starch
possesses the ability of forming colored complexes with iodine. Amylose

w-Malt- ﬂ
amylase i

i
!

o.g-o-c"—::"o

F1c. 5-7. Hypothetical spiral starch model, showing possible manner by which it is
attacked by a-malt amylase. (After Ilanes!?)

yields an intensely blue iodine complex and amylopectin a much less
intensely colored blue-violet complex. Two factors which influence the
iodine color given by a particular starch are the length of glucose chain
involved and the degree of branching of the chain. Hanes has shown
that dextrins obtained as intermediate products in starch hydrolysis by

F1e. 5-8. Helical model of starch chain. Heavy lined residues are in front, light
residues in back of each turn of the helix. (After Rundle, Foster, and Baldwin)

acid or by g-amylase do not give iodine color reaction if they contain six
or fewer glucose units as judged by the end group assay method. Fur-
thermore starch dextrins containing eight to twelve glucose units form
red rather than blue complexes. Only the longer amylose chains give
the typical blue iodine color. The influence of degree of branching of the
starch chain on the iodine color reaction is shown in Table 5-2. As the
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TaBLE 5-2. Influence of extent of branching on color of iodine complex given by
various starch derivatives. (After Meyer!?)
Av. number of branches

Compound per glucose unit Color of 1, complex
Amylose 0.00 Intense blue
Amylopectin 0.04 Light blue-violet
Residual dextrin* from amylopectin 0.09 Light red
Glycogen 0.09 Brown-red
Residual dextrin* from glycogen 0.18 Light brown

* Dextrin remaining after removal of side chains by -malt amylase.

average degree of branching increases, the color of the iodine complex
passes from blue through blue-violet to red and thence to brown.

Fia. 5-9. Model of iodine-filled helical starch chain. I, molecules arranged along
center of helix. (After Rundle, Foster, and Baldwin!?)

F1a. 5-10. Arrangement of starch helices in wet butanol-precipitated amylose.
The centers of the four corner helices are 25.6 X 13.7 & apart and each turn of the
helix is 7.8 A thick. (After Rundle and Edwards¢)

Amylose takes up very nearly one iodine molecule per six glucose
residues. The iodine molecules are held in a regularly oriented fashion so
that solutions of the complex show dichroism of flow!® and so that, addi-
tionally, amylose crystals of the complex (as obtained by butanol precipi-
tation) are dichroic. Both the optical and the x-ray data suggest that
the amylose-iodine complex may possess a structure similar to that shown
in Fig. 5-9. In this structure the iodine molecules occupy the central
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space or core of the starch helix, one iodine molecule being bound for
each complete coil of the chain. The x-ray diffraction pattern given by
the iodine-amylose complex also suggests the mode of packing of the
helical cylinders into crystals shown in Fig. 5-10. The face dimensions

2

Fia. 5-11. Microphotographs of starch granules (X 200). (From Chemistry and
Industry of Starch, 2nd ed., Academic Press, 1950) upper left, potato; upper right,
corn; lower left, rice; lower right, wheat.

of the orthorhombic unit cell containing the helical cylinders are 13.7
and 24.811, while the thickness is approximately 7.8&, a thickness such
as to just accommodate one turn of each helix.!57

The Starch Grain. Starch occurs in the plant in the form of starch
grains of varying shape and from one to 150 p in diameter. Starch grains
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from canna and potato are among the largest, while those from rice and
buckwheat are among the smallest known. Each plant species forms
grains of a somewhat variable but species-specific form and grains from
different plants may be recognized microscopically.’® The grain ordi-
narily consists of concentric layers of starch deposited around or adjacent
to a hilum or leucoplast. These layers, which may be quite conspicuous,
are due to discontinuities in the index of refraction of the deposited
material.’¥ Within each layer the index of refraction changes continu-
ously from a higher to a lower value, but at the border of each new layer

Index of refraction

[V ) IS
Ao e =

Layer

F1c. 5-12. Variations in index of refraction within the individual layers of a
starch grain. Each laycr starts with dense, highly refracting material and ends with
more porous, less refracting material. (After Frey-Wyssling®®)

the index of refraction jumps suddenly to the higher value. The layering
is due to the alternation of day and night, with the dense, highly refract-
ing part of each layer being deposited during the day. Layering is hence
absent from the starch grains of plants grown under constant conditions.
Earlier authors have suggested that a sheath or membrane surrounds the
grain but Alsberg?® in a critical review of this subject has concluded that
no such membrane is present and that the membrane-like properties are
due to a denser structure of the surface starch. The submicroscopic
units of starch which make up the grain are arranged in a radial fashion
and radial cracks develop on swelling with agents such as chloral hydrate.
Whether the units which are radially arranged are the starch helices or
larger units is unknown.
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Amylases. The enzymes which hydrolyze starch are known as
amylases and have been studied extensively since 1833 when the starch
digesting action of wheat amylase was described by Payen and Persoz.
Seed amylases have been studied in particular detail although similar
enzymes are of very wide occurrence in other plant tissues as well. Dor-
mant starchy seeds such as the cereals contain S-amylase, the enzyme
which converts amylose quantitatively to maltose and which is able to
hydrolyze amylopectin to the residual dextrin. As the seed germinates
a-amylase appears. This enzyme rapidly attacks both amylose and
amylopectin with the production of dextrins containing of the order of six
glucose units. For this reason the ability of starch to give a blue color
with iodine is rapidly lost in presence of a-amylase. In a second slower
phase of the reaction maltose, glucose and maltotriose are slowly liberated.

Beta-amylase free of a-amylase can be obtained in extracts of dormant
seeds, particularly of barley. In mixtures of 8- and a-amylase such as are
contained in extracts of germinating barley, the a-amylase may be selec-
tively destroyed by treatment with acid solutions, as for example treat-
ment at pH 3.3.2! Beta-malt amylase may be selectively destroyed by
heating a mixture of the two amylases to a temperature of 70°C for 15
minutes, particularly in the presence of calcium ions and at a pH of 6-7.22
Selective adsorption has also been used to separate the two amylase
components. Beta-amylase may thus be adsorbed on alumina at pH 3.8
while a-amylase may be removed from 409, alcohol solution by adsorp-
tion on starch. These and other methods have been used for the prepara-
tion of the starch hydrolyzing enzymes in crystalline form.?* Crystalline
B-amylase as prepared from the sweet potato, an unusually rich source of
the enzyme, possesses a pH optimum of pH 4-5 and appears to be a pro-
tein without any readily detcctable prosthetic group. Crystalline a-
amylase has been prepared from germinating barley, the principal rich
plant source of the enzyme.

The a-amylase which appears during germination of seeds is in part at
least present in the dormant seed in a bound state from which the active
enzyme may be liberated by proteolysis.?* Thus when preparations of
dormant barley seed are incubated with the proteolytic enzyme papain, a
large increase in amylase activity takes place, the increase being pre-
dominantly due to appearance of a-amylase. In other cases, as in seeds
of oat, B-amylase is also liberated in this manner. The increase in
amylase activity which occurs in seeds during germination, as in barley
during the malting process, is probably due to release of the bound
amylase by native proteases of the seedling.

A third amylase, the liquefying enzyme, is known from the work of
Waldschmidt-Leitz and Mayer.2s This enzyme occurs like f-amylase in
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dormant seeds. Like g-amylase, also, it is adsorbed on alumina but can
be separated from the latter by adsorption on kaolin. The liquefying
enzyme converts solutions of native starch to a less viscous state, the reac-
tion product staining blue with iodine and possessing a chain length of
about thirty units by the end group assay. It is of interest to note that
preparations of the liquefying enzyme also show phosphatase activity,
i.e., are able to liberate inorganic phosphate from organic forms such as
glycerophosphate. Whether this is truly a property of the enzyme or
whether it has any bearing on the mode of action of the liquefying enzyme
is not known.

The Mechanism of Starch Synthesis. Since the amylases bring about
the degradation of starch and since enzymatic reactions are believed to be
reversible, it was only natural for early investigators to examine the
possibility of starch synthesis in the presence of amylase. No success has
been attained in the reversal of the amylase reaction since the equilibria
appear to lie far toward the side of hydrolysis. Since neither maltose nor
the dextrins occur in the plant cell, it is clear that reversal of amylase
induced starch hydrolysis, if it takes place at all, does so in vivo under
conditions which do not prevail in the test tube. We now know that
both the breakdown and the synthesis of starch actually take place in the
organism in the presence of quite a different enzyme, phosphorylase. It
was discovered by Cori, Colowick, and Cori in 1937 that animal tissues
possess an enzyme system capable of degrading glycogen in the presence
of inorganic phosphate, with the production of Cori ester, glucose-1-
phosphate.?® Hanes has shown that a similar reaction takes place with
starch under the influence of an enzyme, phosphorylase, which he found
to be present both in pea seeds and in potato tubers and which is now
known to be widely distributed in plant tissues.?” In the presence of this
enzyme an equilibrium is established in which starch, inorganic phos-
phate, and glucose-1-phosphate participate. The reaction from left to

Starch + H,PO,

Ewep— Glucose-1-phosphate

right represents breakdown of starch, not in this case by simple hydrol-
ysis such as is brought about by amylase but rather by a phosphorolysis
in which the elements of phosphoric acid are added to each severed hexose-
hexose bond. The reaction from right to left represents starch synthesis
from Cori ester. The energy needed for the synthesis of the hexose-
hexose bond comes then from the energy of the phosphate linkage in
glucose-1-phosphate and is derived originally from the energy used in
phosphorylation of glucose to glucose-1-phosphate. The starch phos-
phorylase reaction thus resembles that discussed earlier in which sucrose
is synthesized from Cori ester and fructose. In both cases the hydrolytic
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breakdown of the carbohydrate are reactions in which the equilibria are
far over toward the side of hydrolysis. Synthesis of the carbohydrate in
nature takes place therefore by a different reaction which starts with a
different material, i.e., Cori ester, and the reaction carried out is one in
which an equilibrium more favorable to synthesis is involved.

The equilibrium constant of the starch phosphorylase reaction is
determined by the concentrations of the HPO,~ and glucose-1-HPO,~
anions and hence depends on the pH of the solution which in turn deter-

(HPO~)

(Glucose 1.HPO,~) — K =22

mines the proportion of the divalent anions to other anions present in
solution. Thus at pH 6.0 the ratio of total inorganic P to glucose-1-
phosphate-P in the equilibrium mixture is 5.7. The starch concentration
does not appear in the equilibrium expression since the starch is present
as a solid phase and hence maintains a constant concentration.

It was noted by Hanes that purified phosphorylase preparations show
an induction or lag phase in which the formation of starch from Cori ester
starts but slowly. This induction phase may be overcome by adding a
trace of starch to the system as a priming agent. Dextrins are less effec-
tive as priming agents than starch, while glucose is even inhibitory.3!
Glycogen is a good priming agent for plant phosphorylase and amylo-
pectin for animal phosphorylase. The quality which determines a good
priming agent appears to be the presence of many short starch chains or
branch points.

The starch produced by potato phosphorylase is similar to amylose in
that it consists of long unbranched chains containing 200-300 glucose
units.2® These long chains are formed by addition onto the chains
already present in the small amount of starch or other priming agent
needed to start the reaction. It is important from this standpoint that
the long unbranched chains of synthetic starch cannot serve as priming
agents. The usual starch phosphorylase may be termed a 1,4 linkage
phosphorylase since it appears to link glucose residues only through these
two positions and does not form or attack glucose residues linked through
the 1,6 positions. A separate factor is therefore responsible for the
formation of the 1,6 or branch point linkages of amylopectin. This
factor like phosphorylase is found in potato tubers, where it has been
called Q enzyme by Haworth, and is a substance which in conjunction
with phosphorylase yields an amylopectin-like substance rather than
amylose.? Q enzyme or isophosphorylase produces 1,6 linkages from
glucose-1-phosphate but does so only on the terminal residues of chains
of 1,4 linked a-glucosidic residues.
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Muscle phosphorylase has been isolated in crystalline form?®® and found
to require adenylic acid (adenine-ribose-5-phosphate) as a coenzyme.
Potato phosphorylase which has also been purified does not appear to
require adenylic acid as a cofactor,® although this may merely mean that
the adenylic acid is firmly bound in the protein as a prosthetic group. No
other activator appears to be needed. Phosphorylase is widely dis-
tributed in plant tissues and is probably universally present in cells which
have the ability to form starch. Much of the phosphorylase activity of
tissues such as those of seedlings of various kinds is present in the insoluble
particles of the cytoplasm. Leaf phosphorylase is similarly associated
with the chloroplast.3?

The glucose-1-phosphate formed as the result of action of phos-
phorylase on starch is transformed to glucose-6-phosphate by the enzyme
phosphoglucomutase, which has been discussed earlier. Glucose-6-phos-
phate may in turn suffer any one of several fates including conversion to
fructose-6-phosphate and ultimate utilization in respiration. It is clear
therefore that in the plant the regulation of starch concentration is not a
simple matter, even when as in the potato the amount of amylase is
negligible in comparison to the phosphorylase present. In general it
should be expected however that factors such as respiration which should
act to lower the glucose-6-phosphate concentration, should tend to pro-
mote starch breakdown. Factors causing a lowering of the inorganic
phosphate level should, on the contrary, tend to cause starch synthesis
and the same should be true of simple pH changes, increases in acidity
favoring increased starch synthesis owing to the effect of pH on the
equilibrium between starch and Cori ester. The regulation of the starch
level in the higher plant has as yet been experimentally analyzed in terms
of the phosphorolytic system only by Arreguin and Bonner in the case of
the potato tuber.?? Potato tubers when stored at temperatures above

TaBLE 5-3. Changes in sugars and sugar derivatives in potatoes stored at various
temperatures. (After Arreguin and Bonner3?)

Initial
(from Amount in % dry wt. of tissue
common after 2 weeks at temp. indicated
Substance storage) 0° 9° 16° 25°
Starch 67.0 61.0 65.0 63.0 64.0
Glucose 0.62 0.79 0.73 0.49 0.56
Fructose 0.17 1.50 0.34 0.22 0.15
Sucrose 1.07 6.65 1.25 0.75 0.84
Glucose-1-phosphate 0.00 0.17 0.04 0.00 0.00
Glucose-6-phosphate 3.50 0.70 0.66 4.20 4.50
Fructose-6-phosphate 0.17 2.50 1.05 0.25 0.35
Triose phosphate 0.37 0.94 1.07 0.57 0.26
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approximately 10° C retain their starch. At temperatures between 0°
and 10° starch is rapidly lost and sucrose accumulates. In addition to
these changes in starch and sucrose, changes in the phosphorylated com-
ponents occur as summarized in Table 5-3. At high temperatures potato
tubers contain much glucose-6-phosphate, at low temperatures much
fructose-6-phosphate, and it is therefore clear that starch degradation at
low temperatures involves changes in the phosphorylated sugars. No
changes in amount of phosphorylase of the potato were found, but it was
discovered that potatoes stored at high temperature accumulate an

Sta[rch

Liquefying enzyme
+H.0
a-Malt amylase
+H:0
B-Malt amylase
+H.0

Starch phosphorylase
+H;PO4

Sucrose
phosphorylase

Less viscous  Dextrins  Maltose Glucose-1-phosphate —====——=—== Sucrose

starch + Phospho- +fructose
residual gluco-
dextrin mutase Phosphatase
Glucose-6-phosphate ———— Glucose
Phospho-
hexo-

isomerase Phosphatase
Fructose-6-phosphate —————— Fructose

Respiratory intermediates

Fic. 5-13. Summary of enzymatic reactions of starch.

inhibitor of this enzyme and that the inhibitor disappears when the tubers
are moved to low temperatures. Changes in phosphohexoisomerase
activity and in activity of the sucrose synthesizing system were also
apparent. It would seem that starch breakdown in potatoes stored at
low temperature is induced by (1) disappearance of the phosphorylase
inhibitor and (2) increased activity of systems capable of withdrawing
glucose-1-phosphate for other syntheses such as that of sucrose.
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JHAPTER 6

INULIN AND THE WATER-SOLUBLE POLYSACCHARIDES

Inulin. The polyfructoside inulin replaces starch as the reserve
carbohydrate in a number of species, particularly in the Compositae.
Thus inulin constitutes a major reserve material in tubers of Dahlia and
Helianthus, in roots of Tarazacum including the rubber-bearing species
kok-saghyz and in chicory (Cichorium intybus) as well as in the roots,
stems, and leaves of Parthenium argentatum, the guayule. Inulin is also
found scattered through a wide variety of other families of dicotyledonous
plants as well as in the families Liliaceae and Amaryllidaceae of the mono-
cotyledons. In some species as in guayule, inulin is found to the exclusion
of starch. In others, as in Iris ziphium, both starch and inulin are
present. In the inulin-bearing species, the material is deposited under

- -
HOH ;C—-0— —H,C—>—0H
H-~OH H-~OH
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Fi1c. 6-1. Structure of inulin showing arrangement of fructofuranose residues in
chains.

conditions favorable to carbohdyrate storage just as is starch in starch-
bearing plants, and inulin is also mobilized when conditions demand as is
starch.! The role of inulin as a reserve sugar is then well established.

Inulin is soluble in hot water and in fact may be prepared by extract-
ing the tissue with hot water, followed by precipitation of the inulin at low
temperatures, as 0°C. Inulin on acid hydrolysis gives a quantitative
yield of p-fructose. Methylation followed by hydrolysis yields 3,4,6-
trimethyl-p-fructofuranose and a smaller portion of 1,3,4,6-tetramethyl-
p-fructofuranose. The bp-fructofuranose units are therefore bound
together through 1,2 linkages and the ratio of tri- to tetramethylfructose
in the hydrolysis products indicates an average chain length of approxi-
mately twenty-eight fructose units.?

66
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Inulin in contrast to starch possesses a definite reducing power, indi-
cating the presence of an appreciable number of free carbonyl groups in
the molecule. Quantitative estimation of the chain length of inulin is then
possible by the determination of the number of these free reducing groups
on the assumption that one such group occurs in the terminal residue of
each fructofuranoside chain. The oxidation is best carried out with
periodate, which in the presence of potassium chloride oxidizes the ter-
minal residue quantitatively as described earlier, with the production of
formic acid. Application of the method to inulin gives a chain length
value of twenty-five residues, in good agreement with the value of approx-
imately twenty-eight residues obtained by methylation end group assay.

Inulin is not attacked by amylases. It is, however, hydrolyzed by
B-fructosidase (invertase) at a very slow rate, about 0.029% of the rate at
which sucrose is attacked.? The pH optimum for g-fructosidase hydrol-
ysis of inulin is 3.5-3.7, lower, however, than the pH optimum of 5.0-5.5
found for sucrose hydrolysis by the same enzyme. In addition an active
inulase is known from fungi, especially from Aspergillus niger and Peni-
cillium glaucum and a similar enzyme is also found in yeast, in Pneumo-
coccus and in the hepato intestinal juice of the snail, Helix pomatia. It is
not known however to occur in higher plants and in general it may be
said that, with the exception of g-fructosidase, enzymes for which inulin
is a substrate have not been found in higher plants.

Our understanding of the mechanism of fructosan formation has been
greatly increased by the work of Hestrin and Avineri-Shapiro.* These
investigators worked with the polyfructoside formed by the bacteria
Aerobacter levanicum. The structure of this material is not identical with
that of inulin since the fructose residues are linked through carbon atoms
2 and 6 rather than through atoms 1 and 2 but the mechanism involved
may nevertheless be of general application. Autolyzed cells of Aerobacter
levanicum contain an enzyme, levan sucrase, in whose presence sucrose is
dissimilated essentially to free glucose and polyfructoside. Some addi-

n Sucrose — n(p-glucose) +  (p-fructose),
Sucrose Free glucose  Fructosan (levan)

Overall reaction concerned in fructosan formation in Aerobacter

tional sucrose appears to be merely split by the invertase of the organism
with liberation of equimolecular amounts of glucose and fructose. The
enzymatic reaction is reversible although the rate in the direction of
sucrose synthesis from levan is slow compared to the reverse rate. The
energy for formation of the fructose-fructose bond in this synthesis is
derived then from the energy stored in the sucrose bond. No phosphate
transfer appears to be involved in the reaction, and production of levan
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fails to take place from fructose or from dextrose, indicating the absence
of any highly active phosphorolytic system in the organism. An enzyme
system similar to that described for Aerobacter has been found in another
bacteria, Bacillus subtilis.®* Whereas with Bacillus subtilis the enzyme is
adaptive and appears only when the organism is grown on medium con-
taining sucrose, in Aerobacter the enzyme is constitutive and is present in
the cells under all conditions.

No evidence that inulin synthesis in the higher plant parallels the
course of levan synthesis in lower organismsis yet available. It should be
stressed, however, that investigations of the metabolism of inulin in
higher plants have been far less numerous than those of starch and have
in recent years mainly concerned the possibility of phosphorolytic inulin
synthesis and breakdown. Enzymes for this type of inulin metabolism
do not appear to exist, at least in the guayule.

The Water-Soluble Polysaccharides. A number of polysaccharides
which occur in higher plants and more particularly as products of micro-
organisms, have in common the property of cold water solubility. This
property is associated with short chain lengths, not more than six to ten
sugar residues being ordinarily associated in a single chain. The water-
soluble polysaccharides are in a sense intermediate between the disac-
charides on the one hand and the polysaccharides on the other.

Water-Soluble Fructosans. Short chain length fructosans are found
widely in the grasses. These substances may be isolated from cold water
extracts of tissue after exhaustive extraction of soluble sugars with 809,
ethyl alcohol. The fructosan of barley leaves has been methylated,
hydrolyzed, and a mixture of 1,3,4-trimethyl- and 1,3,4,6-tetramethyl-
p-fructofuranose obtained, indicating that the substance consists of
chains of fructofuranose units linked through 2,6 linkages.® The chains,
which are apparently unbranched, are approximately ten fructose units
in length. A similar sugar has been obtained from leaves of rye. Aspar-
agosin, obtained from asparagus roots, is a polyfructoside in which
approximately ten p-fructose residues are linked through carbon atoms 1
and 2 as in inulin.’

A different type of water soluble fructosan has been isolated from roots
of timothy (Phleum pratense). This sugar, which makes up over 3% of
the weight of roots, on methylation and hydrolysis yields principally
1,3,4-trimethylfructofuranose and is believed to consist of chains of
fifteen to sixteen p-fructofuranose residues linked through carbon atoms
2 and 6.* Similar fructosans have been obtained from Poa trivialis and
from rye. A fructosan obtained from roots of Iris apparently contains a
branched-chain structure since it yields on methylation and hydrolysis
equal amounts of 3,6-dimethyl- and 1,3,4,6-tetramethylfructose.?
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F1c. 6-2. Possible structure of branched-chain fructosan, irisin, of /71s rhizomes.
The fructose is present in the furanose form

Water-Soluble Barley Glucosan. Although the leaves of barley
contain a fructosan, the roots contain moderate quantities (0.4% on a dry
weight basis) of a water-soluble glucosan which may be isolated by meth-
ods similar to those used with the fructosans of leaves.’® This glucosan
yields only glucose on acid hydrolysis while hydrolysis following methyla-
tion yields primarily 2,3,4-trimethylglucose. The sugar appears to
consist of glucopyranose chains linked through the 1,6 positions and con-
taining seven to cleven glucose residues per chain on the basis of molecular
weight determinations. In this polysaccharide the glucose residues are
therefore linked as they are in the disaccharide gentiobiose. The polysac-
charide is not attacked by g-malt amylase. Hehre has elucidated the
mechanism of glucosan formation in the microorganism Leuconostoc
mesenteroides.!’ This glucosan, or dextran as it is known to micro-
biologists, differs from those of the higher plant by possessing a branched-
chain structure in which a main chain with 1,6 linkages may contain 1,4
linked branch residues. Dextran formation proceeds from sucrose as a
substrate and, as with levan, according to the equation:

n-Sucrose — (p-glucose), + n(p-fructose)
Sucrose, Glucosan Free fructose

Overall reaction concerned in glucosan formation in Leuconostoc

Water-Soluble Mannosan. When Penicillium charlesit is grown on
glucose media, a mannose-containing water-soluble sugar is produced.
The compound consists of mannopyranose units linked through positions
1 and 6 into chains containing approximately nine mannose units.!2
This sugar is then the mannose analog of the barley root glucosan.
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PART II. THE CELL WALL AND CELL WALL
METABOLISM

CHAPTER 7

CELLULOSE

The Structure of Cellulose. Cellulose is the principal cell wall
constituent of the higher plants and is found alike in young growing cell
walls and the mature much-thickened walls of fibers. In both cases,
cellulose occurs together with varying amounts of associated polysac-
charides and other related materials, although secondary walls contain in
addition nonpolysaccharide materials such as lignin and silica. It is
nevertheless the cellulose to which the physical properties of the cell wall
are believed to be due, and the mechanism of plant growth as well as the
mechanical stamina of mature plants are both intimately associated with
the peculiar properties of this substance. Cellulose may be found in an
almost pure form in nature in the bast fibers of ramie (Boehmeria nivea)
and in the sced hairs of cotton. These fibers are elongated cells with
heavily thickened cell walls, and in both cases the mature fibers are dead
cells in which the meager remnants of protoplasm are unimportant in
comparison with the mass of cell wall. Both ramie and cotton have been
much used in the study of the structure of cellulose.

Cellulose on acid hydrolysis gives a quantitative yield of 8-p-glucose!
and, on carefully controlled hydrolysis, cellobiose (4-p-glucopyranose
B-p-glucopyranoside) may also be recovered. It was additionally shown
by the early studies of Irvine and Hirst and of Haworth that on methyla-
tion and hydrolysis a quantitative yield of 2,3,6-trimethylglucose is
obtained from cellulose.2 This fact taken together with the occurrence of
cellobiose units in cellulose indicates that cellulose consists of long chains
of glucopyranose units linked through carbon atoms 1 and 4 by g-glucosidic
bonds. The chains appear to be unbranched since no dimethylglucose is
recovered on hydrolysis following methylation. Cellulose methylated in
the absence of oxygen yields no detectable tetramethylglucose on hydrol-
ysis, indicating an extremely long apparent chain length for the material.
Methylation in the presence of oxygen does not yield accurate information
as to chain length since such treatment causes a small amount of degrada-
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tion of the native cellulose molecule into shorter units and yields as an
artifact an erroneously large amount of tetramethylglucose.?
Crystallography of Cellulose. The application of purely organic
chemical methods establish then that cellulose consists of long chains of
glucopyranose units linked through g-glucosidic linkages. The applica-
tion of physical methods, primarily the techniques of x-ray diffraction
and of optics, has given us in addition a clear picture of the orientation
and organization of cellulose chains in the cell wall. From a historical
point of view also it is of importance to note that the chain structure con-
cept as applied to the structure of biologically important compounds, an
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Fia. 7-1. Left, fiber diagram produced on plate by diffraction from ramie
fiber; right, diagrammatic representation of fiber diagram produced by cellulose
fiber. A is the equator, at right angles to fiber axis. hl1l, h2l, h3l are successive
hyperbolae or layer lines. The most intense spots, labeled 002, are those due to
reflections from the planes which contain the pyranose residues and which are parallel
to the fiber axis. (From Frey-Wyssling)

idea which has been exceedingly fruitful in many fields, had its inception
in the classical work of Sponsler and Dore® with cellulose.

If one prepares a bundle of ramie fibers and permits a beam of mono-
chromatic x-rays to fall upon it (Fig. 7-1) and if one allows the beam after
passing through the bundle to fall on a photographic plate, an x-ray
diffraction pattern is obtained on the plate. The ability of cellulose
fibers to diffract x-rays shows that the fiber is crystalline and contains
atoms regularly arranged in a series of intersecting planes to form a crystal
lattice. X-rays are refracted by crystals, since the scattering centers in
a particular crystallographic plane act as a mirror toward the x-rays
incident on them. If the crystal is large enough and contains a sufficient
number of refracting planes, then interference patterns result from inter-
action between the reflections of the successive planes. The general law
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for a maximum in the reflection pattern is known as Bragg’s law and is
given by
n\ = 2d sin 0 (1)

in which lambda is the wave length of the incident x-rays, d the distance
between the identical reflecting planes, and 6 is the angle which the inci-
dent beam makes with the crystal planes. The scattering centers in a
crystal plane are the individual atoms of which the crystal is composed.
Since these atoms in many crystals recur regularly at intervals which are
of the order of the length of x-rays, 1-20 A, we may use x-ray crystal-
lographic methods to tell us about the distances between identically
positioned atoms in a crystal.

In the determination of crystal structure by the help of x-rays, the
angle at which a beam of x-rays of a given wave length is reflected from a
given set of atomic planes is determined, and the corresponding distance
between the planes then calculated. The diffracted beams are recorded as
spots on a photographic plate which is placed behind the crystalline
object. The spots nearest the center or undeviated beam are those which
arise from planes which are farthest apart in the crystal, while the spots
which are farther from the center are those due to the closer sets of planes.
The diffraction spots fall on hyperbolae (layer lines) which intersect an
axis along the plate and which are related to the distance between the
atomic planes. The interval between identical planes at right angles to
the fiber axis can be calculated by equation 2 for a fiber irradiated with a
beam of x-rays at right angles to the fiber axis,

k-X
sin 7

Identity period along fiber axis = (2)

in which k is the number of the hyperbola numbering from the center and
ng is the angle made by the diffracted beam with the undeviated beam.

Demonstration of the crystalline nature of cellulose by means of x-ray
diffraction was first made by Nishikawa and Ono in 1913% with fibers
of hempJalthough their paper remained unnoticed until after those of
Scherrer and of Herzog and Janke in 1920, both of whom used fibers of
ramie. Later authors, including Sponsler and Dore® and Meyer and
Mark?, have shown that such fibers give strong diffractions from planes at
right angles to the axis and 10.2-10.3 A apart. The distance separating
planes parallel to the fiber axis can be similarly calculated and are, accord-
ing to Meyer and Mark, 8.3 and 7.9 A. These three dimensions, 10.3 X
83 X 7.9 A, give then the size of the unit cell of cellulose, the smallest
portion of crystal which by mere translation in three directions would
reproduce the entire crystal. The angle between the 7.9 and 8.3 R sides



74 PLANT BIOCHEMISTRY

has been estimated by Meyer and Mark as 84°, while these planes make
an angle of 90° with those perpendicular to the fiber axis.

Arrangement of a Cellobiose in the Unit Cell.® We are now in a
position to calculate the number of glucose residues contained in the
crystallographic unit cell of cellulose. The volume of the unit cell is
670 &3 (8.3 X 7.9 X 10.3 &); this multiplied by the density of cellulose
(1.5-1.6) gives the weight of the unit cell. This weight divided by the
molecular weight of C¢H 10,05 and multiplied
by Avogadro’s number gives the number of
glucose residues per unit cell as four. The
problem of the arrangement of four glucose
residues within the unit cell was first
attacked by Sponsler and Dore who made
models of cellobiose using the known inter-
atomic distances. The resulting model
(Fig. 7-2) shows that the oxygen-oxygen
distance along the disaccharide, from the
glucosidic bond at the number one carbon
atom of one residue to that at the number
four carbon atom of the second residue, is
10.3 K, a distance identical with that found
for the period along the fiber axis. In the
Fra.7-2. Structure of cellobiose.  game way, the width of the cellobiose residue

is found to be approximately 7.5 K, account-
ing for the width of the unit cell. Further orientation of cellobiose units
in the unit cell can be done by consideration of the relative intensities of the
several diffraction spots since it is known that the most intense spots are
those resulting from: the planes most densely populated with atoms.
Such planes are assumed to be those in which the pyranose rings them-
selves lie. In the unit cell of cellulose four cellobiose residues lie on the
four edges of a parallelepiped in such a manner as to form two planes of
pyranose residues, the planes being 8.3 A apart. Each of the four cello-
biose residues is shared by the four unit cells to which the edge is common.
Since the unit cell must contain four glucose residues, it is assumed that
each unit cell contains in addition a cellobiose chain passing through it at
the intersection of the diagonals of the cross section of the parallelepiped.
This center chain is not in the same orientation as those at the corners of
the unit cell but runs in the reverse direction and is out of phase with them
by being translated along the fiber axis to the extent of one-half of a resi-
due. Cellulose consists then of chains of glucose residues linked together
through 1,4 B glucosidic linkages, the chains being arranged in a regular
fashion within a rhombohedral unit cell.
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Molecular Weight of Cellulose. It is next a matter of importance to
consider the length of the individual cellulose chains. The x-ray diffrac-
tion method provides a method for the determination of the size of the
undisturbed crystal lattice responsible for any particular reflection. The
greater the number of reflecting planes in the crystal the sharper the dif-
fraction spot, while small numbers of reflecting planes result in broad,
unsharp diffraction spots. From the quantitative relations between the
width of each set of diffraction spots and the number of planes in the
lattice responsible for the refraction, Hengstenberg and Mark® have cal-
culated that the cell wall of the fiber contains cellulose in blocks roughly
55 & in cross section by 600 Ain length. The chains would thus contain
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Fia. 7-3. Spatial representation of the unit cell of cellulose. (After Meyer and
Misch)

according to this criterion roughly only 120 glucose residues. Molecular
weight determinations on cellulose by other methods show however that
the chains are in actuality much longer than this. Of the various meth-
ods available for this purpose, that of osmotic pressure of the substance is
the simplest. The number of molecules in a known weight of material is
simply determined by the osmotic pressure of the material in solution.
This method is poorly applicable to high-molecular-weight materials,
however, since (a) even with high concentrations of the material only low
osmotic pressures are obtained, and (b) small amounts of low-molecular-
weight impurities contribute unduly to the observed osmotic pressure and
cause errors in the direction of lowering the calculated molecular weight.
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A second method of molecular weight determination, developed pri-
marily by Staudinger!?, is based on the fact that with substances of a
polymeric series, the viscosity of their solutions increases with molecular
weight. This relation may be expressed as follows:

7y (specific viscosity) = Kn-M -

where M is the molecular weight of the material, ¢ the concentration in the
solution, and K., is a constant characteristic of material and solvent used.
The specific viscosity is in turn calculated from the measured viscosity
from the relation
__ Teolution
¢ Mo = Tsolvent 1

In this viscosimetric method it is necessary to evaluate Kn by some inde-
pendent method, as by osmotic pressure measurements on lower-molec-
ular-weight members of the series under consideration, or alternatively
by ultracentrifuge measurements (see below). The viscosimetric method
is, however, highly convenient where large numbers of determinations are
tobe made. The most generally satisfactory method of molecular weight
determination on high-molecular-weight compounds is that of ultra-
centrifugation in which the rate at which the molecules are sedimented in
centrifugal fields of 50,000 to 400,000 times gravity is directly measured.
From the rate of sedimentation of the solute molecules the molecular
weight may be directly determined.!! For all methods of molecular
weight determination it is essential to obtain the cellulose in solution.
Fortunately, cellulose is soluble in Schweizer’s reagent, cuprammonium
solution, which contains cupric hydroxide dissolved in concentrated
ammonium hydroxide. In this solvent cellulose disperses to individual
long-chain molecules and if air is excluded degradation of the chains into
shorter chains appears to be slight. Table 7-1 gives a selection of data
on the molecular weights of cellulose from different sources and although

TaBLE 7-1. Molecular weights of cellulose from various sources and obtained by
various methods

Author

No. of glucose resi- (Refer-

Source of cellulose Method Molecular wt.  dues per chain ences)
Cotton Viscosity 330,000 2020 12
Ramie “ 430,000 2660 12
Manila hemp “ 320,000 1990 12
Spruce wood “ 220,000 1360 12
Cotton Ultracentrifuge 150-500,000 1000-3000 13
Cotton . «“ 1,500,000 9200 14

Ramie “o 1,840,000 11,300 14
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it is clear that there are major differences between methods, sources of
cellulose, and investigators, still the molecular weights indicate that cel-
lulose contains 1400-10,000 glucose residues per chain, or a total length
of 7000-50,0Q0 & units per chain. These values are ten times or more the
length indicated above for the length of the individual crystalline aggre-
gates in the cell wall. It would appear therefore that in cellulose each
chain of glucose residues participates in the formation of more than one
crystal lattice; that the chains come together to form a well-ordered array
for a distance of 600 A and then fray out, each chain rejoining with others
to form other orderly crystalline units.

Micellar Structure. The individual submicroscopic crystalline aggre-
gates which are responsible for the x-ray diffraction pattern of cellulose
are known as micelles, a term first used by the botanist Nigeli in 1858 to
denote the submicroscopic building blocks of plant materials. That the
plant cell wall is indeed made up of submicroscopic micelles is shown not
only by the x-ray data but by a host of other properties including that of
swelling in water. When fibers such as those of ramie take up water with
consequent increase in diameter, the x-ray diagram remains unchanged,
indicating that water molecules have not entered into the crystal lattice
but have rather been taken up in spaces between refracting units.
Swelling in the direction of the cellulose chains is many times smaller
than swelling at right angles to the fiber axis. Thus the primary valence
bonds which influence the properties of cellulose along the fiber axis are
greater than the lateral forces between chains which operate at right
angles to the fiber axis.

A quantitative method for estimation of the total intermicellar space
in a cell wall has been suggested by Balls!® and is based on change of
weight of the fiber when the air in the fiber is displaced by a lighter gas.
The specific weight of the fiber is determined in air. The air is then dis-
placed by helium and the decrease in weight is determined. This method
indicates that about 209, of the cotton fiber consists of intermicellar gas
space. The ready penetration of the gas (or of water) through the fiber
indicates that the intermicellar spaces are interconnected in one continu-
ous phase.

Many crystalline objects possess different indices of refraction for
visible light when the crystal is viewed along different crystallographic
axes. Such an object is said to be double refracting and is able to rotate
the plane of polarization of a beam of plane-polarized light. When a
beam of plane-polarized light falls upon a double refracting object, the
beam is resolved into two components which travel through the object
with two different velocities corresponding to the two different indices of
diffraction. As the two beams emerge from the object they are recom-
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bined to a single polarized beam which does not necessarily have the same
plane of polarization as the original beam and is in general rotated through
a readily determinable angle. Double refraction may also result from the
appropriate assemblage of particles which are not thems:lves double
refracting.'¢ Consider a body consisting of two phases, the one phase an
isotropic (non-double refracting) solid, the other an isotropic fluid. Sup-
pose that the particles of the solid phase are elongated cylinders and that
the distance between the cylinders is small compared to the wavelength
of light. It is an empirical fact, also derivable on physical grounds, that
a body so constituted is double refracting and that the magnitude of the
double refraction depends on the differences between the indices of refrac-
tion of the disperse and dispersion phases, as is shown in Fig. 7-4. If the
index of refraction of the dispersion medium just equals that of the solid
phase the double refraction of the body as a whole disappears. If, how-
ever, the index of refraction of the dispersion medium is either larger or
smaller than that of the solid phase, the body as a whole is double refract-
ing. This double refraction is known as double refraction of form, or
form double refraction, to distinguish it from double refraction due to
molecular structure, or intrinsic double refraction. If the solid phase is
itself double refracting owing to its crystallographic nature, the system
may still show a double refraction of form, which will then be super-
imposed on the intrinsic double refraction of the solid phase. When the
body is infiltrated with fluids of varying indices of refraction, a minimum
for the double refraction for the body as a whole will occur when the index
of refraction of the fluid equals the mean of the indices of refraction of the
particulate phase. In fact, infiltration of the body with fluids of varying
indices of refraction may be used to distinguish between intrinsic and form
double refraction of an object. With increasing index of refraction of the
immersion fluid, the double refraction of the object approaches a mini-
mum, the index of refraction of the immersion fluid at the minimum being
just equal to the mean of the indices of refraction of the crystalline phase.

Cellulose as it is found in cell walls shows double refraction of form'
and since it does, it must consist of submicroscopic anisodiametric units
separated by spaces. In the cell walls of many cells these spaces are filled
with varied substances, such as lignin in the case of lignified tissues, silica
in the case of tissues from grasses and Equisetum. By oxidation of the
cellulose of silica-impregnated cell walls with a chromate-sulfuric acid
mixture or with potassium chlorate, a silica skeleton may be obtained in
which the volume formerly occupied by cellulose is represented by empty
spaces. These silica skeletons exhibit strong double refraction of form as
is shown for the cell walls of barley awns in Fig. 7-5. Similar results have
been obtained with lignified cell walls from which all cellulose has been
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removed by Schweizer's reagent. We must therefore conclude thr-;t in
the cell wall, cellulose is disposed in the form of submicroscopic rod-shaped
units, or micelles, the micelles being separated by intermicellas;.spaces.
These micelles, whose existence in native cellulose is indicates. by purely
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F1a.7-5. Double refraction
of form shown by silica skeletons
of the hair of barley awns.
Abscissa: Index of refraction of
the liquid with which skeleton
is infiltrated. Ordinate: Magni-
tude of double refraction ex-
pressed in terms of path differ-
ence between two components of

optical methods, are the units whose size
is determined by the x-ray diffraction spot
width method.

The size of the intermicellar spaces in
the cellulose of ramie can be determined in
still another way, namely by bringing about
the deposition in the wall of foreign crystal-
line substances. Fibers are soaked in solu-
tions of AgNQj; or of AuCl, and, after the
salt has had time to penectrate thoroughly,
crystals of the metal are deposited within
the fiber by reduction either by light or
by reducing agents such as hydrazine.!®
Fibers treated in this way show strong
dichroism, i.e.,, they arc colored when
viewed in polarized light and show different
colors, depending on whether the electrical
vector of the light is parallel to or at right
angles to the axis of the fiber. Since both
silver and gold crystallize in cubic crystals

and are themselves isotropic, it is clear
that the dichroism which they cause
must be due to an anisodiametric arrangement of the individual metal
crystals. When fibers impregnated with silver or gold crystals are sub-
jected to x-ray diffraction, a double pattern is obtained. Superimposed
on the fiber diagram of the cellulose is a weaker diffraction pattern
(Debye-Scherrer diagram) due to the metal crystals. From the width of
these diffraction lines, Frey-Wyssling has calculated that although indi-
vidual silver crystals deposited in ramie may be as much as 84 & in widtb,
they are on an average of the order of 10 & wide.” This variation in size
of the intermicellar spaces finds its explanation in the organization of the
micelles into still larger units, the microfibrils, which contain twenty or
more micellar strands. The smaller spaces are those within the micro-
fibril itself while the larger spaces are those between separate microfibrils.

Cellulose does not stain with iodine as does starch, but treatment of
cellulose with agents which swell it greatly, as concentrated ZnCl; or 729
H,S0,, cause the material to become stainable with iodine. The stained
fibers show a striking dichroism, appearing blue when the electric vector

beam. (After Frey-Wyssling)



CELLULOSE 81

AT YN T P Y

1) *{?—rl,‘y 4 }if:(
g ﬂ ’.“*" zi*f ,(*f’
AN AR X

bal A}?}' t“,LJA‘ Xﬁ‘
A X

o L - -

A
Fic 7-6. A. Micellar strueture of secondary cell wall; white spaces, micellar
strands.  B. Micellar structure of primary cell wall  Sohd black lines, micellar
strands; white spaces, intermicellar spaces.  (After Frey-Wyssling)

N _
g 4-+
P L - ‘
— .
[ | % cal0A
) . h
A
d .
> ca 60 A
/

s >
{ R A .
< V/\\ @100 A
-+ X
N L"I‘ Jl_ A )g\,;/\/
hd

Fi. 7-7.  Orgamuzation of cell wall into microfibrils composed of micellar strands.
Cross section through the cell wall at right angles to cellulose chains. (After Frey-
Wyssling?!)



82 PLANT BIOCHEMISTRY

of the incident light is parallel to the axis of the fiber and colorless waen
the electric vector is at right angles to the fiber. The iodine moler'.ules
probably occupy the surfaces of the cellulose micelles and arg,-nence
deposited in an oriented fashion in the fiber.* o

We may picture the cellulose of the cell wall as made up ot long chains
of glucose residucs. Each chain is packed into well-oriented crystalline
aggregates with other similar chains. The crystalline aggregates or

B

Fre. 7-8. Structure of the plant cell wall as revealed by electron microscopy.
A. Growing primary wall of corn root. B. Primary wall of ramie fiber enlarged
20,000 X.
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mNelles are, however, very short as compared to the length of the chains.
Fagh chain must thercfore participate in the formation of many micelles
and the crystalline micellar units in the wall are separated by regions
occupied by cellulose chains which are but poorly packed and are hence
amorphous rather than erystalline.  Finally the crystalline micelles are

D

(", Secondary wall of ramie fiber enlarged 20,000 X. D. Fine structure of
scecondary wall of flax fiber enlarged 20,000 X. (Ref. 21)
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separated also by an interconnected series of intermicellar spaces. Tme
nature of the organization of cellulose in cell walls into chains, miccles,
and intermicellar spaces was originally deduced by purely physical*and
chemical methods. Since the elaboration of this picture of the cell wall,
it has become possible actually to see these structures with the aid of the
electron microscope. The direct observations fully confirm those deduc-
tions made on physical and chemical grounds.?! The electron microscope
further shows clearly that the chains of cellulose are not only organized
into micellar aggregates with a diameter of roughly 60 A but that these
units are further combined into larger strands, the microfibrils, with a
diameter of 200-250 A. The microfibrils are interwoven in a textile or
fabric pattern as is shown in the electron micrographs of Fig. 7-8.

Orientation of Glucopyranose Chains in Cellulose Cell Walls. Study
of the x-ray diffraction pattern of the ramie fiber has shown that the
glucopyranose chains of cellulose are oriented parallel to the long axis of
the fiber. This orientation of the glucopyranose chains is correlated with
the indices of refraction of cellulose for light of visible wave lengths
which are:

Index of refraction parallel to long axis of fiber = 1.596.
Index of refraction at right angles to long axis of fiber = 1.525.
Difference in two indices of refraction = 0.071.

The difference between the two indices of refraction is fairly great, as
great indeed as for many double-refracting inorganic erystals. The
greater index of refraction is always parallel to the long axis of the gluco-
pyranose chains. Since the orientation of the two indices of refraction is
readily and simply determined by optical means with the polarizing
microscope,’® this instrument may be used to determine the orientation of
the cellulose chains in the cell wall. In all cell walls, the chains run in the
plane of the wall and are never radial or normal to the cell surface.
Orientation of the chains relative to the axes of the cell is, however, varied
and dependent on the nature of the cell involved. The cell walls of
mature cells consist of numerous superimposed layers which may be
divided into the primary and secondary walls.2*> Consider a cross section
through a wall which divides two cells from one another. In the center is
the middle lamella, flanked on each side by a thin layer, the primary cell
wall. It is these layers alone which are present during the active growth
in size of the cell. Abutting on the primary wall is the secondary wall,
which is deposited after growth in size of the cell has ceased. The sec-
ondary wall may be heavily thickened and may consist of several micro-
scopically differentiable layers. The middle lamella consists princi-
pally of pectic substances, whereas the adjoining layers of the primary
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Fig. 7-9. Transverse section through a fiber cell. A. Entire fiber surrounded
by fragments of other cells. B. Section through cell wall. a, middle lamella inter-
cellular substance; b, primary wall; c, outer layer of secondary wall; d, central layer
of secondary wall; e, inner layer of secondary wall. (After Bailey?2?)

wall as well as the layers of the secondary wall contain cellulose and may
be largely composed of this substance, although they may also contain
varying amounts of pectic materials, as well as other polysaccharides,
polyuronides, lignin, silica, etc. Orientation of the cellulose within each
individual layer of a cell wall may be and frequently is different from the
orientation in adjoining layers. Figure 7-10 portrays schematically
various orientations of the cellulose chains possible in elongated cylin-
drical cells. In A the chains are in the plane of the wall and are parallel
to the long axis of the cell. This arrangement is known as fiber structure,
and a close approach to such structure is found in the bast fibers of ramie
and nettle. The arrangement in B is similar to that in A except that the
chains rather than being exactly parallel to the fiber axis are subject to a
certain amount of random scattering in the planc of the wall. The chains
are then parallel to the fiber axis only in the over-all statistical sense. It
is probable that in all cell walls some scatter of this kind occurs. In
arrangement C, the chains pursue a spiral course. The spiral may be
either left or right handed and may vary in steepness from a few degrees
(computed from the fiber axis) in the secondary wall of hemp, to 30
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degrees in cotton and may be even larger in other cases. The scconfary
walls of the vast majority of fibers possess this type of spiral orientfation
of the cellulose chains. The angles of ascent of the spirals in adfoining
layers may be quite different, as shown in Table 7-2. S
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Frc. 7-10. Orientation of cellulose chains in various types of cell walls. Above:
Transverse sections through cells. Below: Longitudinal sections through same series
of cells. Chains parallel to section are represented as long dashes.  Chains perpendie-
ular to section are represented as dots. Chamns at an angle to sections are repre-
sented by dashes proportional to their projection on the sections. (After Frey-
Wyssling)

In addition to gross layering, the secondary wall may show other
microscopically visible fine structure. Thus the cotton fiber reveals in
cross section a series of rings of cellulose of alternately greater and less
intense stainability with ZnCl, and I,. The same kind of lamellated
structure is shown by the secondary walls of tracheids of many species.??
Anderson and Kerr have shown that in cotton the rings in the secondary
wall are eliminated when the cotton hair is allowed to develop under con-
ditions of constant temperature and light, with temperature being the
more important factor.2¢ At temperatures below about 20°, lightly stain-
ing cellulose is formed while at higher temperatures the denser cellulose is
deposited. Type D of Fig. 7-10 illustrates ring structure in which the
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TasLE 7-2. Angle of ascent (angle with fiber axis) of cellulose chains in cell walls of
various fibers. (After Frey-Wyssling)

Layer of secondary  Angle of ascent  Angle of ascent

Fiber wall (optical) (z-ray)*
Outer 28° left { o
Hemp Inner 2° left 19
g . Outer 7.5° right { o
Ramie Inner 3.2° right 4
Quter 10.1° right { °
Flax Inner 5 0° left 6
o
Cotton Outer 30:35 reversals { 30¢
Inner 24° reversals

* This value is essentially a mean angle of ascent weighted for the relative thick-
ness of the two layers.

chains pursue parallel courses at right angles to the axis of the eylindrical
cell. An approach to this ideal ring structure is found only in vessels
with annular thickenings, but type E, ringlike or tube structure in which
the individual cellulose chains and micelles are subject to considerable
scattering and are only statistically directed, is of wide occurrence.

A B

Fig. 7-11. Cross section of cotton fibers. A. Growth rings in swollen cross
section of field-grown fiber (X 550). B. Swollen cross section of fiber grown under
continuous illumination and unmiform temp. conditions, no growth rings formed

(X 960). (After Anderson and Kerr.2¢ Reprinted by permission.)

Thus, the primary walls of many cells possess tube structure or essentially
tube structure.?®* The primary walls of the cambium, of the developing
and of the mature fiber, of elongated cylindrical parenchymatous cells of
the growing stem and root, in fact the primary cell walls of all elongated
cells exhibit tube structure. In cells such as the sieve tubes, latex vessels,
or cylindrical parenchymatous cells in which no secondary thickening of
the wall takes place, the walls of the mature cell retain their tube struc-
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ture. In fibers, the tube structure of the original primary wall is obscured
after the cessation of cell growth by the deposition of secondary walls
having fiber or spiral structure.

The relation of the structure of the primary cell wall to the growth of
the cell has interested many investigators. It is evident that the tube
structure of the primary wall is confined to cells whose growth is par-
ticularly marked along one axis. Cells whose growth is equal in all
directions, which grow in an isodiametric fashion, such as the fleshy
parenchymatous cells of many fruits, possess cell walls in which the
cellulose micelles are completely randomly disposed. It is entirely pos-
sible that tube structure bears an intimate relation to an isodiametric
growth. Thus it is known that when optically anisotropic objects, such
as cellophane or cell walls with tube structure, are subjected to shear or
stress, the elongated cellulose molecules and micelles tend to become
oriented in the direction of stress. This may be shown in model experi-
ments with cellophane or with plant cells themselves. In normal growth,
however, tube structure is preserved even though much growth takes
place. A parenchymatous cell in the oat coleoptile may grow in length
by ten times or more without change in its tube structure and the same is
widely true with other elongating cells.252¢  During elongation then tube
structure is not lost. In part this may be due to the intercalation into
the wall of new cellulose chains oriented at right angles to the direction of
growth. Tube structure is maintained, however, even when growth takes
place at low temperatures where wall formation is largely suppressed.?’
In part then it would appear that the growth process involves changes in
the primary cell wall which allow the individual chains of cellulose to be
pulled past one another without reorientation in the direction of stretch.
The elongation of the plant cell is due to plastic stretching of the cell wall
by the turgor pressure, or pressure exerted on the wall by the osmotic
pressure of the cell contents. Regulation of growth rate is ordinarily
achieved in the plant by alterations in cell wall plasticity rather than by
alterations in osmotic pressure.”® In seedlings such as those of oat and
sunflower, which have been closely analyzed, application of the plant
growth substance, indoleacetic acid, results in increased cell wall plasticity
and in increased growth. The mechanism by which such changes in cell
wall plasticity are brought about are unknown, except that the mecha-
nism is complex and involves metabolic processes. The end result is, how-
ever, that mechanical stretching of walls whose plasticity has been
increased by application of growth substance to the tissue causes much
less reorientation of cellulose along the direction of stretch than ocecurs in
stretching of walls from tissue not treated with growth substance.?s The
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theory has been advanced that increases in plasticity of the primary wall
are due to unknown factors which weaken the side by side or lateral asso-
ciation of cellulose and particularly weaken the association between
chains. Diminution of the forces holding the chains together would not
only account for increased plasticity but also for lessened reorientation
of the cellulose chains during stretching.

Metabolism of Cellulose. Cellulose once laid down in the cell wall
of the plant does not appear to be reutilized, i.e., is not available as a
reserve food substance. A possible exception to this general rule is,
however, constituted by the walls of the parenchymatous cells of the
endosperm under the scutellum in germinating seeds.? Enzymes which
attack cellulose are accordingly less widely found in plant tissues than
are the starch attacking enzymes. Cellulase or cytase, as cellulose
enzymes are called, occurs in secdlings such as those of barley and Lupi-
nus.® Preparations of cellulase from seedlings are but little active and
have been studied only incompletely. Many microorganisms are known
to attack cellulose?! including species of Penicillium and Aspergillus,
pathogens such as Botrytis, special wood-destroying organisms as Polyp-
orus, and bacteria of many genera, including Cytophaga, Cellfalcicula, and
anaerobic organisms. The properties of cellulase are also known through
work on the enzyme of the hepato-pancreatic juice of the snail, Helix
pomatia. This juice hydrolyzes cellulose to cellobiose, and a separate
cellobiase converts cellobiose to glucose.?? In the case of cellulose-
destroying bacteria there is also evidence for the secretion into the culture
medium by the organism of two enzymes, cellulase and cellobiase.®
The two enzymes can be separated by the fact that cellulase is rapidly
destroyed by heat at 67°C, whereas the cellobiase is more stable. The
pH optimum of the cellulase from Cellulobacillus is in the region 5.0-6.0.
With the cellulose-destroying Aspergillus oryzae, there are also two
enzymes concerned, one of which, cellulase, hydrolyzes cellulose to cello-
biose with the production also of the higher oligosaccharides, cellotriose,
cellotetraose, and even cellohexaose.® This enzyme then attacks only
the higher cellulose polymers, converting them to lower polymers. The
second enzyme, a cellobiase of modified specificity, can be separated
from cellulase by preferential adsorption. This enzyme attacks cello-
hexaose and the shorter sugars including cellobiose with the production of
glucose.

Determination of Cellulose. The term cellulose as used in the
literature does not always refer to the chemical individual discussed
above. It is on the contrary frequently empirically defined as a par-
ticular cell wall fraction obtained by a particular treatment. The experi-
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mentally obtained fractions may include larger or smaller amounts of
other cell wall polysaccharides, particularly xylan and mannan. The
classical method for the determination of cellulose is that of Cross and
Bevan,3 which consists in the treatment of the cell wall with boiling
NaOH (19%) followed by chlorine and sodium sulfite. This treatment
removes lignin and leaves a residue, Cross and Bevan cellulose, which
contains not only cellulose but also other cell wall constituents not
attacked by the treatment. Many modifications of this method have
been suggested, the preliminary alkali extraction often being eliminated.3¢
Chlorine may be replaced by hypochlorite as in the methods of Norman
and Jenkins®” and others. The material obtained by these sulfite-
chlorination methods contains all the principal cell wall constituents
except the polyuronide hemicelluloses which like lignin are removed by
the extraction procedure. Results closely similar to those obtained by
the Cross and Bevan methods are given by extraction of lignin with
chlorine and ethanolamine followed by sulfite treatment of the residue.®
Ritter and co-workers have developed a procedure for obtaining the whole
carbohydrate cell wall material by treatment under conditions which
permit the specific removal of lignin.? The basis of the determination is
chlorination followed by extraction with alcohol or alcoholic etha-
nolamine. Only the chlorinated lignin derivatives, which are soluble in
organic solvents, are removed, and the polyuronide hemicelluloses are
left in the tissue. The delignified wall material prepared in this way is
termed holocellulose.

The crude cellulose once obtained may be subjected to further analysis.
Mannan and galactan may be determined by isolation of mannose and
galactose after hydrolysis of the crude cellulose in hot mineral acid.
Total pentosan may be determined by distillation in 129, HCI to yield
furfural which is determined as the phloroglucide. The crude cellulose
corrected for other hexosans, pentosan, residual ash, and lignin, gives an
estimate of the pure cellulose.

Crude cellulose may be fractionated into -, 8-, and y-ccllulose accord-
ing to solubility in 17.5% NaOH as suggested by Cross and Bevan. This
treatment removes xylose and variable amounts of the other noncellulosic
cell wall constituents. Alpha-cellulose constitutes that portion insoluble
in 17.59% NaOIl and approximates pure cellulose. Beta-cellulose is the
fraction precipitable from the alkaline extract by acidification, while -
cellulose is the fraction which is alkali soluble but not acid precipitable.
The values for a-cellulose are frequently given in the literature and may
be used as an approximation of the pure cellulose content of a wood, leaf,
or straw, etc. sample. Beta- and gamma-cellulose correspondingly repre-
sent noncellulosic polysaccharides removed by the treatment. The rela-
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tions between the various fractions of the cell wall, whole cellulose and
truc cellulose are summarized in Fig. 7-12.

Crude fiber
|
[ |
Chlorine Chlorine
Na,S0; ale. ethafolamine
Cross and Bevan cellulose residue Holocellulose residue
(Lignin & polyuronide hemicellulose (Lignin removed)
remored)
|
Ext. with colld 17.59% NaOH
il L %
Insoluble Soluble, pptd. Soluble, not,
a-cellulose by Ht pptd. by H*
True cellulose B-Cellulose v-Cellulose

Fia. 7-12. The solubility relations of cellulose and methods for obtaining pure
cellulose.
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CHAPTER 8

NONCELLULOSIC POLYSACCHARIDES

Mannans and Galactans. Polysaccharides which yield only mannose
on hydrolysis are found in cell walls of the straw of many grasses, of
leaves, of wood, of seeds, and of microorganisms. The ivory nut, a palm
seed (Phytelephas macrocarpa) contains a mannan as a major cell wall
constituent.! This sugar, which is also found in the date seed, yields on
methylation and hydrolysis 2,3,6-trimethylmannopyranose together with
4 small amount of 2,3,4,6-tetramethylmannopyranose. Thus the man-
nose residues are linked through 1,4 linkages as in starch or cellulose.
The chain length, as indicated by the ratio of tetra- to trimethylmannose
among the hydrolysis products, is approximately seventy-five residues.
The mannose of ivory nut yields an x-ray diffraction pattern indicating
that the mannose chains are arranged in crystalline micelles as in cellulose.

Yeast cells contain a mannan? which on methylation and hydrolysis
yields equimolecular amounts of di-, tri-, and tetramethylmannopyranose.
The presence in the original molecule of 1,2; 1,3; and 1,6 linkages is thus
indicated. From the large amount of dimethylmannose obtained it is
clear that a much-branched structure is involved, possibly one in which
each mannose residue in a principal 1,2 linked chain is in turn linked
through a 6,1 linkage to a two-residue branch chain. In each branch, the
terminal residue would appear to be attached through carbon atom 1 to
either carbon atom 2 or carbon atom 3 of the central residue. At least
200400 residues are associated in a single molecule.

Mannan, similar to the ivory nut material, occurs as a major cell wall
constituent in wood of the coniferous trees, and the quantitative deter-
mination of mannan has mainly arisen in connection with wood analysis.
The wood mannan is contained in the crude (Cross and Bevan) cellulose
fraction of wood but is hydrolyzed by hot 5-109, mineral acid. The
mannose may be precipitated from the hydrolysis mixture as the phenyl-
hydrazone under standard conditions and the original mannan thus
estimated.? Mannan may also be extracted from Cross and Bevan cel-
lulose by 17.59% NaOH at room temperature. The determination of
mannan has been discussed by Schorger? and more recently by Nowot-
nowna.* The amounts of mannan found in typical woods are shown in

Table 8-1.
93
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TasLE 8-1. Amounts of mannan found in various woods. (After Nowotnowna*)

Species % mannan
Picea silchensis 60
Pseudotsuga tazxifolia 71
Tazodium distichum 30
Juniperus procera 2 4
Sequoia sempervirens 26

A water-soluble mannosan has been reported as o product of species
of Penicillzum.® 1In this sugar approximately ninc mannose residues are
associated through 1,6 linkages to form a water-soluble mannosan analo-
gous to the water-soluble glucosan of barley roots.

Galactans like mannans are of wide occurrence in secondary cell walls
of straw, wood, and seeds. A galactan isolated from lupin seeds yields
2,3,4,6-tetramethyl- and 2,3,6-trimethylgalactopyranose after methyla-
tion and hydrolysis.® Beta-glycosidic linkages through the 1 and 4

p— ——

CH.OH CH,OH
(0] O
HO /n 00— H o0——
E\OH H /4 E\OH H 4
H OH H OH
L J ca 120

Structure of galactan of lupin seeds®

positions are involved. This galactan would appear hence to bc an
analog of cellulose but consisting of long unbranched chains of galacto-
pyranose rather than of glucopyranose residues.

A galactan isolated from larch wood® possesses a branched chain
structure rather than the straight-chain structure of the seed galactan.
This material contains readily hydrolyzable arabinose and the arabinose-
free residue obtained in this way may be methylated and hydrolyzed to
yield di-, tri-, and tetramethylgalactopyranose in a 3:1:2 ratio. A
possible structure for this polysaccharide is shown in Fig: 8-1.

A water-soluble galactosan has been isolated from the culture filtrates
of Penicillium. In this compound six to cight galactopyranose units are
linked through 1,4 glycosidic linkages, with a glucopyranose unit at the
nonaldehydic end of the chain.

The galactan content of woods has been determined by methods based
on hydrolysis to galactose followed by oxidation of the galactose to mucic
acid. The mucic acid may be readily crystallized out and weighed.”
Galactan, like mannan, is removed from Cross and Bevan cellulose by
cold 17.5% NaOH. Table 8-2 gives the galactan content of warious
- ypical woods.



NONCELLULOSIC POLYSACCHARIDES 95

TaBLE 8-2. Galactan content of various woods. (After Dore?)

Wood % of galactan
Sugar pine 0 35-0 55
Redwood 0 40-0 47

Yecllow pine 0 43-0 96

A carbohydrate containing both mannose and galactose is found in
the carob bean, Ceratonia sihiqua.® The sugar yields galactose on mild
hydrolysis, while more drastic hydrolysis yields mannose in the ratio of
three-four mols of mannose to one of galactose. It is probable that all
the linkages are between carbon atoms 1 and 2, a-galactosidic bonds and

_ 1:6 1:6 -
galactose galactose —————————— galactose
3 3
1 1 1
| 6:1 | 6:1 | 6:1
galactose — galactose galactose — galactose galactose — galactose
3 3 3
1 1 1
6:1 | 6:1 | 6:1
galactose —— arabinose galactosc —— arabinose galactose — arabinose
5 ) 5
1 1 1
| 6:1 | 6:1 | 6:1
~galactose —- galactose galactose — galactose galactose — galactose™"

Fig. 8-1. Structure of galactan of larch wood.’® The terminal arabinose and
galactose residues may be interchanged.

B-mannosidi¢c bonds being involved. The carbohydrate is used in the
form of crude carob gum as a sizing agent for cloth as well as a base for
face creams and other pharmaceuticals.

Xylans and Arabans. Pentosans containing xylose or arabinose are
widely distributed as constituents of secondary cell walls. Xylan makes
up 259, of the total polysaccharide of some hard woods and constitutes
a significant percentage of coniferous woods, while it also is a major con-
stituent of grass straws. When crude cellulose is prepared from plant
material by removal of lignin with chlorination and sulfite procedures,
xylan, if present initially, will be largely retained in the lignin-free crude
cellulose. The xylan may then be removed by prolonged treatment with
5-109%, hot mineral acid which hydrolyzes the xylan leaving the cellulose
more or less intact. Prolonged treatment with hot alkali results in solu-
tion of the xylan, and the degraded polysaccharide may be recovered
from the solution by precipitation with alcohol. Xylan from the straw
of esparto grass, Stipa tenacissima, is made up principally of xylopyranose
residues linked in 1,4 glycosidic linkages but contains also arabofuranose
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in the proportion of one arabinose to approximately 18 xylose residues.'
The arabofuranose residues can be removed by mild hydrolysis (0.2%
oxalic acid), whereas more drastic hydrolysis is needed to hydrolyze the
xylose chain itself. The reducing ends of the xylose chains appear to
be linked into the central portions of other chains through 1,3 linkages, so
that the individual chains are associated into larger molecules.

The xylan of wood is less well understood than that of esparto grass
and has not been prepared in a high state of purity.? Wood xylan
probably also contains 1,4 linked xylopyranose chains since it gives an
x-ray diffraction pattern which is generally similar to that of cellulose.

Whole ground tissue Heat
containing pentosan + HCl(12%) —— Free pentose

(xylan or araban)

OH
o)
H H H Heat 0
)+ mamwm o &
HO OH 0 \H
H OH Furfural

Free pentose (distils over)

HO OH
0 Insoluble furfural-
/ + ’ phloroglucide
o \
OH

H

Furfural Phloroglucinol

Fic. 8-2. General procedure for determination of pentosan in plant material.

The xylan content of tissues is ordinarily estimated merely by furfural
determination on the sample. The dry tissue is heated in 12% HClI, the
furfural formed from the pentosan distilled over with steam and the
furfural in the distillate allowed to react with phloroglucinol or other
reagents which form insoluble furfural derivatives which may then be
dried and weighed. Application of this method demands supplementary
work to determine whether the pentose involved is xylose or arabinose.
This may be done by preparation of the phenylosazone or hydrazone of
the pentose liberated by hydrolysis of the sample. The xylan content of
the Cross and Bevan cellulose of various tissues is summarized in Table

8-3.
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TasLE 8-3. Xylan contents of the Cross and Bevan cellulose of various tissues.
(After Norman!?)

Source Xylan: % of whole cellulose
Straws
Oat 24 5
Barley 23 5
Wheat 28 6
Woods
Oak 25 6
Beech 24 0
Ash 20 6
Silver fir 73
Douglas fir 55
Redwood 11 6
Fibers
Sisal 24 7
Hemp 18 9
Jute 16 2
Ramie 1.8
Flax 25

Arabans accompany pectin in the primary cell wall and are always
found in pectin preparations. The araban of peanut and of apple pectin
yields, after methylation and hydrolysis, equimolecular amounts of 2,3,4-
trimethyl-, 2,3-dimethyl-, and a monomethylarabofuranose. This indi-
cates then that in the polysaccharide, one molecule in three is present as
a branch point in the chain, carbon atoms 1, 3 and 5 being probably
involved.'® Hirst has proposed that the structure of this material may
be represented as shown below.

—— 5 arabinose 1—5 arabinose 1 ——

I
1

arabinose

Structure of araban associated with pectin!?

The main chain consists of arabofuranose residues linked through 1,5
glycosidic linkages. Appended to this are arabofuranose residues linked,
probably, through 3,1 linkages to alternate residues in the main chain.

It has sometimes been supposed that the formation of pentosans might
proceed from the related hexose polysaccharide by oxidation of each
residue at carbon atom 6 to give the intermediate polyuronide, followed
by decarboxylation of the polyuronide. That this cannot be the mode of
formation of pentosans is shown particularly clearly in the case of the
arabans associated with pectin. Whereas pectin itself consists of long
unbranched chains of galacturonic acid linked through 1,4 a-glycosidic
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linkages, the associated araban is much branched, the residues are furan-
ose rather than pyranose, and the linkages involved are 1,5 and 1,2 or 1,3.
The arabans, and other pentosans as well, are more probably polymerized
from the appropriate phosphorylated pentoses. Neither the phosphory-
lated pentoses nor the enzymes needed for catalysis of pentosan formation
are however known at present.

Enzymes for the degradation of pentosans are known although
imperfectly.’* Xylanase activity occurs together with cellulase in the
pancreatic juice of the snail Helix pomatia, and similar activity is found
in preparations from Aspergillus oryzae (takadiastase) and other fungi.
Arabanase activity is also found in the fungal preparations.

General References

Pigman, W., and Goepp, R. M., Jr., Chemistry of the Carbohydrates. Academic
Press, 1948.
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CHAPTER 9
THE PECTIC SUBSTANCES

The pectic substances are derivatives of polygalacturonic acid and
oceur particularly in the primary cell wall, although they are also found
under certain circumstances in plant juices or extracts. Infact the pectic
substances were first described by Payen and by Braconnot' as ‘‘gelée
végétale” and as ‘‘the gelatinous principle of plants,” since these inves-
tigators dealt only with the viscous colloidal solutions of pectin which
constitute the form in which the pectic substances are found in plant
extracts. Frémy? by 1840 recognized that this soluble pectin is a deriva-
tive of protopectin, the insoluble pectic substance of cell walls from which
soluble pectin may be derived by extraction with boiling water or dilute
acid. Still a third type of pectic substance recognized by Frémy was that
derived from soluble pectin by treatment of the latter with dilute alkali.
This third substance differed from pectin in its property of forming
insoluble salts with calcium. Since this derivative yielded acid rather
than neutral solutions, it was called by Frémy pectic acid. The pectic
compounds may then be divided into three general types:

1. Protopectin: insoluble in water and found only in cell walls.
2. Pectin: neutral, soluble in water and found in plant extracts.
3. Pectic acid: acid, soluble in water, precipitated by calcium ions.

Constitution of Pectic Acid. Pectic acid may be prepared from
soluble pectin by hydrolysis of the pectin with dilute alkali followed
by repecated precipitation of the acid as the calcium or other salt,
coupled with precipitation from water with alcohol. Hydrolysis of the
purified product yields galacturonic acid, which accounts for 65-95% of
the total, the remainder being made up of arabinose and galactose. It
was thought for many years that the arabinose and galactose represented
actual integral parts of the pectin molecule, and early workers® proposed
structures for pectic acid in which a basic unit containing galacturonic
acid, arabinose, and galactose in the proportions of 4:1:1 were joined in a
ring similar to that of the Schardinger dextrins (Chapter 5). Ehrlich*
envisaged a basic unit of four galacturonic acid residues linked in a chain
or ring with galactose and arabinose as a side chain or chains. We now
know, however, that the galactose associated with pectin occurs as a

nn
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separate galactan, while the arabinose is present in the form of an araban.
The two polysaccharides may be extracted from pectin or pectic acid by
protracted extraction with 70 9%, alcohol, in which the araban and galactan
are ultimately removed.? Pectic acid may be further freed of associated
polysaccharide by precipitation as the calcium salt. Definitive work on
the structure of purified pectic acid was first done by Morell, Baur, and
Link in 1934.8 Their product yielded 95-989, galacturonic acid and
was found by a modified end group assay method to possess a chain length
of eight to ten residues. Luckett and Smith? later subjected pectic acid
to exhaustive methylation followed by hydrolysis. Their data indicate
that pectic acid consists of pyranose galacturonic acid residues linked in
a-glycosidic linkages through the 1,4 positions. A chain length of thir-
teen residues was obtained for their preparation. Other evidence indi-
cates that in the purified pectic acid used by Morell, Baur, and Link, and
by Luckett and Smith, the polygalacturonide chains have been degraded
or shortened by the drastic treatments involved in methylation, and that
native pectic acid or pectin consists of exceedingly long polygalacturonide
chains. Thus, sodium pectate when dried in the form of fibers or films
yields an x-ray diffraction pattern® showing that the molecules are indeed
long enough to be oriented in the fiber under the stress of the drying
process. More importantly, application of Staudinger’s viscosimetric
methods to pectin and pectic acid has been made by Henglein and
Schneider.? Viscosimetric methods cannot be applied directly to pectic
acid or to pectin because the colloidal solutionsformed by these compounds
are very viscous, almost gel-like in consistency, owing apparently to the
high interchain attraction which occurs in the aqueous solvent. Pectic
acid or pectin may, however, be converted by treatment with concen-
trated nitric acid to dinitropectic acid which is soluble in acetone, a
solvent in which the interchain association is greatly decreased. Visco-
simetric determination of molecular weight is then possible with dinitro-
pectins in acetone or other organic solvents. The measurements of
Henglein and Schneider indicate that in pectic acid approximately one
hundred galacturonic residues are present per chain while in pectin itself
two hundred or more residues per chain are found. Pectic acid possesses
a negligible reducing power as would be expected from the long chain
length and consequent small proportion of terminal residues. No evi-
dence for the existence of branched chains has been found although such
branching is not yet completely excluded.

The carboxyl groups of pectic acid are titratable and the colloidal
solution behaves as a monobasic acid having all possible dissociation
constants between approximately 2.7 and 4.0.1° That the galacturonic
acid residues should exhibit & range of dissociation constants rather than
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a particular constant is not readily explainable. Because of its great
number of free acid groups, pectic acid is particularly readily precipitated
by calcium and other polyvalent cations which act to stabilize the inti-
mate association of the individual chains. Addition of Ca ions to a solu-
tion of pectic acid results in immediate formation of a rigid Ca pectate
gel, the action of Ca** being not specific but replaceable by Bat+, Srt+,
Th++++, and other polyvalent cations.

Structure of Pectin. Pectin is the methyl ester of pectic acid, as was
first appreciated by von Fellenberg!! in 1914. Because of the esterifica-
tion of its carboxyl groups pectin is neutral, nontitratable, and not
precipitable from solution by Ca or other polyvalent cations. Deesterifi-
cation occurs rapidly in mildly alkaline solution, as for example in 0.1 N

Pectic substances

|
H,0 ext.

Soluble ’ ) ~ Insoluble
Pectin Protopectin
Pectates
0.5, oxla.lic acid
Soluble o - Insoluble
Protopectin Pectates

(as pectin)

0.5%
Ammonium oxalate

Soluble as pectic acid

F1a. 9-1.  Solubility relationships of the pectic substances.

NaOH and in generel at pH values above 7.0. Incomplete hydrolysis of
the methyl groups of pectin results in a series of partially esterified
materials, the pectinic acids, which range in methoxyl content from none
as in pectic acid to approximately 129, in pectin itself. The pectinic
acids are intermediate between pectic acid and pectin in salt precipi-
tability and other properties. Pectin is readily precipitated as a gel from
its colloidal solution by small concentrations of alcohol, a property not
common to other hydrophilic colloids such as the gums. It has been
suggested on the basis of model experiments with agar!'? that the methyl
polygalacturonide chains of pectin are associated into submicroscopic gel
fragments which are coalesced into a macroscopic gel by even slight
decrease in hydration.

Protopectin. Protopectin differs from pectin by its insolubility in
water, and various proposals have been made to account for this fact.
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Thus it was once suggested!3 that pectin may be joined with cellulose to
form the insoluble protopectin. The probability of such a compound is,
however, remote on the basis of modern information concerning cellulose
chemistry. A more plausible possibility is that protopectin consists of
methyl polygalacturonide chains still longer than those of pectin. The
solubilizing of protopectin would hence consist of cracking of the proto-
pectin molecules to shorter pectin molecules. This interpretation finds
substantiation in the work of Henglein and Schneider,® who found that
while pectic acid or pectin yield dinitro derivatives having onc hundred
to two hundred residues per chain, dinitropectin prepared by the direct
nitration of the protopectin of the fruit yielded materials which appeared
to contain as many as a thousand or more residues per chain. Proto-
peetin of different sources varies as to molecular weight, that of grapefruit
and lemon fruits being the highest with molecular weights in the range of
100,000-200,000. Fruits of apple, pear, and plum yield protopectins with
only slightly lower molecular weights, but the protopectin molecules of
sugar beet are much smaller and possess molecular weights in the range
20,000-25,000.

Protopectin is found most abundantly in the primary cell wall, and in
particular in the walls of parenchymatous or meristematic tissues. The
protopectin of the primary walls of vessels may remain unchanged cven
in the mature wood long after the primary wall has been obscured by
deposition of an extensive sccondary wall. The pectin of commerce is
obtained from the protopectin-rich walls of the fleshy pomace of apple or
the albedo of citrus fruits. The latter tissue is especially rich in proto-
pectin, which may make up 409 of the total dry weight. Protopectin
oceurs occasionally also in secondary walls, as in those of the collenchyma
of tomato stems.

The Middle Lamella. The middle lamella consists largely of a pectic
compound which appears to be a mixture of calecium and magnesium
pectates. It has been shown by Molisch'* and others that the middle
lamella does contain abundant calcium and magnesium. That the
middle lamella pectic compound is not protopectin is shown by the fact
that it is not affected by treatment with hot dilute acid, the treatment
used for solution of protopectin. It may, however, be dissolved in hot
alkali or preferably in solutions of ammonium oxalate, a treatment which
dissolves calcium pectate by sequestering the calcium ion. In the aging
of the cell wall the middle lamella may undergo changes parallel to those
concerned with the protopectin of the primary wall. In the apple the
pectate of the middle lamella gradually dccreases in amount during the
ripening process. This results in the parenchymatous cells of the fleshy
tissue being loosened or even completely freed from one another in the
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overripe fruit. The formation of intercellular spaces is also related to the
solution ¢n vivo of the middle lamella, and the surfaces of cell walls which
face on an intercellular space retain a thin layer of pectic material. In
certain tissues such as the leaves of Dieffenbachia, this layer is swollen into
local warts or knobs of pectate which protrude into the intermicellar
spaces.

Pectic Enzymes.’® Three types of pectic enzymes are known:

1. Protopectinase, which attacks protopectin yielding soluble pectin.

2. Pectinase, or polygalacturonase which attacks pectic acid or
pectin, yielding galacturonic acid.

3. Pectase, which attacks pectin, yielding pectinic or pectic acids,

Protopectinase was first described by Bourquelot and Herissey,!® and
Carré has demonstrated the presence of the enzyme in ripening apples
and in rutabaga.'” The enzyme is thought to occur generally in fruits,
roots, leaves, and other tissues.!® Protopectinase is also found in
fungi and in bacteria, although in these cases it is accompanied by large
amounts of pectinase so that soluble pectin does not accumulate as a
product of the enzyme action.’ No chemical characterization of this
cnzyme has been carried out.

The enzyme which attacks the middle lamella is apparently not proto-
pectinase but probably rather a pectinase, although the degradation
product of the middle lamella enzyme has not yet been determined. The
action of the enzyme is particularly evident in the attack of plant tissues
by pathogenic fungi. Dissolution of the middle lamella by the fungal
enzyme is responsible for the loosening of cell structure which results in
softening of the tissue attacked.?® Sloep has demonstrated the occur-
rence of an enzymatic degradation of the middle lamella in fruits of
M espilus during natural ripening; that the enzyme is of general occurrence
in ripening fruits may be inferred.’® The middle lamella enzyme has also
been ascribed a role in leaf and fruit abscission and in penetration of the
stylar tissuc by the pollen tube.?! In all these cases, as in the formation
of intercellular spaces, the separation of cells at the middle lamella is
involved.

Retting of flax, hemp, jute, and other fiber crops depends on the solu-
tion of the middle lamella pectic substances by the middle lamella pectin-
ase of microorganisms. This results in the fiber bundles being loosened
from the surrounding tissues so that thcy may be readily removed.
Winogradsky?! in his investigation of the microbiology of retting, iso-
lated an organism, Granulobacter pectinovorum, capable of carrying out the
process, and Beijerinck and Van Delden?? have carried out artificial rets
with pure cultures of Bactllus subtilis. In ordinary practice, however,
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mixtures of organisms, particularly of Clostridium species, are involved.
A detailed investigation of the chemical processes involved in flax retting
has been made by Eyre and Nodder.23

Pectinase, first found in germinating barley,'® may be determined
quantitatively by its action in liberating reducing substances from pectin
or pectates. Activity of the enzyme may also be determined by observ-
ing the time needed for the enzyme preparation to liquefy a gel of calcium
pectate, or by determination of the amount of residual pectin left after
action of the enzyme on a pectin solution. Pectinase is present in large
amounts in fungi such as Rhizopus and Sclerotinia, and is present also in
takadiastase preparations made from Aspergillus oryzae.* The enzyme,
whose pH optimum is in the region pH 3.0-3.5, is frequently used to
remove pectin from fruit juices or other plant products so that they may
be filtered, since pectin sols can be filtered only with difficulty. That
pectinase must be present in ripe or overripe fruits may be inferred from
the loss of total pectin which occurs in such fruit in the terminal stages of
ripening. Whole extracts of various fruits (apple, citrus, cucumber)
rapidly lose pectin on incubation, as much as 65% of the total pectin dis-
appearing within 24 hours.

Pectase acts on soluble pectin to demethylate the carboxyl groups
with the production of pectic acid. In the presence of calcium ions the
pectic acid liberated precipitates as a solid gel and qualitative pectase
activity determinations may be based on the time needed for calcium
pectate gel formation from pectin. The enzyme, whose pH optimum is
approximately 6.2, is found universally in leaves, seeds, seedlings, roots,
and tubers as well as in fungi and in bacteria. Pectase preparations are
also capable of hydrolyzing esters other than pectin and conversely ester-
ase preparations such as Ricinus lipase or pancreatic lipase possess pectase
activity.? The universal or nearly universal occurrence of pectase in
higher plant tissues may be a reflection of the general presence in such
tissues of esterase activity rather than of the importance of pectase itself.

Pectin in Fruits. The development, maturation, and senescence of
fruit involve striking changes in amount and nature of the pectic materials
contained in the fruit cell walls, facts first appreciated by Frémy in 1840.?
During the development of the fruit protopectin is laid down in the pri-
mary cell walls and in many cases protopectin accumulates to high con-
centrations, particularly in the apple, pear, and in citrus species. Middle
lamella pectate is likewise accumulated in the fruit, but pectin on the
contrary is in general found only in low concentrations up to the time of
fruit maturity. With the onset of fruit ripening either on the plant
(tomato) or after removal of the fruit (apple, pear, peach, citrus) a charac-
teristic series of processes are set in motion, including conversion of starch
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to sugar, increase in rate of respiration, evolution by the tissue of ethylene,
change in fruit color, and the conversion of protopectin to soluble pectin.
All these phenomena are part of the general physiological process of fruit
ripening, and the pectic changes are merely to be included as one aspect of
this process.

In the apple, which has been most comprehensively investigated, the
total pectic substances of the fruit reach a maximum at the time of har-
vest. When such apples are maintained in storage at a temperature near
1°C, protopectin gradually decreases in concentration, being replaced by
soluble pectin, as is shown in Fig. 9-2. Pectate of the middle lamella

FuLLY - "
RIPE MEALY

NORMAL BECOMING
RIPENING OVER-RIPE l
—>

0 \
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Fre. 9-2. Alterations of pectic substances in apples during ripening at 1°C.  (After
Norman?)

decreases only slowly for a considerable period. At the time of com-
mercial edible maturity the apple contains much protopectin, much pectin
and appreciable pectate. As storage continues after commercial matur-
ity, the fruit loses total pectin at a progressively increasing rate. Not
only does protopectin disappear without any corresponding increase in
soluble pectin, but soluble pectin and pectate also decrease in concentra-
tion during this phase. With the dissolution of the pectate of the middle
lamella, the cells of the overripe fruit tend to come apart readily, and the
fruit becomes soft, a typical symptom of the maturation process.

In the ripening apple then we have the picture of transformation of
protopectin to pectin and softening of the fruit by removal of middle
lamella pectate. In the overripe apple all pectic substances progressively
disappear and the fruit becomes oversoft. Entirely similar changes in
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the pectic constituents take place during ripening of the pear,3° peach, and
tomato.?® In citrus the changes in pectic constituents are quantitatively
smaller but similar in nature.??

Since the pectic changes in fruits oceur as a part of the ripening proc-
ess, it is not surprising that factors which influence onset of ripening also
influence pectic changes. Thus ripening and pectic changes in the apple
and pear occur within a few days during storage at 15°C or higher, but
both are greatly delayed at temperatures near 0° (Table 9-1). Tligh con-
centrations of CO, (5-359%,) inhibit both ripening and pectic changes,
while ethylene in low concentrations greatly hastens the onset of both
processes.3! In species where ripening does not occur as long as the fruit
is left on the tree, as in avocado, the initiation of pectic changes is also
dependent on picking of the fruit. It is probable that the pectic changes

TaBLE 9-1. Correlation of protopectin content with stage of maturity of the apple
fruit. Maturity measured by pressure needed to mash fruit. (After Haller?)

Days n storage needed for:

Temp. of storage Fruit to mash Protopectin to Pectin to 1ncrease
degrees C with 10 1b. load drop to 0.68% to 0.209,
0 100 100 100
4 4 42 44 51
10 0 29 27 31
15 5 16 15 19

during ripening are due to the activity of protopectinase and of the middle
lamella pectinase, but we still have no good picture as to the way in which
onset of ripening influences the activity of these enzymes or as to the
mechanism by which the pectic changes are initiated.

Pectin Jellies. Pectin sols possess the property of forming solid gels
in the presence of dehydrating agents; this property is utilized in the
manufacture of jams and jellies. Pectin-sugar gels are not to be confused
with those formed by calcium pectate since the two types of gels oceur
under different conditions and depend on different propertics of the mole-
cule. The formation of pectin gels occurs best in the pH range 3.1-3.5.
At higher alkalinity the gel is soft, while at lower pH levels syneresis
follows setting of the gel. The gel is ordinarily formed only in the pres-
ence of 65-709, sugar (sucrose or hexose), a concentration which repre-
sents an approximately saturated solution of sucrose. That the sugar
acts merely as a dehydrating agent in gel formation is indicated by the
fact that it may be replaced by other dehydration agents such as alcohol
or glycerin. The final gel contains 0.2-1.5% of pectin, the amount
depending on the gelling quality of the individual pectin preparation.
This is measured commercially by the ‘“jelly grade,” which is defined as
the number of pounds of sugar which one pound of the pectin will cause
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to gel under standard conditions of pH 3.2-3.5 and 65-709%, sugar.3? The
jelly grade of a pectin may vary from 100 or less to as high as 500, depend-
ing on at least two principal factors, degree of esterification and molecular
size. Completely demethylated pectin, pectic acid, does not form sugar-
acid gels but reesterification of pectic acid with methyl alcohol to regener-
ate a methylated pectin results also in regeneration of the power of the
material to make sugar gels.?® The partially demethylated pectin, or
pectinic acids, are of low quality in jelly formation, and it is important
therefore in the preparation of commercial pectin that both enzymatic
and alkaline hydrolysis of the pectin be avoided. The salts of pectinic
acids do form weak gels at low sugar concentrations, and such gels may
find other industrial uses as in paper coatings, thickening agents, and as
crcaming agents.3* The relation of chain length of pectin to jelly grade
is evident from the fact that greatly degraded short-chain length prepara-
tions have poor jelly-making properties, and the same is true of the low-
chain length sugar beet pectin. The viscosity of a pectin in solution
gives a measure of jelly grade over a considerable range, high viscosity
indicating high jelly grade, although, as discussed above, the viscosity of
aqueous pectin solutions can give at most only a qualitative measure of

chain length.3%
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CuaPTER 10

THE POLYURONIDE HEMICELLULOSES

The polyuronide hemicelluloses are cell wall components widely dis-
tributed in the plant world and characterized by (a) solubility in dilute
alkali and (b) ready hydrolysis in hot dilute acid. They are important
constituents of wood, straw, seeds, and, in general, of mature heavily
thickened walls. For many years even the general nature of the hemi-
celluloses was poorly understood and it was felt that in a general way
these compounds were somehow related to cellulose. We know today,
however, that in actuality the polyuronide hemicelluloses are made up of
mixed glycosidic chains containing both pentose and uronic acid mole-
cules. The typical polyuronide hemicellulose contains either glucuronic
acid and xylose, or galacturonic acid and arabinose, with the former type
predominating. Complete hydrolysis to the constituent sugar and uronic
acid may be obtained by treatment with hot 1-49, mineral acid. From
a qualitative standpoint the hemicelluloses are differentiated from pectin
by their solubility in alkali and insolubility in water, a property which also
serves to differentiate them from the gums and mucilages which are
soluble or dispersable in water.

Purification of Hemicellulose. The separation and purification of
the hemicelluloses depend mainly on fractional precipitation of the
material by acidification of their alkaline solutions, a method introduced
by Clayson, Norris, and Schryver! and by O’Dwyer.2 The pectin-free
water-extracted tissue is extracted with cold or hot alkali, the concentra-
tion and temperature depending on the tissue. The resulting solution is
then acidified stepwise, whereby a series of fractions known in the litera-
ture as Al, A2, etc., are precipitated and may be recovered. The most
soluble, residual, material in the now acid solution may be precipitated by
the further addition of alcohol or acetone. Here again fractions may be
precipitated by increasing alcohol concentration. These fractions are
known as Bl, B2, ctc. Another procedure suggested by Norris and
Preece?® for recovery of hemicelluloses from the alkaline extract is precipi-
tation as the copper salt followed by regeneration of the precipitate in
dilute acid. Hemicellulose fractions obtained in this manner are not
crystalline, are not clearly pure compounds, and this uncertainty as to
purity has been a definite stumbling block in the elucidation of hemicellu-

109
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lose structure. In general also, hemicelluloses do appear to occur in the
plant as a mixture of related compounds. Occasionally, however, as in
the case of the hemicelluloses of the maize cob,!® the hemicellulose fraction
of a given tissue appears to consist mainly or exclusively of one compound.
The hemicellulose of maize cobs is sharply precipitated from the alkaline
extract by acidification to pIl 4.0 and this material yields on hydrolysis
94.89, of xylose and 5.19, of glucuronic acid (both calculated as the
anhydrides), a ratio of approximately twenty-five xylose residucs to one
glucuronic acid residue.

Pectin- and lignin-
free tissue

|4 % )
Soluble | NaOH Insoluble, discard
| S o AhsofubX
Acidify with HAc
Precipitate Soluble
|
Hemicellulose A 1 volume
acetone or IXtOH
Precipitate Soluble
) 1
Hemicellulose B Hemicellulose C

Fre. 10-1. Extraction and separation of the polyuromde hemicelluloses according
to O’Dwyer? and Norris and Precce.?

Composition of Hemicellulose. The hemicelluloses of a great variety
of woods have been investigated by O’Dwyer, K. Anderson,* and others.
Thus oak wood yields a material which gives on analysis approximately
119, uronic anhydride, 859, anhydroxylose, and which contains approxi-
mately 2.29, of methoxyl residues.? An aldobiuronic acid was also
obtained among the hydrolysis products, a material consisting of xylose
linked to methylglucuronic acid. The oak wood hemicellulose therefore
contains methylglucuronic acid linked to xylose as a structural com-
ponent. The ratio of pentose to uronic acid in this hemicellulose cor-
responds to approximately eleven pentose molccules to one methyluronic
acid. The hemicellulose of mesquite wood is a typical mixture of more
and less soluble constituents.® The fraction A precipitated by acid from
the alkaline extract contains approximately 109, glucuronic acid, the
remainder of the material being mainly xylose. The more soluble frac-
tion B contains almost twice as much glucuronic acid as the less soluble
fraction and like the latter is composed of xylose in addition to uronic
acid. In general it appears then that the solubility of a given hemicellu-
lose depends greatly on uronic acid content, the fractions of higher acid
content being more soluble in acid solution. Woods in general appear
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to yield a xylose-containing hemicellulose in which a methylglucuronic
acid occurs as the acidic group.! The wood hemicelluloses have ratios
of one uronic acid to seventeen to nineteen xylose units for the less solu-
ble fractions and of one uronic acid to seven to twelve xylose residues
for the more soluble fractions. Cocksfoot, a pasture grass (Dactylis
glomerata), yields a hemicellulose in which arabinose is the principal sugar
and in which galacturonic acid constitutes the uronide portion.® Con-
siderable quantities of xylose were also found in the preparation although
it is possible that this arose from an accompanying xylan rather than as a

TaBLE 10-1.  Composition of hemicellulose fractions from various sources
Per cent of polysaccharide

Uronic  Anhydro-

Source anhydride  pentose  Mecthozyl  Sugars identified Reference
Maize cobs 5.1 94.8 0.5 Xylose, glucuronic Angell and
acid Norris13
Oak heartwood 10 7 84 5 2 2  Xylose, glucuronic O’Dwyer?
acid

Mesquite wood
(a) Precipitated
by acid 10.2 84 5 2 0 Xylose, glucuronic Sands and
acid Nutters
(b) Soluble in
acid but pre-
cipitated by

alcohol 18 0 81 9 3 0 XNylose, glucuronic Sands and
acid Gary®
Cocksfoot grass 10 6 53 1 Arabinose, xylose, Buston¢

galacturonie acid

true constituent of the hemicellulose molecule. The hemicelluloses of
leaves of Festuca ovina and of Anthoranthum odoratum also have been
found to contain arabinose combined with uronic acid’ and the same is
true of other leaves and pods.®* Wheat straw yields a hemicellulose
containing uronic acid, arabinose, and xylose in the approximate ratios
of 1:1:23. Hemicelluloses of seeds have also been investigated to some
extent. Thus cotton seed hull hemicellulose contains glucuronic acid
and xylose in the ratio of one uronic acid to 10--16 xylose units, the ratios
depending on the solubility of the fraction.

In summary hemicellulose preparations can be obtained in which
xylose and glucuronic acid are intimately combined and make up essen-
tially all the hemicellulose molecule. This is true of the hemicelluloses of
corn cobs, oak, mesquite, and other woods as well as of straw of cereals.
From other tissues material consisting principally of galacturonic acid
and arabinose is obtained and this appears to be true of hemicelluloses of
many leaves. The proportion of uronic acid to pentose in the compound
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determines in part its solubility in acid solution. The less soluble frac-
tions contain one uronic acid to eighteen to twenty pentose residues while
the more soluble fractions contain one uronic acid to eight to twelve
pentose residues. Many hemicelluloses contain methoxyl groups, and
there is reason to believe that this may in general be present in the form
of methyluronic acid, as has been indicated by O’Dwyer for oak hemi-
cellulose and as found by Anderson in the case of other woods.
Structure of Hemicellulose. The structure of the hemicelluloses is
still not clarified. The acidic groups, although they appear to contribute
to the solubility properties of the molecule, can be neither titrated nor

methyl- methyl-
————— xylose— { glucuronic ; —xylose— glucuronic} ———— -

acid aclid

1 1
xylose xylose

4 4

|

| |

1 1
xylose xylose

| |

1 1
xylose xylose

4

| |

1 1
xylose xylose

4 4

| |

1 1
xylose xylose

4 4

| |

1 1
xylose xylose

4 4

| |

1 1
xylose xylose

4 4

| |

1 1
xylose xylose

Fie. 10-2. Tentative proposal for the structure of a polyuronide hemicellulose. The
exact length of branch chains would be variable.

esterified before extraction. It is probable therefore that in the native
cell wall the hemicellulose molecule is bound to other components through
the carboxyl group by ester linkages. Since hemicelluloses are non-
reducing it is probable that the aldehydic groups are involved in linkages.
Methylation and hydrolysis studies'' on the polyuronide hemicellulose
of Phormium tenaz, New Zealand flax, have yielded 2,3,4-trimethylxylose
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and 2,3-dimethylxylose in the ratio of one to nine. In addition a methyl-
ated hydrolysis-resistant residue of xylose and glucuronic acid is obtained.
It is possible then that this particular hemicellulose may consist of a
backbone of xylose and glucuronic acid residues to which are linked
branches nine xylose residues in length. This picture is in general agree-
ment with that of Anderson, who has suggested* that in the wood hemi-
celluloses, simple short chains of xylose are involved, each chain contain-
ing one methyluronic acid residue. The short chains are then connected
through additional xylose residues. In the cell wall these units would
presumably be further combined, perhaps through esterification at the
carboxyl group, as noted above.

Determination of Hemicellulose. Quantitative determination of the
polyuronide hemicellulose content of a tissue presents great difficulties,
since care must be taken to exclude pectic substances, xylan, and araban
from the determination. Preece has suggested the following procedure.
The tissue is extracted with ammonium oxalate to remove all pectic
material. It is next extracted with 4% NaOH at room temperature (four
successive treatments!?), which may be followed by extraction at 100° with
some tissues. The combined extracts are acidified with acetic acid,
alcohol is added, and the precipitate dried and weighed as hemicellulose.
Appreciable amounts of xylan will if present be included by the hot
extraction.

The metabolism of the polyuronide hemicelluloses has been little
investigated. Buston has presented data® which indicate that hemi-
celluloses may be partially used up in starving detached leaves while
Burkhart!? has suggested that they may also function as a reserve in
alfalfa roots. This observation is surprising in that, in general, cell wall
constituents appear to be lost to the metabolism of the plant or at most
are only sluggishly available.
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CHAPTER 11

THE GUMS, MUCILAGES, AND GEL-FORMING
SUBSTANCES

The gums are a heterogeneous group of acidic substances which have
in common the property of swelling in water to form either gels or viscous,
sticky solutions. These materials occur as exudates on bark, leaves, or
roots of the plant and well-known examples include gum arabic, cherry
gum, and damson gum. The related mucilages on the other hand are
best known from the seed coats of particular species, as the mucilages of
the flax sced. The mucilages merely swell in water with the formation of
loose gels. All intermediates in colloidal behavior between gums and
mucilages are known, however, and no sharp line of demarcation can be
drawn between the two. In contrast to the hemicelluloses, the gums
contain constituent sugar residues which may be readily removed by
mild hydrolysis, leaving a more difficultly hydrolyzable residue. The
residue is characteristically a uronide containing hexose or pentose and
uronic acid. In the gums the acidic groups of the uronide are readily
titratable and the gum can be prepared as the free acid or as one of vari-
ous salts.

Gum Arabic. Gum arabic is obtained as an exudate from the bark of
several species of Acacia, especially Acacia senegal of the Sudan, and has
been extensively investigated from a chemical point of view.%*? The gum,
which occurs as a salt, may be purified by solution in water, acidification,
and precipitation with alcohol. The purified gum is an acid of equivalent
weight 1000-1200 and possesses a dissociation constant of approximately
2 X 10—4. Hydrolysis with 0.01 N H,SO, removes L-arabinose and
L-rhamnose together with p-galactose and leaves a residual polysaccharide
which contains galactose and glucuronic acid in the proportions of 3 to 1.
Among the products of partial hydrolysis of the resistant residue, the
aldobiuronic acid of galactose and glucuronic acid as well as a disaccharide
containing two galactose residues have been identified. The residues are
all of the pyranose type and 1,3 and 1,6 linkages are involved. On
the basis of the products of methylation and hydrolysis it has been pro-
posed;‘tha.t the resistant residue of gum arabic may have the following

structure:
115
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-galactose 1-3 galagtose 1-3 galactose 1-3 ga]agtose 1-3 galactose 1-3 gala(étose—

1 1 1
galagtose galagtose galac6tose
| | |
1 1 . . .
glucuronic acid glucuronic acid glucuronic acid

Proposed structure of hydrolysis-resistant residue of gum arabic

Methylation of the complete arabic acid molecule followed by hydrolysis
yields the following seven methylated hydrolysis products:

2,3,4-trimethylrhamnopyranoside
2,3,5-trimethylarabofuranoside
2,5-dimethylarabofuranoside
2,3,4,6-tetramethylgalactopyranoside
2,4-dimethylgalactopyranoside
2,3,4-trimethylglucuronide
2,3-dimethylglucuronide

With the exception of the terminal galactopyranose residues all the
galactose appears to be involved in branch linkages. Putting together
the probable structure of the resistant residue with the methylation data
derived from the intact molecule, Hirst suggests? the following type of
structure for arabic acid:

nrabilnose 3-1 galactose arabinose 3-1 galactose n.mbinose 3-1 galactose

—3 galactose 1-3 gala:é-tose 1—3 galactose 1-3 gn]agtose 1—3 galactose 1-3 galagtose 1—

! |

1 1
rhamnose 1-3 galn‘«;tose rbamnose 1-3 gals.gtose rhamnose 1-3 ga.lagtose
| | |
xluczmnic acid glucuronioc acid glucuronic acid
arabinose arabinose arabinose

Proposed structure of arabic acid

The basic unit consisting of four galactose units, two molecules of L-
arabinose, and one molecule each of L-rhamnose and glucuronic acid,
would have an equivalent weight of approximately 1200 or roughly that
found by titration. In this scheme the presence of 2,3,4-trimethyl-
glucuronide among the hydrolysis products is not accounted for, but could
be envisaged as due to the occasional absence of a terminal carabinose
residue.

Mesquite Gum. This gum occurs as an exudate on the bark of the
mesquite, Prosopts juliflora, which like Acacia is a leguminous tree.? The
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gum may be purified by precipitation from acid solution with alcohol,
just as in the case of gum arabic, and titration yields an equivalent weight
of approximately 1200. Mild hydrolysis (3% H.SO, at 80°C for six
hours) results in the removal of arabinose, leaving a resistant residue of
galactose and methylglucuronic acid, the three sugars occurring in the
proportions of 4 to 2 to 1.4 Among the hydrolysis products of the resist-
ant residue are found acidic compounds which are identified as glycosides
of methylglucuronic acid and galactose. Methylation and hydrolysis
studies show* that the methylglucuronic acid is linked through position 1,
galactose through positions 1, 3, and 6 while arabinose occurs both as
terminal and as nonterminal residues, which are present in the ratio of 1
to 3. These data indicate a possible structure of the nature shown below.

arabinose 2-1 arabinose arabinose 2-1 arabinose
1 1

} }

arabinose arabinose
1

arabinose arabinose
1 1

| |
6 6
-3 galactose 1-3 galactose 1-3 ga(]sactose 1-3 galactose 1-
6
| |
1 1
Methylglucuronic acid Methylglucuronic acid

Possible structure of mesquite gum. Arabinose refers to arabofuranose, while the
galactose and glucuronic acid are in the pyranose form.

Damson Gum. Damson gum is found as an exudate on the bark of
the Damson plum tree. Arabinose is removed by mild hydrolysis and
xylose by more drastic treatment, while the hydrolysis-resistant residue
contains galactose, mannose, and glucuronic acid.? The gum of the
cherry tree also contains readily removable arabinose (eight molecules)
and xylose (six molecules), while further hydrolysis removes galactose
(six molecules). The resistant residue contains mannose and glucuronic
acid in the ratios of approximately 3 to 2. Methylation studies show
that in both cases highly branched structures are involved.

Gum Tragacanth. Gum tragacanth, obtained as an exudate from
Astragalus gummifer, a leguminous plant of the middle east, has wide
pharmaceutical application as an inert base for pills, as an emulsifying
agent, and as a base for pharmaceutical jellies. When the gum is placed
in water, a portion passes into colloidal solution and can be filtered from
the residue which swells to a bulky jelly. This gum differs from others
considered above in that it is a mixture of (a) a galacturonic acid-contain-
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ing uronide, (b) a galactoaraban, and (c) a glycosidic compound, possibly
a sterol.® The uronide, tragacanthic acid, contains in addition to galac-
turonic acid, L-fucose and xylose. The galacturonic acid residues may be
linked through 1,4 linkages as in pectic acid, while the fucopyranose and
a portion of the xylopyranose are terminal residues and may constitute
side chains along the polygalacturonide backbone. The galactoaraban
component is likewise highly branched. Hence the gum as a whole is
exceedingly complex and is in addition unusual among the gums both as to
structure and as to its content of fucose and of galacturonic acid.
Microbial Gums. A microbial gum of great interest is the polysac-
charide which makes up the capsule of type III Prneumococcus and whose
structure has been elucidated by Reeves and Goebel.” This polysac-
charide possesses immunological propertics and is responsible for the type
specificity of the organism. The substance yields the 4-8-uronoside of
glucose on hydrolysis. Methylation studies have shown that the gum

-4 glucopyranose 1-3 glucuronic acid 1-4 glucopyranose 1-3 glucuronic acid 1-
Structure of type III Prneumococcus capsular polysaccharide

consists of chains of pyranose residues in which the glucose residues are
linked through carbon atoms 1 and 4, while the glucuronic acid residues
are linked through carbon atoms 1 and 3. The chain length is thirty to
thirty-five residues, and no evidence for branching of the chain has been
found. The capsules of Pneumococcus of other types contain other
polysaccharides having a wide diversity of structure.® Gumlike sheaths
are also formed by a variety of other microorganisms and in many cases
the sheaths consist of simple fructosans or dextrans. Thus aerobic
spore-forming bacilli such as Bacillus megatherium, mesentericus, and
subtilis form loose sheaths of a polysaccharide consisting of fructofuranose
linked through 1,6 linkages, as already discussed (Chapter 8). Similar
fructosans are formed by some Pseudomonads and by Azotobacter, while
Leuconostoc species utilize sucrose with the formation of a dextran capsule.
In Acetobacter xylinum the sheaths of the individual cells fuse to form a
membrane or pellicle over the surface of the culture, the pellicle consisting
of cellulose. In still other microorganisms, however, as in the Rhizobia,
sheaths are produced which are complex gums containing glucose, pen-
tose, and glucuronic acid. In Rhizobium as in Pneumococcus different
strains appear to produce differing polysaccharides.

Mucilages. Mucilages are obtained when seeds of flax, Plantago,
mustard, or of certain other species are soaked in water. The sticky
swollen mass, which arises from the seed coat, may be separated from the
seeds by filtration through cloth and the material then precipitated with
alcohol. The seed coats in the particular species involved contain an
outer layer which consists essentially of the dehydrated components of
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the mucilage. The mucilage obtained from flax is a mixture of a gumlike
polyuronide, a protein component and microscopically or submicro-
scopically dispersed cellulose fibrils. The protein may be removed from
the mucilage solution by treatment with protein precipitating agents as
phosphotungstate. The purified gumlike polysaccharide on hydrolysis
yields a resistant residue of galacturonic acid and L-rhamnose, to which
in turn p-xylose and L-galactose are less firmly attached.® The latter
rare sugar is particularly remarkable for its occurrence in that it belongs
to the unnatural L-series. L-Arabinose has also been reported among the
products of linseed mucilage hydrolysis. Mucilages generally similar to
that of flax are obtained from seeds of Brassica alba and from Lepidium
sativum, in both cases cellulose fibrils being dispersed in a protein-gum
mixture. The gums yield mixtures of arabinose, galactose, rhamnose,
and galacturonic acid as in the flax seed product. The mucilage of
slippery elm (Ulmus fulva) bark yields the same hydrolysis-resistant 2-
galacturonopyranosylrhamnose as flax seed mucilage but is combined with
p-galactose.l® Mucilages from seeds of Plantago psyllium and related
species have been much investigated,!® particularly since psyllium muci-
lage is used medicinally as a bulk-forming material. This substance
yields L-arabinose, p-xylose, and p-galacturonic acid, the arabinose and
galacturonic acid being bound as an aldobiuronic acid. The mucilage of
Plantago fastigiata is similar in general constitution and consists mainly of
arabinose and xylose in the proportion of eight to seventeen pentose mole-
cules in combination with one molecule of p-galacturonic acid. Methyl-
ation of mucilage from Plantago arenaria has been carried out by Nelson
and Percival!? and yields on hydrolysis trimethyl-, dimethyl-, and mono-
methylxylopyranose, tetramethylgalactopyranose, and other unidentified
derivatives of arabinose. Galacturonic acid is present as an aldobiuronic
acid with xylose.

In summary, the mucilages consist of protein, cellulose fibers (occa-
sionally), and uronides which usually contain galacturonic acid. Associ-
ated with the galacturonic acid are sugars including rhamnose, galactose,
arabinose, or xylose.

The Gel-Forming Substances. The gel-forming substances, typified
by agar, are found in algae, particularly marine algae, and are character-
ized by their ability to swell in water with the formation of rigid gels.
The gel-forming substances may be separated according to the organisms
producing them, the red algae producing agar and carrageenin, while the
brown algae contain alginic acid, lamarin, and fucoidin, as has been sum-
marized by Tseng.!3

Agar is obtained from various species of the genus Gelidium, a red alga
harvested commercially in the Pacific ocean on the coasts of California,
China, and Japan. A similar polysaccharide is found in the genera
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Seaweeds
Brown algae Red algae
] I ) i)
Fucoids Kelps Carrageens Agarophytes
Sargassum Macrocystis Chondrus Gelidium
Ahnfeltia
. Pterocladia
Fucus Laminaria, Gigartina Gracilaria
Algi_r:lic Fucoiiin Alginic acid Carrageenin Agar
aci
Lamarin

Fiag. 11-1. Classification of gel-forming substances according to organisms producing
cach., (After Tseng!?)

Gracilaria, Pterocladia, and Ahnfeltia. The agar, which is a cell wall con-
stituent, is soluble in hot but not in cold water, and the hot solutions when
cooled set to a rigid gel, even when the polysaccharide is present in con-
centrations of 19, or less. The structure of agar has been largely eluci-
dated in rccent years and shown to consist mainly of p-galactopyranose
residues linked through 1,3 linkages.!* At the reducing end of cach chain
of such residues, one L-galactopyranose residue is attached through carbon
atom 4. This L-galactopyranose residue is esterified with sulfuric acid at
position 6. Thus the basic unit of agar according to Jones and Peat* is
as follows:

—, -3-p-galactose-1,3-p-galactose-1,3-p-galactose-1,4-L-galactose-6-sulfate

The linear chains contain a hundred or more residues.’® These chains
must in turn be associated into longer units since agar is nonreducing and
does not yield any large amount of tetramethylgalactose upon methyla-
tion and hydrolysis. Because of the presence of the ethereal sulfate, agar
is an acid and can be prepared either as the free acid or as the various
salts. The difference in properties between agar and the usual galactans
must be largely ascribed to the presence of this one particular feature.
Jones and Peat! suggest that agar may arise through the condensation of
galactose-1-sulfate residues just as starch is condensed from Cori ester,
and that the ethereal sulfate on carbon atom 6 arises by an occasional
exchange of sulfate between carbon atoms 1 and 6. This attractive idea
deserves further investigation from an enzymatic standpoint.

The red alga Chondrus crispus or carrageen moss yields a polysac-
charide which like agar is a galactose-containing ethereal sulfate. The
galactose residues appear to be joined in 1,3 linkages but the sulfuric ester
is linked through carbon atom 4 rather than carbon atom 6 as in agar.®
In addition to galactose, the polysaccharide contains glucose and other
unidentified material.
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Alginic acid, a cell wall constituent of numerous seaweeds including
species of Macrocystis, Laminaria, and Fucus, appears to be similar to
pectic acid but constituted of p-mannuronide rather than of galacturonide
residues.’” The p-mannuronide residues are probably linked through
carbon atoms 1 and 4 with g-glycosidic linkages as in pectic acid.’®* In
the alga, alginic acid occurs as a mixed salt and may make up 609 of the
dry weight of the organism. Alginic acid and its salts have extensive
commercial applications, the largest use being as a stabilizer for ice cream.
Use of the colloid in ice cream imparts smooth texture and inhibits ice
crystal formation. In addition ammonium alginate is used as a creaming
agent for latex, and in general alginates find uses as suspending and emul-
sifying agents.

Fucoidin like agar is an ethereal sulfate but one which gives rise on
hydrolysis to a mixture of sugars including the methylpentose, fucose.
Lamarin, a cell wall component of Laminaria, is a polyglucose derivative
in which B-glucopyranose units are linked through carbon atoms 1 and
31 rather than through carbon atoms 1 and 4 as in cellulose.

General References
Mantell, C. L., The Water Soluble Gums. Reinhold, 1947.
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CHAPTER 12

LIGNIN

Lignin occurs as a constituent of secondary cell walls, and is found in
general in hard mature tissues such as those of wood and straw. It may
occur in amounts varying from a few per cent in woods of some deciduous
trees to 50% or more on a dry weight basis in the woods of coniferous
species. The lignin is deposited in the interstices between the micro-
fibrils and micellar strands of cellulose and the other microcrystalline
components of the wall. Because of this mode of distribution removal of
lignin leaves the cell wall morphologically intact but with an intercon-
necting system of spaces replacing the lignin. Lignin differs from all
other major cell wall constituents thus far discussed in that it is not a
carbohydrate or simple carbohydrate derivative, but is rather a condensa-
tion product of one or more types of aromatic nuclei into a high-molecular-
weight aromatic complex.

Methods for Obtaining Lignin. Lignin cannot apparently be ob-
tained in an unchanged state free of other cell wall constituents. Meth-
ods for its separation are based on either (a) the removal of cellulose and
other materials to leave lignin as an insoluble residue or (b) the conversion
of lignin into soluble derivatives or fragments which may be extracted
from the other cell wall constituents. The method of Klason, much used
at one time, depends on treatment of the tissue in 72%, sulfuric acid, a
treatment which hydrolyzes and removes cellulose and other polysac-
charides.! The residue, diluted with water and filtered off, represents a
crude lignin preparation, although because of the high acid concentration
employed, it is to be doubted that it represents unaltered lignin. An
important modification of this method is that of Willstatter and Zech-
meister in which 40-429%, (fuming) HCI is used to dissolve out cellulose
and other polysaccharides.? In this procedure also the lignin is left as an
insoluble remainder. Freudenberg and others remove the cell wall
polysaccharides by successive treatment with alkali to remove hemi-
celluloses, hot dilute acids to remove readily hydrolyzable pentosans,
ete., and cuprammonium solution to remove the cellulose.? In this
procedure a certain amount of lignin is lost by solution in the alkali and
in the cuprammonium solution. The lignin obtained should, however,

represent the native lignin of the cell wall rather more closely than that
122
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obtained with the other methods, because of the relatively mild pro-
cedures used.

An important method for removal of lignin from wood, a method used
in the paper pulp industry, is the treatment of the material with hot
aqueous sulfite under pressure. This procedure yields water-soluble
sulfonated lignin derivatives. Similarly, treatment of wood with bromine
or chlorine yields halogenated lignin derivatives which are soluble in
aleohol and which may then be readily removed. Neither the sulfite nor
the halogen product has, however, been extensively used in the study of
lignin structure.

Treatment of lignin-containing tissue with alkali results in solubiliza-
tion of the lignin, the ease of solution depending on the tissue involved.
Thus the lignin of straw and of corn cobs can be extracted with 1.5-29,
alcoholic NaOH in the cold and may be recovered by acidification after
removal of the alcohol.* Wood lignin is more difficult to extract; treat-
ment with 4-59, NaOH (aqueous or alcoholic) in an autoclave at eight
atmospheres pressure for one or more hours is necessary. In this case
also the lignin may be recovered by removal or dilution of the alcohol and
acidification of the extract. Alkaline delignification constitutes a second
important paper pulp process. Lignin may also be extracted in whole or
part by heating in HCI dissolved in methyl, ethyl, butyl, or amyl alcohol;
in ethanolamine, in various phenols, and in other solvents. In all these
cases it is probable that the lignin molecule is altered in the course of
solubilization.

General Properties of Lignin. Lignin is amorphous both in the cell
wall and in the isolated condition. In the cell wall lignin is isotropic but
differs optically from other cell wall constituents in possessing the remark-
ably high index of refraction of 1.61. Lignin preparations are ordinarily
colored brown or yellow but in addition show absorption bands in the
ultraviolet between 2600 A and 2900 A, a property indicating the presence
of aromatic nuclei. Lignin is unstable to oxidizing agents as hypo-
chlorite, permanganate, and H,0,, the oxidation yielding ultimately
simple fatty and dicarboxylic acids.

The elementary analysis of lignin yields 62-659, carbon and 5-69,
hydrogen, and it is hence clear that highly unsaturated aromatic com-
pounds must be involved. Methoxyl groups occur in lignin, the amount
varying from 109, to 219, depending on plant species and on the method
of isolation of the material. Free hydroxyl groups which can be methyl-
ated with dimethyl sulfate are also present. According to Freudenberg
these hydroxyl groups represent secondary and tertiary alcohols to the
exclusion of primary alcohol groups. Free phenolic groups are calculated
to comprise only 0.6, of lignin.® Lastly, lignin contains ether linkages
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which in the case of spruce lignin amount to approximately 9% of the
whole.

Degradation Products of Lignin. An indication that lignin contains
aromatic nuclei is given by the results of dry distillation of lignin under
reduced pressure. Thus dry distillation of sprucewood lignin yields
eugenol and isoeugenol.®®

—CH,—CH=CH, —CH=CH—CH,
HO HO
CH, CH,
Eugenol Isoeugenol

Lignin of corn cobs or of corn stalks yields on distillation a more complex
mixture including catechol, phenol, guaiacol, o- and p-cresol, n-propyl-
guaiacol, and other aromatic compounds.’

CH,—CH,—CH,

oH OH
| | l
—OH —OCH, ¢/
S OH CH,0
H, H, H

Catechol Guaiacol p-Cresol 0-Cresol n-Propylguaiacol

OH

Distillation with zinc dust in an atmosphere of hydrogen has been carried
out with corn cob lignin and here again, catechol, guaiacol, and n-propyl-
guaiacol are obtained.® Potassium hydroxide fusion has been used in
the degradation of lignin and from the fusion products a mixture of com-
pounds including acetic, oxalic, and protocatechuic acids as well as
catechol have been isolated in substantial yields.% 18

COOH (lJOOH
7
OH HO OH N l OH
Protocatechuic acid Gallic acid Catechol

These results again indicate the probable participation of phenolic nuclei
in the constitution of lignin. Freudenberg has used an extension of the
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alkali fusion technique for identification of the nuclei which actually
participate in the lignin molecule.!® The fusion products were methyl-
ated with dimethylsulfate and diazomethane and then oxidized with
permanganate. Thus spruce lignin was treated with 709, NaOH at
165°C for ninety minutes. The products were next methylated and then
oxidized. Veratric and isohemipinic acids were isolated in this way in
yields of 219 and 129, of the original lignin, respectively. If ethylation
rather than methylation was applied to the fusion products, 3-methoxy-
4-ethoxybenzoic acid was obtained, showing that the methoxyl group at

(|300H (IDOOH (IJOOH
7 4
@OCH, HOOCQOCH. \ | OCH,
CH, OCH, C.H,
Veratric acid Isohemipinic acid 3-Methoxy-4-ethoxy-

benzoic acid

position 3 in veratric acid is present in the original lignin, but that the
second phenolic group is freed or produced during the alkali treatment.
Both veratric and isohemipinic acids are themselves partially destroyed
by the treatment. If the amounts recovered are corrected for this
destruction spruce lignin may be calculated to yield 819, of isohemipinic
acid and 339, of veratric acid.> Although these figures are of course only
semiquantitative, still the important fact is that the two substances can
apparently account for a large proportion of the lignin molecule.

Sulfonation of Lignin. When material containing lignin is heated
with an aqueous solution of acid sulfite, the lignin is converted to water
soluble materials, a procedure which as mentioned above is the basis of
one type of delignification of wood used in the preparation of paper pulp.
The soluble products formed are salts of lignin-sulfonic acid derivatives.
Acidification of the sulfite liquor results in the precipitation of a mixture
of the free lignosulfonic acids, although a more soluble residue also
remains in solution.

When coniferous sulfite lignin is refluxed with hot alkali the aromatic
aldehyde vanillin is produced in yields which may amount to as much as
6% of the weight of lignin.!! Similar treatment of lignin from hardwoods
such as oak and maple yields syringaldehyde in addition to vanillin.

The mechanism of the sulfonation reaction has been studied by
Higglund and Carlsson!? who found that for each sulfonic acid group
introduced into the lignin molecule, one phenolic hydroxyl group is set
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?HO ?HO
OCH; CH;0— —OCH,
H H
Vanillin Syringaldehyde

free, an observation confirmed by Freudenberg.'* In lignin sulfonation
a phenolic linkage must therefore be broken, with the result that on the
one hand a free phenolic group is produced and on the other an aliphatic
sulfonic acid appears. Freudenberg’s proposal for the mechanism of this
reaction will be taken up later. Although native lignin reacts readily
with sulfite to form sulfonated derivatives, extracted and purified lignin
is quite unreactive and is not brought into solution by sulfite treatment.
It appears that the presence of free hydroxyl groups in the native lignin
is essential to the sulfonation reaction and that these groups are destroyed
or masked during the isolation of lignin. Thus if wood is methylated
with diazomethane, the lignin can no longer be removed with bisulfite.
If wood is acetylated before isolation of the lignin, the free hydroxyl
groups are protected and the isolated, deacctylated lignin is fully reactive
toward acid sulfite.!

Structure of Lignin. No final structure can be assigned to lignin at
present. Nevertheless, on the basis of the considerable amount of
accumulated evidence, very concrete suggestions as to the possible general
form of the lignin molecule may be put forward. It is evident that the
molecule must consist of aromatic nuclei, and Klason early suggested that
lignin might be formed by the condensation of coniferal alcohol. More
recently Freudenberg® has developed a detailed proposal as to the struc-
ture of lignin. In the first place the degradation experiments show that
lignin of spruce must contain aromatic nuclei of the types I and 1T below,
while hardwood lignin must also contain nuclei of type III.

R R
! |
7
N l 0} CH;O OCH;
o) ——(]:H: (!.)H
II 111

According to Freudenberg, lignin may be built up from molecules of the
type of isoeugenol which are condensed to form products of the dehydro-
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diisoeugenol type. This condensation, which does in fact take place
under mildly oxidizing conditions, could then be continued to form chains

?H‘:CH—CH, CH=CH—CH;, (IJOOH
OCH, ()H;\ y OCH;, (3H3\ OCH;,;
J) 0) CH Methylation Cg l
H — AN
+ H— Oxidation H—O
CH=CH—CH;, l |
|
CH, OCH, OCH,
H H ACH;
2 molecules Dehydrodiisoeugenol Erdtman’s acid
Isoeugenol

F1e. 12-1. Condensation of isoeugenol to form dehydrodiisoeugenol as a model for
formation of lignin-like materials.

of indefinite length. Nuclei other than isoeugenol may also participate
in the formation of the polymer, including the propylene derivatives of
the two aromatic nuecleii II and III shown above. In addition, the
propylene side chain might be replaced by other threc-carbon side chains
of the types shown below.

CH.OH HC=0 CH,
(EHOH éHz é=0
éHOH J)HOH (lJHOH
Rk R %

Support of Freudenberg’s proposal for the structure of lignin lies in the
fact that dehydrodiisoeugenol may be methylated and oxidized, in which
case it yields 209% of veratric acid and 5% of isohemipinic acid, amounts
not greatly different from those obtained by similar treatment of spruce
lignin.

Erdtman’s acid, which is obtained by mild oxidation of methylated
dehydrodiisoeugenol, reacts with sulfurous acid, a reaction resembling
that found in the case of lignin, since in both cases one phenolic group is
liberated per mol of sulfite taken up.®
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COOH (IDOOH
AN EENPA VAN
CH OCII; CH J) OCH,
H,S0s é H
(FH_ 0 —_— H : —SO,I
—OCH; OCH;
CH; CHZ
Erdtman’s acid Sulfonated _ﬁ}rdtman’s
acl

Reaction of Erdtman’s acid with sulfite

The dehydrodiisoeugenol model of lignin does then have much in common
with lignin itself. In addition, latitude in the composition of lignin could
be accounted for by variation in the basic units involved in the condensa-
tion. Even so, Freudenberg’s picture of lignin structure, while it
accounts for many properties of lignin, does not satisfactorily account for
all, and in particular does not suggest any ready interpretation for the
presence of dimethylpyrogallol derivatives in hardwood lignins. Various
modifications of the Freudenberg structure have therefore been put for-
ward. Chief among these is the suggestion by Russell’® and by Ritter
and others!” that the basic unit involved is a flavanone rather than a
benzpyrane derivative, i.e., the three carbon atoms of each side chain may
all be involved in formation of a second ring. This conclusion, arrived at
by Ritter from the study of the structure of lignin sulfonic acids, leads to
a tentative picture of lignin as a polyflavanone.

OCH;
o/
OCH,
0./
OCH,
N
A |

Proposed polyflavanone structure of lignin



LIGNIN 129

Polyflavanone of this structure has been synthesized by Russell and
reported to resemble gymnosperm lignin in general characteristics. It
is still too early to draw a conclusion as to the detailed structure of lignin,
but the main outlines of the structure involved are at least now evident.

Metabolism of Lignin.'s Various authors have suggested that lignin
might be formed from hemicellulose, pentosan, or pectic substances in the
cell wall. That the conversion of a polysaccharide or uronide to a com-
plex aromatic polymer should take place in the wall would seem however
to be improbable. It is more likely that the basic eugenol-like units may
be manufactured in the cytoplasm of the cell and then escape into the
wall where they are polymerized. Nothing is known of the biochemistry
of this process. Lignin oncedeposited does not appear to be re-utilized by
the plant and is on the contrary lost to metabolism. It is among the
most resistant of native plant materials to the attacks of microorganisms,
and is decomposed little or not at all over short periods of time. Wood-
destroying fungi attack lignin slowly over periods of months or years but
nothing approaching complete breakdown of lignin by microorganisms
has yet been demonstrated. Lignin is similarly utilized little if at all by
the animal organism.
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CHAPTER 13

COMPOSITION OF THE CELL WALL

It is the purpose of this chapter to bring together the material of the
foregoing chapters on the individual cell wall constituents, to summarize
the properties and reactions of these constituents, and to present an over-
all picture of the relative amounts of the individual components found in
the cell walls of various tissues. It is surprising that only rarely have
complete balance sheets for the composition of cell walls been prepared.
Individual investigators have, rather, concerned themselves with one or
another component or have carried out their analyses on whole tissues in
such a way that composition of the cell wall alone cannot be calculated.
It will be of importance in future biochemical investigations to separate
clearly the cell wall from the protoplasmic contents in analyses of tissues.

Table 13-1 gives a summary of the chemical and physical character-

TaBrE 13-1. A summary of the reactions of the several principal cell wall
constituents. (Modified from Frey-Wyssling!)

Absorption in

Substance Behavior in polarized light ultraviolet light
Cellulose Double refracting, optically positive Little absorption
Pectic substances Statistically isotropic “ “
Lignin Optically isotropic (Lignin residues Strong absorption

show double refraction of form)
Noncellulosic polysac-

charides In general double refracting Little absorption
Polyuronide hemicellu- .
loses . Isotropic “ “

Cuticular substances Double refracting, optically negative  Strong absorption

Solubility in
Cross and Bevan
Substance Solubility and hydrolysis behavior treatment

Cellulose a. Soluble in cuprammonium solution

b. Soluble in concentrated (above 72%)

sulfuric acid

¢. Insoluble in hot dilute acid or alkali Insoluble

Protopectin . Insoluble in cuprammonium solution

Sl

. Soluble in dilute (3-5%) H;0; at 50°C
and in warm dilute ammonium oxa-
late
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Substance

COMPOSITION OF THE CELL WALL
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TaBLe 13-1 (Continued)

Solubility and hydrolysis behavior

. Soluble in hot dilute acid

131

Solubility in
Cross and Bevan
treatment

Soluble

Calcium pectate a. Insoluble in cuprammonium solution
b. Soluble in dilute H;0; at 50°C and in
warm dilute ammonium oxalate
¢. Soluble in hot alkali Little soluble
Lignin a. Insoluble in cuprammonium solution
b. Insoluble in concentrated sulfuric acid
c. Little soluble in hot dilute acid and
alkali Soluble
Noncellulosic poly-  a. Hydrolyzed in hot dilute acids
saccharides b. Soluble in cold concentrated or hot
dilute alkali
¢. Soluble in cuprammonium solution
d. Insoluble in hot dilute HO: (3-5% at
50°C) Little soluble
Polyuronide hemi-
celluloses a. Soluble in cold 4-5% NaOH Soluble
Cuticular substances a. Insoluble in cuprammonium solution
b. Insoluble in concentrated cold or hot
dilute acid
c. Soluble in hot concentrated alkali
d. Soluble in hot dilute alecoholic KOH Partially soluble
Substance Color reactions
Cellulose a. Dichroic violet color with chlorzine iodine
b. Blue color with I-KI in concentrated sul-
furic acid
¢. Dichroic color with congo red
d. Little or no color with ruthenium red
Pectic substances a. Red color with ruthenium red
Lignin a. Red color with phloroglucinol in HCI
Noncellulosic polysaccharides and
polyuronide hemicelluloses a. No specific staining reactions
Cuticular substances a. Red color with scarlet H
b. Orange-red color with Sudan III

istics of the individual cell wall components and can serve as a general
guide to the separation or identification of wall constituents. Particular
attention should be paid to the noncellulosic polysaccharides including
araban, xylan, mannan, and galactan, as well as to the polyuronide hemi-
celluloses, since these materials show somewhat similar and partially over-

lapping solubility properties.?

The noncellulosic polysaccharides are
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soluble in hot dilute or cold concentrated alkali and are less readily
removed by the concentration of cold alkali (4-5%) needed to remove
many of the polyuronide hemicelluloses. Alkaline extracts containing
the latter may be expected, however, to contain small amounts of polysac-

Whole cell wall
Cold 4 ‘7|g NaOH

|
Insoluble Little soluble Wholly soluble
I 1

Cellulose, Nonce%lulosic ) Polyuronide

lignin polysaccharides hemicelluloses

|
Cold 17.5% NaOH

Insoluble | Soluble
Cellulose, Noncellulosic

lignin polysaccharides

Fi1g. 13-1. Fractionation of cell wall material with alkali. (General method of
O’Dwyer3)

charide as well. Isolation and determination of noncellulosic polysac-
charides may be done on Cross and Bevan cellulose from which the
polyuronide hemicelluloses as well as lignin have been removed by
chlorination and sulfite treatments.

Whole cell wall

Cl,;, H,S0,
Insoluble Soluble
(Cross & Bevan cellulose)
Cellulose, Lignin,
noncellulosic polyuronide
polysa.cTharides . hemicelluloses
Cold 17.5% NaOH
Insoluble Soluble
Cellulose Noncellulosic

polysaccharides

F1a. 13-2. Fractionation of cell wall material after Cross and Bevan¢ treatment for
removal of lignin and polyuronide hemicellulose.

Three general methods for fractionation of cell wall material are given
in Figs. 13-1, 13-2, and 13-3. In the first procedure, the tissue is initially
extracted with cold dilute alkali for removal of polyuronide hemicelluloses
and the residue then extracted with more concentrated alkali for removal
of noncellulosic polysaccharides. This procedure is primarily useful for
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preparation of polyuronide hemicelluloses. In the second method, the
Cross and Bevan extraction is initially applied, and the insoluble residue
is then fractionated by cold concentrated alkali. This procedure, which
is the one which has been most commonly used, gives only a partial
picture of cell wall composition and is deficient primarily in any accurate
estimate of the polyuronide hemicellulose. Probably the most satis-
factory procedure for estimation of individual cell wall constituents is
that in which an initial extraction with chlorine and alcoholic ethanol-
amine (or a modification of this procedure®) is applied. This extraction

Whole cell wall

Hot alcoholic etEanolamine, Cl,

Insoluble Soluble
(Holocellulose)

!
Cellulose, Lignin
noncellulosic
polysaccharides,
olyuronide
emicelluloses

|
Cold 4-5% NaOH
Insolu{)le Little soluble Soluble

Cellulose, Noncellulosic Polyuronide
noncellulosic polysaccharides hemicelluloses
polysaccharides

Cold 17.5 % NaOH
Insoluble Soluble

Cellulose Noncellulosic
polysaccharides

Fig. 13-3. Fractionation of cell wall material after removal of lignin with ethanol-
amine. (Modified after Ritter and Kurth?®)

removes primarily lignin, and the insoluble residue may now be fraction-
ated with alkali for separation of cellulose, noncellulosic polysaccharides,
and polyuronide hemicelluloses.

The separation and estimation of pectic substances is not included in
the schemes 13-1, 2, and 3 since pectic substances make up only a very
small proportion of woody tissues. The amount of pectic materials in
woody tissues can, however, be determined analytically.!* For this pur-
pose the wood is first extracted with cold 4% NaOH to remove poly-
uronide hemicelluloses and is then heated for two to four hours at 100°C
with 0.05 N HCI. This treatment transforms protopectin to soluble pec¢tin
which may then be filtered off, converted to pectic acid by hydrolysis with
dilute alkali, and precipitated as calcium pectate for gravimetric deter-
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mination. A portion of the pectic content of wood appears to remain in
the residue after this treatment and may represent pectates of the middle
lamella. In any case, chlorine-sulfite treatment of the residue liberates
further small amounts of alkali extractable pectic material.

The determination of the pectic constituents of pectin-rich primary
walls presents a much simpler problem than does the determination with
woody tissues. The whole cell wall material may be heated in hot,
dilute (0.05 N) acid to convert protopectin to pectin. The water soluble
pectin thus obtained is then converted to pectic acid with 0.1 N
alkali, and the pectic acid precipitated and weighed as calcium pectate.
This treatment does not extract the calcium and magnesium pectates of
the middle lamella. Determination of this pectic fraction may be carried
out on the residue from the protopectin extraction by treatment with hot
0.5% ammonium oxalate. The pectic extract is freed of oxalate by pre-
cipitation with alcohol, the precipitate taken up in dilute ammonium
hydroxide and precipitated as calcium pectate.

Primary Cell Walls. The composition of the cell walls of actively
growing seedling tissues is given in Table 13-2 for the coleoptiles of oats

TasLE 13-2. Composition of the primary cell walls of growing seedling plant tissues
Per cent of total cell wall material

Corn coleoptile Sunflower

Component Oat coleoptile’ Aftert® After'® hypocotyl®

Cellulose 42 40 36 38
Noncellulosic polysaccharides 38 32 30 8
Pectic substances 8 . 13 46
Lignin ... e 8
Wax i 10 21
Protein 12 - R

Total 100 82 100 100

and corn and for the sunflower hypocotyl. All the analyses are incom-
plete in the sense that the noncellulosic polysaccharide fraction undoubt-
edly includes also the hemicellulose. In the two cereals, cellulose and
noncellulosic polysaccharide make up the bulk of the growing wall. 1In
the case of the oat coleoptile a small amount of protein appears to be
firmly bound to the cell wall material. In the sunflower hypocotyl non-
cellulosic polysaccharides are also present but are quantitatively of less
importance, and cellulose and pectic substances make up the bulk of the
cell wall. All these tissues are marked by low lignin content. The
primary wall once deposited probably does not change greatly in com-
position and such changes as do occur in wall composition during matura-
tion of the tissue are in the main associated with the deposition of the
secondary walls, especially those of the woody elements. These changes
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have been studied by Grifficen® in the hypocotyl of the sunflower. Sun-
flower plants were allowed to develop in the field and samples from
the hypocotyl region removed periodically. Figure 13-4 shows that the
overall composition altered during growth by extensive deposition of
noncellulosic polysaccharide (“pentosan’) and lignin, while pectic sub-
stances, characteristic of the primary wall, diminished in concentration

50

CELLULOSE

401

[
o

PENTOSAN

LIGNIN

n
o

% CALCULATED ON THE DRY WALL
3

STAGE
I

s} S 125 25 DIAMETER OF THE S‘O
HYPOCOTYLEDON IN MM

Fre. 13-4. Changing composition of the hypocotyl during development of sunflower
plants in the field. (After Griffioen?)

as they were diluted by nonpectic constituents. Similar observations
have been made in the maturation of wood of Frazinus and of Pinus, as
shown in Table 13-3. In these experiments the wood was separated into
three portions: (a) the youngest elements immediately adjacent to the
cambium, (b) the recently matured wood, and (c) the mature sapwood.
The youngest tissues, those in which the wall material is presumably
mainly the primary wall, generally resemble the primary wall tissues
cited above in having a moderate cellulose content together with high
pectin and noncellulosic polysaccharide contents. As the wood matures
the pectic substances decrease markedly in concentration as lignin is
deposited. The parallelism between decrease in concentration of pectic
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Tasre 13-3. Changing composition of wood during maturation.
Misral?)

Fraxinus elatior

(}_\‘_ll_sop and

Punus sylvestris

Fraction* Cambium New wood Sapwood Cambium Sapwood
Whole (C and B) cellulose 28.6 54.9 59.3 31.8 62.4
Pectin 30.5 4.1 1.6 20.9 1.0
Uronide not in pectin 6.9 5.8 4.2 50 3.0
Lignin 6.5 24.6 21.2 10.8 26 4
Xylan, % of whole cellulose 26.9 33.7 24.5 15 0 7.9
Mannan, % of whole cellulose 21.9 6.2

* Recalculated on the basis of protem—free wood

substance and increase in concentration of lignin in maturing tissues has
led to the speculation that pectin might itself be transformed into lignin.
Such a transformation is unlikely not only because of the basic difference
in the natures of the two substances but also because the pectic substances
do not actually disappear during maturation but merely decrease in con-
centration as nonpectic materials are deposited. The pectic substances
of the primary walls can of course be detected long after deposition of the
adjacent secondary wall.

Cell Wall Composition of Woody Species. The cell wall composition
of mature wood of Frazinus and of Pinus silvesiris is given in Table 13-3.
A great deal of work has been done on the composition of woods,'? of
which a further selection is given in Table 13-4. In general, woods of

TaBLE 13-4. Composition of some American woods. (U. S. Forest Products
Laboratory, after Wise!2)

% of Cross & Bevan

% of whole wood cellulose
Cross & Bevan
Species Total pentose cellulose Lignin  Pentose  a-Cellulose
Pinus ponderosa 7.4 57.4 26.6 6.8 62.1
Libocedrus decurrens 10.6 41.6 37.7 9.1 46.9
Sequoia sempervirens 7.8 48.4 34.2 7.4 78.8
Pinus monticola 7.0 59.7 26.4 53 64.6
Pseudotsuga tazifolia 6.0 61.5 e 5.3 cee
Quercus densiflora 19.6 58.0 24.8 22.8 56.8
Prosopis julifiora 14.0 45.6 30.5 17.8 76.5
Hicoria ovata 18.8 56.2 23.4 21.9 76.3
Eucalyptus globulus 20.1 57.6 25.1 21.0 68.9

temperate tree species are characterized by moderate cellulose content,
25-409%, high lignin content, 25-35%, and variable amounts of the non-
cellulosic polysaccharides. Barks in general are even higher in lignin
content than is wood (Table 13-5) and contain in addition moderate
amounts of water- and alcohol-soluble substances such as tannins.
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TaBLE 13-5. Composition of bark of various trees. (After Richter!?)

Acid-alcohol-
Species Lignin Total pentosan  Ether-sol.  H0-sol. sol.
Black spruce 45.8 8.8 2.3 10.5 12.1
White birch 49.2 16.5 8.0 58 12.2
Beech 37.0 13.7 1.2 40 13.2
White maple 35.7 14.4 2.5 29 20 6

Cell Wall Composition of Straws and Grasses. The vegetative
portions of cereals such as wheat, rye, and oat are characterized by their
high content of polyuronide hemicelluloses, which make up 20-35% of the
dry weight of the whole straw. The content of noncellulosic polysac-

TaBLE 13-6. Composition of the straws of various cereals
Per cent of whole straw

Component Wheat straw't Rye straw'®s  QOat straw'®

Ash 4.4 3.5 7.1
True cellulose 38.6 46.5 43.8
Xylan } 31.9 8.3 9.3
Polyuronide hemicellulose ’ 33.4 22.8
Lignin 17.2 19.5 18 5
Protein 1.1 1.9 18
Pectin 1.0 03 1.1

Total 94.2 113 4 104 .4

charide, mainly xylans, is relatively low and lignin content is lower than
in wood. Straw tends to contain much mineral, detectable as ash, which
reflects in part the silica content of the cell walls of the grasses. While the
analyses of straw given in Table 13-6 were carried out on material which

TasLe 13-7. Composition of various forage grasses. (After Buston'$)
Per cent of whole grass

Poa Phleum Festuca Festuca
Component trivialis pratense rubra  pratensis
Ash 9.8 8.2 8.3 7.9
Pectic substances 08 15 0.9 1.6
Polyuronide hemicellulose 16.2 17.2 20.7 18.5
Cross & Bevan cellulose 22.2 20.8 21.4 24.1
Xylan in Cross & Bevan cellulose 32 43 3.9 3.7
H;0-soluble 29 7 23 2 23.0 24 9
Lignin 8.5
Total 87.2

consisted mainly of stem tissue, those on forage grasses given in Table 13-7
were done on material which represents mainly leaves. Again, however,
cellulose and polyuronide hemicelluloses are the principal constituents,
with xylans making up a minor proportion of the whole. The forage
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grasses also differ from mature straw in containing strikingly less lignin
as is shown in the one example of Table 13-7.

Table 13-8 gives data on the composition of the corn cob which, like
other organs of the cereals, contains cellulose and polyuronide hemi-
celluloses as major constituents, with lignin making up a smaller portion
of the total. In the highly woody bamboo stem on the other hand lignin
makes up over 309% of the total weight, as in the other woods listed in
Table 13-4.

TaBrk 13-8. Cell wall constituents of various plant materials

Phyllostachys

reticulata

Corn cob!” Hop flower!® (Bamboo)

Component % of cob % of flower % of stem
Ash 14 .. 2
True cellulose 38 3 30 8 41
Polyuronide hemicellulose 42 4 9.7 14
Noncellulosic polysaccharides 0.5 54 10
Lignin 16.7 54 1 32
Pectin 05 A
Protein 32 .. 1
Total 103 0 100.0 100

In summary there are relatively few tissues for which complete balance
sheets of cell wall composition can be drawn up. From the data at hand
it seems that ccllulose tends to make up one-fourth to one-half of the
total, while lignin varies from very low levels in young tissues to 359, or
more in mature woody tissues. Pectic substances in general present the
reverse picture. While pectic substances may make up nearly 509, of the
cell wall material of young rapidly growing cell walls (primary walls), they
are in general found to the extent of 0.5-1.5%, in mature tissues in which
secondary cell wall formation has been completed. It is in the nature of
their polyuronide hemicellulose and noncellulosic polysaccharide fractions
that mature cell walls differ from one another most conspicuously. Of
the noncellulosic polysaccharides, xylan is quantitatively important in a
wide range of cell walls, including those of straws, leaves, and woods, and
may make up from a few to 309, of the Cross and Bevan cellulose frac-
tion. The polyuronide hemicelluloses appear to constitute 5-209, of the
whole cell wall in many instances, although in particular cases as in the
corn cob they may constitute almost one-half of the whole material.
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PART III. PLANT ACIDS AND PLANT RESPIRATION

CHAPTER 14

THE ORGANIC ACIDS OF PLANTS

Nature and Distribution of Plant Acids. Of the wide variety of
aliphatic and aromatic organic acids contained in higher plants, one group
of aliphatic acids, generally known simply as the plant acids, is distin-
guished by reason of wide distribution and physiological function. The
best known of these plant constituents are malie, citric, succinice, tartarice,
and oxalic acids. Less well known but probably of equally wide distribu-
tion and importance are isocitric, fumaric, cis-aconitic, oxaloacetic and
a-ketoglutaric acids. This group of compounds includes then the six-

COOH COOH COOH coon COOH
Hz Hz (.l;Hz éHz éHz
& & & ‘ &
HOC—COOH —COOH HC—COOH CH. =0
H. 'H A?HOH é=0 éOOH
J]OOH éOOH (]JOOH (EOOH
Citric acid cis-Aconitic Isocitric acid a-Ketoglu-  Oxaloace-
acid taric acid tic acid
COOH COOH COOH COOH C|OOH
A‘H CH. H, HéOH COOH
H %HOH (l)Hz HOJ}H
J}OOH COOH OOH $OOH
Fumaric acid 1~-Malic acid Suceinice acid L-Tartaric Oxalic
acid acid

The Plant Acids

carbon tricarboxylic acids, citric, isocitric, and cis-aconitic; the five-car-
‘bon dicarboxylic acid, a-ketoglutaric acid; the four-carbon dicarboxylic
acids, oxaloacetic, malic, fumarie, succinic, and tartaric; and the two-car-
bon dicarboxylic acid, oxalic. One or more of these acids have been
found in every plant tissue in which they have been carefully sought. In
many instances also the acid may occur in large quantities; thus oxalic
acid in particular may make up as much as 50 % of the dry weight of some
140
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leaves, while the plant acid fraction as a whole makes up in general from
a few tenths to 309 of the dry weight of plant tissues.

Citric acid is a general constituent of plant tissues and is probably of
universal or nearly universal distribution. It occurs in particularly high
concentrations in the fruit of citrus and may make up 609 of the total
soluble constituents of the edible portion of the lemon. The concentra-
tions of citric acid reported in a variety of tissues are given in Table 14-1.
Isocitric acid, the optically active isomer of citric acid, was discovered in
plant tissues long after citric acid itself, and its distribution has been cor-
respondingly less investigated. The d-isomer of isocitric acid is the
principal acid of the blackberry! and of the leaves of the succulent plants
such as Bryophyllum.? This acid for reasons which will become apparent
below is, however, probably widely distributed, although in small
concentrations.

Of the four-carbon dicarboxylic acids malic acid is the best known and
appears to be of ubiquitous occurrence in plant tissues, making up sub-
stantial percentages of the total weight of fruits and leaves. Of the two
possible stereoisomers only the 1 form is found in nature. Succinic and
fumaric acids like malic are of wide distribution and are probably of
general occurrence, although they occur in general in lower concentra-
tions than does malic acid. Fumaric acid possesses the trans configura-
tion at the double bond and the corresponding cis isomer, maleic acid, does
not occur in plants.

Two keto acids, a-ketoglutaric and oxaloacetic, have not been the
subject of as wide inquiry as have the other plant acids. Both, however,
have been reported in pea and other scedlings® and their close metabolic
relation to the other acids of the group would warrant, as indicated below,
their inclusion in the group of plant acids.

Tartaric acid is widely known in fruits and leaves and is found in par-
ticularly high concentration in the juice of fruits such as the grape. Of
the four possible stereoisomers of tartaric acid, only one, l-tartaric acid,
occurs in nature.

Oxalic acid, the simplest of the plant acids, is widely distributed and
may be present in the amounts of zero to 509, of the dry weight of leaves
or fruits. Unlike the other acids which appear to be largely present in
the plant in soluble forms, oxalic acid is in general precipitated to a
greater or lesser extent as the insoluble calcium oxalate which occurs as
characteristic crystalline deposits in the cytoplasm of many species.*
Calcium oxalate occurs in two forms, i.e., as monoclinic crystals of the
calcium monohydrate, and as tetragonal crystals of the calcium tri-
hydrate. The latter is an unstable form which is deposited from solutions
of low total osmotic concentration but supersaturated with respect to
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TaBLE 14-1. Comparative organic acid content of various plant tissues

Fruits
Iso- Tar- Suc-
Fruit Units Total Citric Malic citric Ozalic taric cinic
Valencia orange m. equiv. acid
Immature per cc. 0.66 0.62 0.021
Mature juice 030 027 0026
Grapefruit? “
Immature 0.42 0.35 0 060
Mature 0.38 035 0 027
Lemone “
Immature 0.77 0.73 0.044
Mature 1.08 106 0.029 e .
Pineapple/ m. equiv. acid 224 125 73 34
per 100 g.
concentrate of
water-solubles
Blackberry! % of total acids .. .. 0 35 65
Boysenberry! “ R 85 11 4
Pear™ “ . 67 33 0
Apple™ “ .. Trace ca. 100 0
Peel of valencia
orange® m. equiv. acid 0.049 0 004 0.024 .. 0.020
per g. fresh
weight
Peel of grapefruit® “ 0.045 0.005 0.019 . 0 019
Peel of lemon* “ 0.056 0.004 0.019 . 0.031
Leaves
(m. equivalents per 100 g. dry leaf)

Leaf Total  Citric  Malic Isocitric Ozalic Tartaric Succinac
Rhubarb? 438 231 22 143 .. 05
Bryophyllum

calycinum® 427 42.4 166 213 5.9 .. 38
Bryophyllum

crenatum/ 252 11 7 235 0.0 .. -
Nicotiana tabacumo 191 23 68 . 35 .. 0.06
Zea mays®

(whole plant) 96 3.6 25 . 3.2 3.2
Buckwheat® 329 12.9 22.6 . 246 3.4
Narcissus poeticus’ 67 2.4 74 . 4.5 0.9
Peak* 213 80.8 42.6 .. 15.1
Tomato* 270 74 .4 61.1 . 45.2
Spinach* 380 10.5 8.9 . 309
Valencia orange® 223 27.2 68.0 . 87




THE ORGANIC ACIDS OF PLANTS 14:

TABLE 14-1 (Continued)

Stems
(m. equivalents per 100 g. dry stem)

Stem Total Citric  Malic Isocitric Ozalic Tarlaric Succinic
Nicotiana tabacum® 138 3.6 27 . 15.3 . ...
Buckwheat? 155 7.2 29.2 40.0 . 3.2
Pea® 181 34.5 46.5 . 7.3 ..
Tomato* 232 12.3 89.3 .. 81.3
Cantaloupe* 119 5.9 54.4 0.0

Roots
(m. equivalents per 100 g. dry root)

Root Total Citric  Malic [Isocitric Qzalic Tartaric Succinic
Nacotiana tabacum? 91 47 7.6 28.5 ..
Narcissus poeticus? 101 2.5 21.1 .. 28.0 . 1.3

¢ Sinclair, W. B., and Ramsey, R. (., Bolan. Gaz., 106, 140 (1944).

b Sinclair, W. B., and Eny, D. M., Plant Physiol., 21, 140 (1946).

¢ Sinclair, W. B., and Eny, D. M., Botan. Gaz., 107, 231 (1945).

4 Pucher, G. W., Wakeman, A. J., and Vickery, H. B., J. Biol. Chem., 126, 43
(1938).

* Pucher, G. W., J. Biol. Chem., 146, 511 (1942).

7 Bonner, W., Thesis, California Institute of Technology, 1946.

Bonner, W., and Bonner, J., Am. J. Botany, 36, 113 (1948).

¢ Vickery, H. B., Pucher, G. W., Wakeman, A. J., and Leavenworth, C. S., Conn.
Bull. 442, 1940.

» Wadleigh, C. H., and Shive, J. W., Am. J. Botany, 26, 244 (1939).

* Pucher, G. W., Wakeman, A. J.,and Vickery, H. B., Plant Physiol., 14, 333 (1939).

i Vickery, H.B., Pucher, G. W., Wakeman, A. J., and Leavenworth, C. 8., Conn.
Bull. 496, 1946.

& Picrce, E. C., and Appleman, C. O., Plant Physiol., 18, 224 (1943).

! Curl, A. L., and Nelson, E. K., J. Agr. Research, 87, 301 (1943).

m Nelson, E. K., J. Am. Chem. Soc., 49, 1300 (1927).

» Sinclair, W. B., and Eny, D. M., Botan. Gaz., 108, 398 (1947).

° Sinclair, W. B., and Eny, D. M., Plant Physiol., 22, 257 (1947).

calcium oxalate. Such crystalline deposits are found in the cytoplasm of
cells of onion scales in particular. The trihydrate can be transformed to
the monohydrate in a few hours at 100°C, in a few weeks at 30°, and at an
imperceptible rate at 20°C. Calcium oxalate monohydrate, the usual
crystal form of calcium oxalate in leaves, fruits, and petioles of many
species, deposits when calcium oxalate is crystallized from solutions of
either low or high osmotic pressure and is particularly favored over the
trihydrate when precipitation occurs at temperatures above 30°C.
Determination of the Plant Acids. Quantitative work on the bio-
chemistry of the plant acids was long hindered by the absence of suitable
methods for their determination in small amounts. The older methods
of plaat acid determination® have depended on the quantitative separa-
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tion of the individual components either by fractional precipitation of the
salts or by fractional distillation of the esterified acid fraction.® The acids
may be extracted from plant material with alcohol or ether provided that
the material is first acidified with mineral acid so that the acids are present

Chemical
Occurrence nature Crystal form
£
| &
Hedychium, leaf Ca oxalate TE %
monohydrate AT
m
Rhamnus lycioides, leaf “ b
7
GQuaiacum, phloem “
Citrus medica, petiole “ ﬁ%
R
Begonia, petiole Ca. oxalate TN
trihydrate X
ﬁ'ﬁ
Allium cepa, scale leaf “
=
F1e. 14-1. Crystalline forms of calcium oxalate in various tissues. (After Frey-
Wyssling¢)

as undissociated molecules. This treatment also removes oxalic acid
bound as calcium oxalate. The extract is then concentrated and taken
up in water after which the total acids may be determined by titration.
The acids may be precipitated from the aqueous extract as the lead salts.
The mixed salts are then taken up in dilute ammonium hydroxide in which
the salts of citric, malic, and tartaric acids are soluble. The residue con-
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tains lead oxalate from which the free acid may be regenerated with H.,S,
after which calcium oxalate may be precipitated. The filtrate from the
ammonia treatment is also freed of lead with H,S, after which tartaric
acid is precipitated from alcoholic solution as the potassium acid tartrate.

Fractional precipitation of the plant acids

C'rude ether extract
| Neutral lead acetate

Precipitate
NH,OH
Insoluble Soluble
)
Pb oxalate H,S to free of Pb
|
H:S to free K acetate + 2 vols. 95% alcohol
of Pb
Precipitate  Filtrate
Ca(OII).
Ca ozalate KH tartrate

Remove alcohol
Ca(OH): in hot solution

Precipitate Filtrate
|
Ca citrate Cool
Ca malate

The filtrate is used, after removal of the alcohol, for precipitation of
calcium citrate and calcium malate, their separation depending on the
fact that calcium citrate is more rapidly precipitated in hot than in cold
solution, whereas for calcium malate the reverse is true. This general
method, which is described in detail in Klein,* while feasible, is cumber-
some and frequently leads to incomplete separation of the acids con-
sidered. In addition, further acids may be present and may confuse the
separation.

Determination of plant acids by fractional distillation of the ethyl or
methyl esters has also been much used. The acid fraction is esterified
with diazomethane or by heating in alcoholic HCI and the resulting mix-
ture of esters distilled under diminished pressure. If sufficient material is
available, it is possible to separate esters of the individual acids in this
manner. As an analytical method, however, fractional distillation is
cumbersome, demands large amounts of material, and is difficult to put on
a quantitative basis.

Modern work on the biochemistry of the plant acids has depended on
the application of specific micro methods to the determination of indi-
vidual acids, and Pucher, Vickery, and their colleagues’ in particular have
contributed to this approach. In the methods of Pucher, oxalic acid is
precipitated from the acid fractions as calcium oxalate, and the amount of
oxalic acid estimated by titration with permanganate in hot solution.
The oxalic acid is quantitatively oxidized to CO; under these conditions.
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A further aliquot of the acid fraction is used for determination of citric and
malic acids. The fraction is first oxidized with permanganate in the
presence of KBr. Under these conditions citrate yields pentabromo-
acetone which may be removed from the oxidation mixture and deter-
mined by any of several methods. Malate on the contrary yields an
unknown steam volatile oxidation product which may be removed, pre-
cipitated with dinitrophenylhydrazine, and the amount of the resulting
product determined colorimetrically. Both of these methods are quite
specific and may be uscd for the determination of 1 mg. or less of acid.
Isocitric acid does not yield pentabromoacetone. The amount of isocitric
acid can, however, be determined by incubating a portion of the crude
acid extract with an active preparation of the enzyme aconitase.® In
this procedure the mixture is converted into an equilibrium mixture of
citrie, isocitric, and cis-aconitic acids. Since the equilibrium constants
are known, it is possible to approximate the original amount of isocitric
acid present from the increase in citric acid during incubation.

Succinic acid is best determined by an enzymatic method using the
enzyme succinic dehydrogenase. This enzyme oxidizes succinic acid to
fumaric acid, one mol of O, being consumed for each two mols of succinic
acid oxidized. The reaction is carried out manometrically in Warburg
vessels, and amounts of succinic acid as small as 0.5 mg. may be estimated
from the oxygen consumption.? Manometric methods are also available
for oxaloacetic and a-ketoglutaric acids.?

The Krebs Cycle. Although the occurrence of organic acids has been
known for many years the function of these compounds in the plant
remained entirely obscure until relatively recently. Kostytschev,!® who
considered the question in detail, came to the conclusion as late as 1927
that the organic acids represent breakdown products of amino acid
metabolism. This view was originally shared by Ruhland and others!!
who carried out extensive investigations on plant acid metabolism in the
1920’s and early 1930’s. It is now clear, however, that the plant acids
play a central role in cellular respiration both in plants and in animals.
The steps leading to this conclusion, and the evidence on which it is based
are considered under respiration in Chapter 15. We will here merely
summarize the known biochemical interrelations between the various
individual acids. These interrelations are based on the work of Krebs
and Johnson published in 1937 and the series of reactions which are
involved is hence known as the Krebs cycle.1? The initial reaction of the
Krebs cycle is one in which pyruvic acid or a derivative of pyruvic acid
condenses with oxaloacetic acid to form cis-aconitic or a related six-carbon
acid. This reaction involves the removal of hydrogen and water and the
evolution of CO,. The reaction goes readily in living and in ground
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animal tissues, and both direct and indirect evidence indicates the occur-
rence of a similar reaction in barley roots, oat seedlings, and in spinach
leaves (Chapter 15). c¢is-Aconitic acid is transformed in the presence of
the enzyme aconitase into an equilibrium mixture of cis-aconitie, citric,
and isocitric acids.

COOH COOH COOH
éHR Hz CH2
HO(E—COOH = é—COOH = HJ}——COOH

l H, H HCOH
COOH (IJOOH éOOH
Citrie acid cis-Aconitic  Isocitric acid
acid
Interconversion of citric, ¢is-aconitic and isocitric acids in the presence of the enzyme
aconitase

Isocitric acid is oxidized by the enzyme isocitric dehydrogenase which like
aconitase is widely distributed in higher plant tissues. This enzyme
removes two hydrogen atoms from isocitric acid with the production of

(I JO0H
CH,
IIOéI?——COOH
CH.
boox
Citric acid
— H:O“‘ +H.0
COOH COOH COOH COOH COOH
| (L —2(H) ! +H:0 —2(H) - CO:
(|J:0 + CH, ——'C;’ CH, ———H‘_(‘) H, R |‘Hz
—CO: —Ha +2(H) +CO:
CH, 3=0 (L»——COOH HJ)——-COOH CH.
OOH JJ)H——COOH HOCH |J=
JIOOH COOH
Pyruvie Oxaloacetic cis-Aconitic TIsocitric a-Ketoglutarie
acid acid acid acid acid
+H:0 | ’_'%%{’)
COOH COOH COOH COOH
é +2(H) | ~H:0 —2(H)
H, CH. _ JH — H,
J} —2(H) J} +H10 y‘ +2(H) (I;
=0 HOH J H,
éOOH (EOOH éIOOH (lJOOH
Oxaloggetic Malic acid Fumaric acid Succinic acid
aci

Fra. 14-2. Metabolic interrelations of the plant acids in the Krebs cycle.
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oxalosuccinic acid. Decarboxylation of oxalosuccinic acid results in
formation of a-ketoglutaric acid. The decarboxylation is enzymatic and
the enzyme has been shown to occur and has been studied both in snimal
and plant tissues.!* Alpha-ketoglutaric acid is oxidatively decarboxy-
lated to succinic acid by an enzyme system which is as yet but little
understood in plant tissues, although it has been studied to some extent
in muscle.’* The reaction mechanism may consist of the decarboxylation
of a-ketoglutarate to succinsemialdehyde followed by the oxidation of
succinsemialdehyde to succinic acid. Succinic acid is next transformed

COOH

=0 CHO COOH
be,  bm, bm,
b, %% dm, 220 L,

é é +H,0 é

OOH OOH OOH

a-Ketoglutaric  Succin- Succinic
acid semialdehyde acid

to oxaloacetic acid through a series of transformations, all of which are
well known and established for a wide variety of plant and animal tissues.
The enzyme succinic dehydrogenase first reversibly oxidizes succinate to
fumarate by the removal of two hydrogen atoms. The reaction may be
specifically blocked by use of the inhibitor malonic acid, which resembles
succinate except for possessing three rather than four carbon atoms.
Fumarate is next hydrated in the presence of the enzyme fumarase to
form malate and this is in turn oxidized by the enzyme malic dehydroge-
nase to yield oxaloacetate. With the reformation of oxaloacetate the cycle
is complete and may be repeated by introduction of a new molecule of
pyruvate.

General evidence for the operation of this cycle in plants includes the
fact that enzymes for the component steps of the Krebs cycle have been
found widely in higher plant tissue, and that the acids involved are all
known as widely distributed plant products. The component acids of
the Krebs cycle include all the plant acids but tartaric and oxalic. Asa
first assumption it may be suggested then that it is through the reactions
of the Krebs cycle that the several plant acids are formed and intercon-
verted. Other evidence supporting this view will be found in Chapter 15.

Accumulation of an individual plant acid to high concentration in a
plant is of very usual occurrence and implies at once that the rate of pro-
duction of this acid exceeds the rate of withdrawal. On the assumption
that the Krebs cycle is operative in the plant tissue involved, accumula-
tion of a plant acid in the tissue must be due to a block or partial block of
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a particular step in the cycle. Thus the accumulation of malic acid in
fruits and leaves must be taken to indicate that the malic dehydrogenase
of that tissue is not as active as the other enzymes of the earlier links in
the cycle. Similarly the accumulation of citric or of isocitric acids must
be owing to individual blocks in the aconitase or isocitric dehydrogenase
systems. These blocks might be due to low enzyme concentration or to
the presence of inhibitors, and it will be of interest to resolve the nature
of the defects involved. We do not at present have the information
necessary to explain such preferential accumulations.

As mentioned above neither oxalic nor tartaric acids fit into known
organic acid metabolic systems. It is possible however that oxalic acid
may arise through the intermediary of glycolic and glyoxylic acids by
some such pathway as that shown below.

CH,OH CHO COOH

boorn " Loon  boom
Glycolic  Glyoxylic Oxalic

acid acid acid
Metabolism of Organic Acids in Leaves. The changes in organic
acids which occur in excised leaves during starvation have been followed
in tobacco and in rhubarb by Vickery and others.> In both cases oxalic
acid is unaffected by any treatment and is not reutilized even in extreme
starvation. Oxalate would appear then to reenter into metabolism slug-
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I16. 14-3. Changes in organic acids of excised rhubarb leaves maintained in the dark
(After Pucher, Wakeman, and Vickery15)

gishly if at all. In tobacco leaves cultured in the dark malic acid rapidly
disappears while citric acid appears although in lesser concentration, since
approximately one mol of citrate is formed for each two mols of malate
utilized. This transformation might be understandable on the basis of
the reactions of the Krebs cycle since it would be possible for malate to be
transformed to oxaloacetate and this in turn converted to pyruvate by
the oxaloacetate decarboxylase which is known in higher plant tissues.
The combination of one mol of pyruvate with one mol of oxaloacetate



150 PLANT BIOCHEMISTRY

would then yield one mol of tricarboxylic acid, as found experimentally.
In excised leaves of rhubarb both malic and citric acids slowly disappear
during incubation in the dark. An unidentified acid accumulates in
rhubarb just as does citric acid in tobacco, and it has been suggested that
malic acid may be converted in this case to the unknown acid. Excised

~N
< loop [o] of -]
g. £ ~°
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o
5 g 50 o = ) /B
3¢ — 3 }-°
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F1c. 14-4. Changes in organic acids of tobacco leaves cultured in the dark.'®s At
right: upper curve, citric acid; lower curve, oxalic acid.

leaves of sudan grass and of oat!” show a still different type of behavior
with respect to organic acids during starvation. Here both citrate and
malate accumulate at the expense of unidentified precursors.

Carbon Dioxide Fixation. For many years it was considered that
carbon dioxide is purely a metabolic product of respiratory and ferment-
ative processes and that fixation of carbon dioxide in organic molecules is
restricted to photosynthesis of green plants and to chemosynthesis as
carried out by certain restricted groups of microorganisms. It is now
known, however, that carbon dioxide is also a metabolite and can be taken
up and fixed in organic form in a variety of normally occurring bio-
chemical reactions which take place in most if not all living things. An
early indication of this fact was the finding that some heterotrophic bac-
teria are unable to grow in the absence of CO,. Clear demonstration of
CO; utilization by an heterotrophic organism was, however, first pre-
sented in the work of Wood and Werkman in 19368 with Propionibac-
terium, an organism which occurs commonly in cheese. Wood and
Werkman grew Propionibacterium anaerobically on a medium containing
glycerin as a source of carbon, CaCO; to neutralize the acids produced,
salts, and a small amount of yeast extract as a source of growth factors
for the organism. After a period of incubation they determined all the
products produced by the organism. It was found in a typical experi-
ment that propionic, acetic, and succinic acids constituted the principal
products formed but that in addition CO; had actually been utilized dur-
ing the course of the reaction. Such CO; utilization appeared to be cor-
related with succinic acid production since a strain of the bacteria which
utilized but little CO; also produced but little succinic acid.



THE ORGANIC ACIDS OF PLANTS 151

TasLE 14-2. Utilization of CO: by two strains of Propionibacterium. (After Wood
and Werkman1s)
Strain 1 Strain 2

Amount of glycerol used in m mols 100 100
CO; exchange, m mols —43 -11
Propionic acid produced, m mols +59 +89
Acetic acid produced, m mols +2 +2.6
Succinic acid produced, m mols +34 +3.9

Combustion analyses confirmed the increase of total organic carbon of
the culture during incubation, the increase agreeing quantitatively with
the amount of CO; taken up. Conclusive proof of CO, utilization by
Propionibacterium was obtained!® with the use of CO, containing an
admixture of the heavy isotope C'®. When the organism was allowed to
ferment glycerol in the presence of C'30,, the tagged carbon was detected
in the carboxyl groups of the succinic acid formed. It was suggested by
Wood and Werkman that a mechanism for this reaction might consist in
the condensation of pyruvic acid with CO. to form oxaloacetate, the oxalo-
acetate being in part reduced to succinic acid. The correctness of this
suggestion has been abundantly confirmed and the Wood and Werkman
reaction is now recognized as a general biological process.

CHg—(I‘]}—COOH + CO:— HOOC—CHZ—(ﬁ—-COOH

(6] (0]
Pyruvic acid Oxaloacetic acid
The Wood and Werkman reaction

In higher plants an enzyme catalyzing the reversible breakdown of oxalo-
acetic acid to pyruvate and CO, has been found in a wide variety of seeds,
seedlings, leaves, and roots.!® The enzyme involved requires the presence
of manganese ions in order to carry out the decarboxylation reaction,
while the CO, fixation reaction requires in addition the presence of
adenosine triphosphate. The Wood and Werkman reaction is thus well
founded on the basis of in vitro as well as in vivo experiments.

The use of CO; containing isotopic carbon has made it possible to show
that in organisms which, unlike Propionibacterium, give off large amounts
of CO; during normal metabolism, CO; is also taken up and fixed in
organic form, even though the outgo of CO. greatly exceeds the uptake.
CO; fixation in organic acids has been reported for a wide range of hetero-
trophic microorganisms, including E. coli, Clostridium (which produces
butyric acid, butyl alcohol, etc.), Acetobacter, Rhizopus, yeast, and also
for animal tissues. Carbon dioxide fixation by roots of barley has also
been reported,?® although not on the large scale in which it occurs in
microorganisms. Carbon dioxide fixation is carried on extensively by
leaves of a particular group of plants, the succulents, and here the fixation
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appears to be a major source of organic acids, as is discussed later in this
chapter.

The fixation of carbon dioxide by heterotrophic organisms is now
known to occur by other reactions in addition to that of Wood and Werk-
man. Thus, Woods?! early showed that E. coli suspensions can synthe-
size formic acid from CO, according to the reaction:

H. + CO: = HCOOH

Formic acid formation depends thus on the partial pressure of both CO-:
and H,. Similarly in the case of the methane-producing bacteria, which
oxidize fatty acids with the production of acetic acid and methane, Barker
has shown?? that the reaction proceeds according to the following scheme

2CH,CH,CH,COOH + 2H:0 + C0.— 4CH,;COOH + CH,
Butyrie acid Acctic acid Methane

in which COs is used as a hydrogen acceptor in the oxidation. In both of
these reactions, even though CO; is fixed in organic form, still the CO,
functions purely as a hydrogen acceptor and the formation of carbon-
carbon bonds is not involved. A further type of reaction in which CO,
may be fixed into larger molecules has been studied by Lipmann and
Tuttle.2* This involves the reversal of the oxidative decarboxylation of
pyruvic acid, a reaction which concerns the oxidation of pyruvic acid in
the presence of inorganic phosphate with the production of acetylphos-
phate. The reaction with Micrococcus involves a hydrogen acceptor, in
this case cozymase. With extracts of E. coli or of Clostridium however,

CH,—?——COOH + H;PO,= CH;COOPO;H: + CO: + 2(H)

Pyruvate Acetylphosphate

the reaction takes a somewhat different course involving formic acid
which, as explained above, is in equilibrium in E. coli with CO; and Ho.
CH;—C—COOH + H;PO, = CH;COOPO;:H: + HCOLOII
H; + CO:.
Pyruvate Acetylphosphate Formic acid
That the degradation of pyruvate is reversible to a slight extent was
established both by demonstration of pyruvate formation from acetyl-
phosphate and by the introduction of tagged carbon into the carboxyl
group of pyruvate from CO; in the presence of enzyme and acetylphos-
phate. CO; fixation through the acetylphosphate system is thus well
established in microorganisms, and, although the reaction is not known in
higher plants, the possibility of its occurrence must be recognized.
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A third reaction for the formation of carbon-carbon bonds from CO,
may also take place as the result of reversal of the oxidative decarboxyla-
tion of isocitric acid. In this reaction as explained above isocitrate is
first dehydrogenated to oxalosuccinic acid and the latter then decar-
boxylated to a-ketoglutaric acid. Both reactions are reversible with

d-Isocitric acid + TPN = Oxalosuccinic acid + reduced TPN

measurable equilibrium constants.2* Thus the oxidation of isocitrate to

Oxalosuccinic acid = a-Ketoglutaric acid 4+ CO;

oxalosuccinate in the presence of isocitric dehydrogenase and the hydro-
gen acceptor, triphosphopyridine nucleotide or TPN, is combined with
the decarboxylation of oxalosuccinate to a-ketoglutarate by oxalosuccinic
carboxylase. The equilibrium constant for the overall reaction is
7.7 X 10? or far over toward the side of decarboxylation.

p-Isocitric acid + TPN = a-Ketoglutaric acid + CO; + reduced TPN

a-Ketoglutarate) (H,COj3) (red. TPN)

= 3
(p-Isocitrate) (TPN) 7.7 X 10

Ko

The reaction can be shifted in the direction of CO: fixation by coupling
with reactions which produce reduced TPN. Thus we may say that the
energy required for the fixation of CO; in the a-ketoglutarate reaction
comes from the oxidative reactions which result in production of reduced
TPN.

The entire system for fixation of CO: through the a-ketoglutarate-
isocitrate reaction has been shown to occur in parsley roots.!* Reduced
TPN drives the reaction as outlined above and fixation of CO; can readily
be verified from the fact that radioactive carbon supplied to the system
as CO; can be recovered as carbon present in isocitrate.

The significance of CO; fixation as a biological process is twofold. In
the first place, CO. fixation provides a general means whereby acid groups
are formed by organisms, and the acidity of plant tissues in which COs is
fixed would hence be expected to depend intimately on the prevalent CO;
pressure. That this is indeed the case with leaves will be shown below.
In the second place, the Wood and Werkman reaction elucidates the
nature of the genesis of the four-carbon acids in metabolism. Oxalo-
acetate and its derivatives malate, furmarate, and succinate may all be
derived from pyruvate through the fixation of COs, followed by the appro-
priate further reactions. Oxaloacetate in turn appears to be an essential
metabolite in the formation of isocitrate and citrate, both plant acids of
quantitative importance. It will be shown in Chapter 15 that the Krebs
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cycle is an integral part of the respiration of some at least of the tissues of
higher plants, and it is of importance, therefore, that the oxaloacetate
concentration of the respiring tissue be maintained. Oxaloacetate is,
however, not only a metabolite in respiration, but is subject also to decar-
boxylation and to transamination reactions. It may be expected
therefore that oxaloacetate will be withdrawn from the Krebs cycle at a
greater or lesser rate. The Wood and Werkman reaction would appear
to be the mechanism by which oxaloacetate is restored and maintained in
the tissue. Finally, it is highly probable that photosynthesis consists
essentially of CO, fixation reactions which are basically similar to the fixa-
tion reactions discussed above but for which the required energy is derived
not from substrate oxidation but from light.

Metabolism of Succulents. It has been shown that many species of
plants accumulate acids in high concentrations in their leaves. With the
great bulk of plant species this acid, once formed, is relatively stable and
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FiG. 14-5. Behavior of organic acids in attached leaves of the succulent Bryophyl-
lum calycinum in light and dark. (After Pucher etal.?”) The diurnal fluctuations in
acid level are the reverse of those of the photosynthetically produced carbohydrates
such as starch. In both cases, the first ten hours are in light, the remainder of the
experimental period in dark.

does not disappear except under conditions of stress as in starvation of the
leaf. With a few species, on the contrary, acids are formed primarily
during the night and disappear again during the day. This diurnal
fluctuation in acid content is characteristic of the group of plants known
as succulents and the remarkable metabolism which they exhibit is known
as succulent or crassulacean metabolism.2

The succulent plants are a morphological rather than a taxonomic
group. They have in common leaves or photosynthetic stems which con-
sist of thickened spongy tissue. Typical succulents are found in the
families Cactaceae, Euphorbiaceae, Asclepiadaceae, Begoniaceae, Composi-
tae, and in particular in the Crassulaceae of which the genera Sedum,
Crassula, and Bryophyllum are representative. De Saussure first dis-
covered the succulent metabolism in his work on the cactus Opuntia when
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he found that during the night the intake of oxygen by the flattened
stems might under certain circumstances greatly exceed the output of
CO,, thus indicating that at night respiration proceeded from sugar to the
formation of oxygen-rich compounds. Heyne (1819) later found that
with Bryophyllum calycinum, the leaves actually taste more acid at the
end of the night than at the end of the day. A large amount of sub-
sequent work established the principal facts, which are that leaves of
succulents either on the plant or excised from it form acids when they are
maintained in the dark, and especially at low temperatures, such as 10°C
orlower. When such leaves are removed to the light the acids disappear.
Disappearance of acids may also be accomplished in the dark at high tem-

o

incregse in acids, m.equiv /100 gm dry wt
o

10 15 20 25
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o

F1a. 14-6. Effect of temperature on formation of organic acids by leaves of Bryophyl
lum fedtschenkoi. Leavesin dark for forty-eight hours. (After Bonner and Bonner?$)

peratures such as 30°C. A complication in the study of the metabolic
reactions involved has been the fact that the leaves of many succulents
contained an unknown acid, referred to in the early work as isomalic or
crassulean malic acid. This acid, which forms a large part of the total, is
now known to be isocitric acid, at least in the case of Bryophyllum, Sedum,
and other typical succulent species.2?

Early theories as to the mode of acid formation in succulents related
these compounds to protein metabolism. Kostytschev!® regarded plant
acids in the succulents as in other plants as by-products of amino acid
degradation, and organic acid production was thought by Kostytschev to
parallel protein hydrolysis in the leaf. Ruhland and Wolf,!! on the other
hand, found that carbohydrates are the source of the plant acids and sug-
gested that in succulents pyruvic acid might be diverted from its normal
pathway of oxidation in respiration and transformed to succinic acid
through diketoadipic acid.
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Hexose (0] IO
(o]
___.HoocACHch,(J:coon — HOOCCH,CH,COOH + 2C0,
Diketoadipic acid Succinic acid
CH;CCOOH—
30:
Pyruvate (0]
!) —2(H) |
L__—HOOCCCH,COOH «———— HOOCCH,CHOHCOOH
Oxaloacetic acid Malic acid

Normal respiration .
Proposal of Wetzel and of Rubland for formation of organic acids in leaves of
succulents!!

The scheme of Wetzel and Ruhland is, however, unsatisfactory in that it
explains neither the origin of isocitric and citric acid nor the reason for
diurnal fluctuation in acid content. In addition it supposes reactions
involving diketoadipic acid, a substance not known to occur in plant
tissue.

A further suggestion as to the nature of crassulacean metabolism made
by Bennet-Clark?: is based on the fact that leaves of various crassulean
species contain the seven-carbon sugar, sedoheptose. Bennet-Clark sup-
posed that this sugar is itself converted to malic acid. The idea suffers
from numerous inconsistencies including the fact that we now know that
isocitric acid is the major acid of the succulents. The most thorough
study of succulent metabolism is that of Wolf? carried on primarily with
Bryophyllum. Wolf first reestablished the fact that acid formation in
Bryophyllum leaves is a function of light and of temperature. With
regard to temperature two factors are involved. The maximum amount,
of acid is accumulated by excised leaves at a temperature of 7°C, but this
maximum level is attained only over long periods in the dark (96 hours).
At higher temperatures acid formation takes place at a faster rate but
never attains as high a concentration level. Over a period of 18 hours, a
temperature of 20°C was found to be optimum. At temperatures of 30—
35° the leaves actually lost acids. The optimum temperature for acid
removal in the light was found to be about 25°. A minimum of 400
meter-candles was needed to effect acid removal and light saturation of
the process was attained only with intensities of about 1000 meter-candles.
These intensities are of the same order as are needed to effect photo-
synthesis in the succulent leaf, and it would appear possible then that
photosynthesis is involved in acid removal.

Wolf could find no relation of acid formation to either nitrogen metab-
olism or to breakdown of sedoheptose. On the contrary a direct relation
to sugar utilization was found, roughly one mol of acid appearing for each
mol of hexose oxidized. The process was inhibited by cyanide as was
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respiration. Oxygen uptake continued at a high level in leaves forming
acids, but CO; production was almost completely suppressed. Thus the
respiratory quotient, or ratio of CO, evolved to oxygen consumed, was
below the figure of unity expected for normal respiration of hexose.
Pyruvate is possibly involved in the reaction as was shown by experiments
with leaf strips floated on buffer solution in vessels suitable for measure-
ment of gas exchange. With leaf strips floated on buffer solutions at 25°C
and respiring at the expense of endogenous substrates, the respiratory
quotient was found to be moderately high as is shown in Table 14-3. If
pyruvate was added oxygen consumption was increased to some extent
but CO; production was almost completely suppressed, suggesting that
the pyruvate utilization involves utilization of the CO; normally produced
in the cell. Interestingly enough the addition of thiamine completely
reversed the influence of pyruvate in decreasing CO, production. Wolf

TasLE 14-3. Effect of pyruvate and of thiamine on gas exchange by strips of
Bryophyllum leaves at 25°C. (After Wolf28)

Thiamine added:

Gas exchange in .
gas exchange in

mm.*/g./hr. mm.3/g./hr.
0, CO, R.Q. 0, CO, R.Q.
No added substrate -119 +104 0.87 ..... C e e
Pyruvate —-160 +6 0.04 —178 4129 0.73

considers that this fact is to be interpreted on the basis of the known
pyruvate carboxylase content of Bryophyllum leaves, with thiamine (see
Chapter 15) acting as a coenzyme to excess apoenzyme present in the
tissue. The influence of pyruvate in lowering the respiratory quotient
has not been directly related to acid production and it would be of interest
to know if the pyruvate supplied actually appcars in the leaf in the form
of plant acids. It is of interest to note in any case that the effect of
pyruvate is inhibited by malonic acid, the specific inhibitor of succinic
dehydrogenase, suggesting that pyruvate utilization proceeds through
processes involving succinate metabolism. A more recent study of the
metabolism of Bryophyllum leaves, generally confirming the work of Wolf,
has been carried out by Pucher and others.?

The production of organic acids by Bryophyllum leaves depends inti-
mately on the presence of carbon dioxide as is shown in Fig. 14-7. In the
absence of CO,, the excised leaf makes essentially no acid. With increas-
ing CO; pressure, acid formation increases almost linearly up to 0.19% CO,
and more slowly up to 109 CO: in air. The acids formed in excised
leaves in the presence of high CO. concentration consist of citric, malic,
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and isocitric acids as they do in normal leaf, but malic acid in particular
increases in the leaf in the presence of COa.

The fact that acid formation in the leaves of Bryophyllum depends on
carbon dioxide pressure may be used in an interpretation of the diurnal
fluctuation of acid content. In the dark the CO; partial pressure inside
the fleshy leaves of the succulent will tend to be higher, owing to respira-
tion, whereas in light, photosynthesis will tend to lower the CO: content
of the internal gas. Thus diurnal fluctuations in acid content may be
attributable to diurnal fluctuations in CO; partial pressure. This inter-
pretation is strengthened by the observation of Wolf that high CO; partial
pressures during exposure of Bryophyllum leaves to light decrease the rate
at which acids are reutilized. The temperature relations of acid forma-

200
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1 J
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% COg in gos space

Totol acids, m equiv /100 gm dry leaf

F1a. 14-7. Dependence of organic acid formation in leaves of Bryophyllum cre-
natum on the CO; concentration. Leaves incubated in the dark at 3°C for 48 hours.
(After Bonner and Bonner28)

tion tend to reinforce the possible carbon dioxide-induced periodicity,
since the night temperatures to which the leaf is normally subject will
ordinarily be lower than the day temperatures.

Acid formation in leaves of nonsucculent plants has been investigated
only meagerly, but it has been shown that in general nonsucculents do
not respond to increased CO; partial pressure in the dark by markedly
increased acid formation. It would appear probable that the succulents
constitute an exceptional case in leaf organic acid metabolism in that they
not only synthesize acids extraordinarily freely and extensively but also
in that the process is highly responsive to CO, pressure. It has been sug-
gested by the work of Wolf that pyruvate may be involved in CO; utiliza-
tion, and further that this process must proceed through the four-carbon
acids since it is blocked by malonic acid. These observations may be
interpreted on the basis that the Wood and Werkman reaction may be
involved. Experiments with isotopically tagged CO; show that COs: is
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actually fixed in the malic and other acids formed in the dark by Bryophyl-
lum leaves.”® Oxaloacetic acid cannot be detected in Bryophyllum leaves

Pyruvic acid + CO2 = Oxaloacetic acid = Citric, isocitric, and malic acids
Suggested general mechanism of organic acid formation by succulents

in measurable amounts,? but the fact that the amount of malate formed
in short-term experiments is directly related to the CO. partial pressure
suggests that a portion at least of the oxaloacetate formed may be reduced
directly to malate. On the other hand a portion of the oxaloacetate must
also be oxidatively transformed to isocitric and citric acid.

In summary, the evidence available suggests that acid formation in
Bryophyllum involves both pyruvate and CO,. As a working hypothesis
it may be assumed that CO, fixation by a reaction similar to that of Wood
and Werkman is involved. In this respect the leaves of succulents would
differ from the leaves of other nonsucculent plants in which CO; fixation
in the dark by nonphotosynthetic reactions takes place at most to a
limited extent.

Acid-Base Balance. The organic acids present in a plant tissue are
not ordinarily present exclusively as the undissociated acid molecules but
are usually combined to a greater or lesser extent as salts of the mineral
cations taken up by the plant. Thus the organic acid-organic acid salt
system of the tissue constitutes a buffer system which is of importance not
only in determining the pH of the cell but also in rendering some protec-
tion to the cell against external agencies which might otherwise cause
drastic alterations in cellular pII. Looked at in another light, the organic
acids serve as anions for a portion of the mineral cations absorbed by the
plant. In some tissues the bulk of the mineral cations are in fact present
as the salts of organic acids. The data of Table 14-4 show that in the

TaBLE 14-4. Distribution of mineral cations between organic acid and inorganic
anions in juice of mature citrus fruits. (After Sinclair and Eny3¢)
Cations combined with

Total cation  Cations combined with inorganic anions
content organic acids (Phosphate, sulfate)
m. equiv./  m. equiv./ % of total m. equiv./
Fruit 100 g. 100 g. cation 100 g.
Valencia orange 5.96 4.26 71.5 1.70
Navel orange 6.06 4.42 72.9 1.64
Grapefruit 5.35 3.05 57.0 2.30

fruits of orange and grapefruit, 57 %, to 73 % of the total cations are asso-
ciated with organic acid anions, the remainder being associated with
phosphate, sulfate, and other inorganic anions. Even though the great
bulk of mineral cations is then combined with organic acid anions in the
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citrus fruit, most of the acid of the fruit is nevertheless present as free acid
in this case. In the lemon less than 3% of the total acid is combined with
mineral cation and even in the less acid orange, only 15% of the total acid
was found to be thus combined (Table 14-5).

TaBLE 14-5. Proportion of total acid occurring as free acid or as salts of mineral
cations in juice of mature citrus fruits. (After Sinclair and Ramsey,® Sinclair and

Eny?)
Acid combined as

Total acids salts, m. equiv./ % combined
Frust m. equiv./100 g. 100 g. acid
Valencia orange 25.2 4.3 14.6
Grapefruit 41.5 3.1 8.6
Lemon 118.8 3.3 2.9

Sinclair and co-workers33 have shown that in the citrus fruit, the
pH of the juice is determined almost solely by (a) total acid concentration
and (b) ratio of free acid to salt according to the basic relation between
this ratio, the pH and the pK or negative log of the dissociation constant
of the acid. This means that small changes in the free acid/salt of acid

(Acid salt)

pH = pK + log (Free acid)

ratio, such as might be caused by fluctuations in cation uptake during
fruit development, will have relatively little effect on fruit pH, and Sin-
clair has calculated that ecven were the cations of grapefruit juice to be
doubled the resultant change in pH would approximate only 0.3 pII units.
Many of the older workers have attempted to discover relations between
the titratable acidity of a plant extract and its pH; such relations have in
fact been found as in the case of citrus and occasionally of apple fruits.
With many tissues including other fruits there is no relation between
titratable acidity and pH. Thisis of course due to the fact that titratable
acidity measures only the free acid term in the cxpression log (acid
salt/free acid).

The great importance of the organic acids in the acid-base equilibrium
of the fruit has its counterpart in other tissues of the plant. It is well
known that during the uptake of inorganic salts by roots or other tissues,
the cation uptake may exceed or may be smaller than the anion uptake.
In the case of fruits just described, excess cation uptake is accommodated
by neutralization of plant acids. In roots, active organic acid production
accompanies disproportionate cation uptake while organic acid disappear-
ance accompanies disproportionate anion uptake.®” The plant acids of
the cell in addition to their function as a passive buffer system are
thus able to act as a flexible system, changing in quantity in a manner
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appropriate for accommodation of the mineral uptake problems pre-
gsented. The operation of the plant acid system is particularly striking
in connection with the preservation of ionic balance during uptake and
reduction of nitrate salts. The residual cations are then balanced by
organic acid anions produced (Table 14-6).

Relation of Nitrogen Nutrition to Organic Acid Content. Of the
factors which influence organic acid content of the plant, nitrogen nutri-
tion is of paramount importance. In particular, plants supplied with
nitrogen in the form of ammonia contain much lower concentrations of
acids than do similar plants grown with nitrate nitrogen. This response
to form of nitrogen supply was first found in the tomato. Plants in sand

TaBLE 14-6. Influence of form of nitrogen on organic acid composition and
distribution of nitrogen in leaves of tobacco plants. (After Vickery et al.3!)

% of N given as NOs: 100 80 60 40 20 10
Constituent as NHy: 0 20 40 60 80 90
(m. equiv./100 gm. dry wt.)

Total acids 190 163 117 94 77 67
Inorganic cations combined as

acid salts 125 130 78 48 29 28
Oxalic acid 35.1 31.9 29.1 21.6 12.1 11.2
Citric acid 23.1 14.9 8.8 1.4 0.9 0.9
Malic acid 68.2 38.3 14.4 2.4 1.6 2.7

(% of dry wt.)

Total amide N 0.064 0.066 0.077 0.087 0.151 0.183
Total soluble org. N 1.26 1.26 1.20 1.42 1.64 179
Protein N 3.12 3.19 3.29 3.22 318 3 06
Soluble sugars 1.49 1.36 1.08 0.97 0.98 115

culture which received their nitrogen as ammonia contained less than one-
tenth as much of each individual acid as did similar plants supplied with
nitrogen as nitrate.?? A similar response has been found for Begonia and
also for corn, Bryophyllum,* and the rubber plant guayule. A particu-
larly intensive study of the response has been made by Vickery and
others® who grew tobacco in sand culture with complete nutrient media
but in which the nitrogen was supplied either as nitrate, as ammonia,
or as mixtures of the two forms. Organic acid content of the leaf tissue
was found to be a nearly linear function of the proportion of NH,* in the
nutrient. Both citric and malic acid were twenty to forty times lower in
concentration in the tissue when the nutrient contained 80-909% of the
nitrogen as NH,* than when all nitrogen was given as nitrate. Similar
changes were found also in root and stem tissues. Table 14-6 includes
data on other constituents of the same series of plants. The amides
asparagine and glutamine, which make up only a small portion of the total
nitrogen, increase in amount as the proportion of ammonia in the medium



162 PLANT BIOCHEMISTRY

is increased. Only a slight increase in total soluble organic nitrogen
including amino acid, amide, and ammonia nitrogen was found, and pro-
tein level was essentially independent of composition of the medium.
The content of soluble sugars was markedly decreased in the plants which
received high ammonia. In a qualitative way it may be suggested that
in plants which are supplied with high ammonium levels in the nutrient,
the organic acids are kept at a low level by reactions involving the forma-
tion of amino acids and amides from a-ketoglutaric and oxaloacetic acids.
The depression in organic acid content cannot, however, be quantitatively
accounted for on this basis since only small increases in soluble nitrogen
and no increase in protein content occurs. It would appear rather that
nutrition with nitrate nitrogen may also actively promote organic acid
synthesis, perhaps owing to the accumulation of mineral cations which
remain in the cell after reduction of the nitrate anion.

Aromatic Acids of Plants. In addition to the aliphatic plant acids a
number of aromatic acids are widely distributed although by no means as
nearly universally as the plant acids themselves. The aromatic acids
may occur in the free form in certain instances, such as benzoic acid. In
general, however, the aromatic acids tend to occur as esters in oils and
resins or as glycosides. Thus salicylic acid, o-hydroxybenzoic acid,
occurs primarily as the methyl ester and is found as such in oil of spear-
mint, Mentha spicata. Other commonly found aromatic acids are cin-
namic, p-coumaric, hydrocoumaric, protocatechuic, gallic, and caffeic
acids. The structures of these acids together with notes on their distri-
bution and form of occurrence are given in Table 14-7.

The function and metabolism of the aromatic acids has been but little
investigated as compared with the aliphatic acids. It isevident that they
may be formed by oxidation of aromatic amino acids such as phenylala-
nine or they may represent independent metabolic pathways from the
unknown precursors of the aromatic nucleus. A function for proto-
catechuic and caffeic acids is suggested by the fact that they are reversibly
oxidizable to the corresponding o-benzoquinones. The oxidation is

OH (0]
1 )
HO—Z  H>—CH=CHCOOH — 0=®—CH=GHCOOH
— 2
Caffeic acid Benzoquinone of caffeic acid

carried out by the enzyme polyphenoloxidase and the reduction by other
as yet not well-defined plant enzyme systems. Caffeic acid and related
compounds may be of importance as hydrogen transporting systems in
plant respiration, as will be taken up in Chapter 15.

An additional physiological function for protocatechuic acid is sug-
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TasLE 14-7. Distribution of aromatic acids in higher plants

Acid Structure Forms in which found

Benzoic Free
o

Esterified with benzyl,
ethyl, cinnamyl etc.
alcohol. As benzoyl
glucose

Cinnamic Free

(trans isomer)

®~CH=CHCOOH

Esterified with alcohols
as methyl, etc.

Esterified with terpene
alcohols

Salicylic As methyl ester

7 N—COOH
N\

OH

As methyl ester

glycoside
p-Coumaric Free
(trans isomer)
= - As ester,
HO—< />—CH =CHCOOH as ester glycoside
Methoxyethyl ester

0-Coumaric Free and as glycoside

(trans isomer)
—CH=CHCOOH

H

Genera of plants in
which found
Fruit of Vaccinium sp.
Leaves of Gaultheria

Resins of Styraz,
Myrrhis, Parthenium,
Benzoin. Fruits of
Vaccinium sp.

Oil of Storaz, resin of
Myrozylon and other

legumes, in oil of
Melaleuca, resin of
Styraz, ete.

Resins of Styraz, Ben-
zoin, Melaleuca,
Storaz

Amyrin ester in latices
of Moraceae, ester of
partheniol in resin of
Parthenium

Leaves of Chenopo-
dium, Calycanthus,
Camellia

Fruits of Ribes, Fra-
garia, Rubus, Prunus,
Vitis

Flower oil of Acacia
and other legumes

Flower of Viola, leaves
of Gaultheria

Leaves of Aloe,
Daviesia, Trifolium

Leaves of Aloe,
Melilotus
Leaves of Hedychium

Leaves of Melilotus
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TaBLE 14-7 (Continued)

Forms in which Genera of plants in
Acid Structure found which found

Melilotic Free Leaves of Melilotus

—CH.CH,COOH

H

Protocatechuie Free Leaves of Allzum bulb
Flowers of Iibiscus,
HO— —COOH Althea

As tannin derivative Bark of Quercus,
Schinopsis

As ester with p-hy- Leaves of Grindelia
droxybenzoic acid Fruit of Bignonia

Gallic OH Free Tannin of galls, leaves
| of pea
HO— —COOH

As ester in glycosides Tannins of galls on
Quercus, Rhus.
Tannins of many
species of leaves,
bark, fruits

Caffeic As ester in glycosides Component of tannins

TY =ny in coffee beans, Cin-
HO— —CH=CHCOOH chona bark.

Leaves of Digitalis,
H Coffea

gested by the discovery of Walker and others®? that high concentrations
of this acid are present in onion varieties resistant to attacks of a par-
ticular fungus. Protocatechuic acid is toxic to the fungus and acts hence
as an agent conferring natural immunity on the plant. Cinnamic acid
has been shown?? to be contained in and given off by roots of Parthenium
argentatum. The cinnamic acid is toxic to the Parthenium plant and
accumulations of the material in the soil or other substrate reduce growth
or actually kill the plant. Other species are less sensitive than Par-
thenium to cinnamic acid, tomato for example being injured only by a
hundred times higher concentration than that needed for injury to
Parthenium.
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CHAPTER 15

PLANT RESPIRATION

Introduction. By respiration is meant the sum total of the biological
reactions in which organic material is oxidized to simpler compounds. In
aerobic respiration these oxidations are carried out in the presence of
oxygen and the substrate acted upon is frequently oxidized completely to
CO; and H;0. The simple hexose sugars, glucose and fructose, form the
substrate for the respiratory oxidations of many tissues, and in this case
the overall reaction involved is the classical one:

CoH,0 €0,
oH 1206 4+ 60: — 6CO: + 6H.0 —0—2- =
In this complete respiratory oxidation of hexose, six mols of oxygen are
taken up and six mols of CO; are evolved for each mol of sugar utilized;
the respiratory quotient or ratio of CO: evolved to oxygen consumed is
unity. Although hexose is undoubtedly the most frequent and the major
substrate for the reactions of respiration, other substrates may also be
utilized, particularly the organic acids and the fatty acids. In the com-
plete oxidation of an organic acid, such as for example malic acid which is
richer in oxygen than is carbohydrate, the respiratory quotient is greater
than 1.
C.H,O €0,
«HeOs + 30, — 4CO; + 3H.0 0, = 1.33

Conversely, in the complete oxidation of a fatty acid, poorer in oxygen
than carbohydrate, more oxygen must be consumed than CO, liberated,
and the respiratory quotient is consequently less than 1. In many
respiring tissues the respiratory quotient may be found to be slightly
greater or smaller than that expected on the basis of oxidation of hexose
alone, and this doubtless means then that substrates other than hexose
may be oxidized simultaneously with the oxidation of hexose itself.

It is now quite clear that in respiration, either hexose or some other
substrate is degraded by a succession of steps involving many different
enzymes and involving as intermediates many of the other well-known
constituents of plant tissues. This series of graded steps may be con-
veniently separated into two portions: the initial steps by which carbo-
hydrate is converted to pyruvate, and the terminal phase in which

167
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pyruvate is oxidized to CO: and water. The initial phase is common to
aerobic respiration and to fermentation, the anaerobic degradation of
organic material through pyruvate to simpler compounds such as lactic
acid or ethyl alcohol. Even though many tissues, including those of
higher plants, appear to be equipped with a full complement of enzymes
both for fermentation and for aerobic respiration, still in the presence of
oxygen respiration largely predominates. Fermentation, which is sup-
pressed in the presence of oxygen, becomes apparent, however, under
anaerobic conditions. The suppression of fermentation by oxygen,
known as the Pasteur effect, serves then to insure that fermentation will
take place only under conditions unsuitable for respiration.

The gaseous exchanges of respiring plant tissues have been the subject
of intensive investigation by plant physiologists and much is known con-
cerning such exchange not only as among various tissues and various
species of plants, but also as concerns the influence of external factors on
the rate and type of gas exchange involved. This discussion will take up
a different aspect of respiration, namely the question of the metabolic
pathways of respiration, the chemical reactions through which carbo-
hydrates and other substrates are transformed to CO; in the respiration
of the higher plant. We shall first consider briefly the history of this
subject. 'This is followed by a discussion of the general nature of oxida-
tion and a summary of the best-known respiratory enzymes. We shall
discuss in detail the initial reactions of respiration, namely the breakdown
of hexose to pyruvate, and then investigate the pathways of pyruvate
oxidation. Finally we shall take up the energetics of respiration and the
ways in which energy liberated in respiration may be made available to
other energy-using cellular processes.

Early Work. The respiration of plants has been the subject of study
since the time of Stephen Hales, who showed that plants living in the dark
decrease the ability of air to support combustion. That oxygen is taken
up in respiration was shown by Ingen Housz (1779), while de Saussure
(1804, 1822) measured the CO; evolved as well as the oxygen consumed.
The study of respiration in relation to growth was initiated by Sachs
(1865) who showed that high rates of respiration accompany growth and
who introduced the concept of the respiratory quotient or ratio of CO.
given off to oxygen consumed in respiration. Further work on the
chemical mechanism of plant respiration was carried on by Bach (1901).
Bach showed that plant extracts possess the ability to oxidize certain
phenols in the presence of oxygen; the enzymatic material responsible for
this oxidation he termed oxidase. He showed further that plants possess
a second enzymatic mechanism for the oxidation of certain phenols by
H,0;: This enzyme we now know as peroxidase. The concept that
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these two oxidative enzymes might be a part of the repiratory mechanism
constitutes what has been known as the Bach-Chodat theory of respira-
tion, a theory which was developed extensively by Palladin and which is
frequently referred to in older textbooks of plant physiology. Further
study of the oxidase of Bach by Onslow! showed that o-hydroxyphenols
are the substrates for this enzyme, while Pugh and Raper in 19272 found
that the oxidation product is the corresponding o-quinone. The oxidase
of Bach and Chodat is thercefore what we now know as polyphenoloxidase.
This early work, which is summed up in the books of Kostytschev and
Onslow showed then that polyphenoloxidase occurs in plant tissues.
That this enzyme might play a role in respiration was suggested but not
demonstrated in any way.

The early work on the mechanism of fermentation in yeast and/or
muscle by Harden and Young, Von Euler, Emden, Meyerhof, and Neu-
berg found a counterpart in and stimulated work on fermentation in
higher plant tissues. Many early workers have shown that higher plant
tissues such as meal from seeds, or juice from such tissues as sceds, leaves,
and tubers, can ferment hexose, with the production of approximately one
molecule of CO. per molecule of alcohol formed, a ratio similar to that
found in yeast fermentation. Ivanoff? and later Bodnar and Hoffner,* as
well as others, early indicated a role for phosphate in such fermentation
by the observation that added phosphate increascs the rate of hexose
fermentation by pea meal. That pyruvic acid might be an intermediate
product of sugar breakdown or glycolysis in higher plant respiration was
surmised by analogy with yeast fermentation.

The stages leading from triose or pyruvic acid to CO, and water were
almost completely neglected in the early work. Zaleski and Marx® in
1912 and Bodnar® in 1916 demonstrated that such tissues as seeds and
potato tubers contain the enzyme carboxylase, an enzyme which dccar-
boxylates pyruvie acid to form CO; and acetaldehyde. The presence of
acetaldehyde was also demonstrated in fermenting pea meal by methods
such as the binding of the aldehyde with bisulfite. Withregard to the role
of organic acids, Kostytschev in his summary on plant respiration denied
these substances any place in respiration, holding with Ruhland and
Wetzel (see organic acid metabolism) that organic acids are by-products of
nitrogen metabolism rather than intermediates in carbohydrate metab-
olism. The dehydrogenases which oxidize the plant acids, enzymes
discovered by Batelli and Stern and by Thunberg beginning in 1909-10,”
which we now know to play a central role in respiration, were not con-
sidered by the early plant workers as respiratory enzymes.

The Nature of Oxidation.®! The term oxidation was originally applied
to chemical reactions in which a reactant actually gains oxygen; a simple
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example of this type of reaction is the oxidation of carbon monoxide with
oxygen to yield carbon dioxide.

CO + %0:—’ Coz (1)

Oxidation may also consist in the removal of hydrogen from the reactant
a8 in the oxidation of hydroquinone to benzoquinone. Wieland early
suggested that even oxidations involving addition of oxygen may be

HO—¢  S—0H =0-/ \=o 2(H 2
L > + 2(H) 2)

regarded as reactions in which the elements of a molecule of water are
added to the reactant, followed by removal of hydrogen, as shown below
for the oxidation of acetaldehyde to acetic acid.

OH
/
CH;CHO + H,0 —» CH;C—OH — CH;COOII + 2(H) 3)
H

Finally, oxidation in its simplest form consists merely in the removal of
an electron or electrons from the reactant, as in the case of the oxidation
of ferrous to ferric iron.

Fett — Fettt 4 (e) 4)
The oxidative reactions 2, 3, and 4 are partial reactions in that the oxidiz-
ing agent is not included in the reactions as written. Neither free clec-
trons nor atomic hydrogen can of course appear as reaction products. On
the contrary an oxidizing agent must act as a hydrogen acceptor in reac-
tions 2 and 3, or as an electron acceptor in reaction 4. In all cases the
oxidizing agent by accepting either hydrogen or electrons is itself reduced.

Although the reactions typified in 1, 2, 3, and 4 may seem quite dis-
parate at first glance, they do have a common feature, namely the transfer
of electrons away from the substance being oxidized. In 1 electrons held
by the carbon atom are transferred to the carbon-oxygen bond. In 2 and
3 electrons held by the reactant are removed as hydrogen atoms, while in
4 electrons are removed directly as electrons. In this sense reactions of
type 4 represent the simplest type of oxidation. Reduction whether by
removal of oxygen or by addition of hydrogen similarly involves basically
the addition of electrons to the molecule being reduced.

The types of oxidation listed in reactions 1 to 4 all find their places in
the biological oxidations of respiration. The reactions of oxidases with
oxygen are examples of type 1, while the dehydrogenation of substrates
by dehydrogenases or certain flavoproteins are examples of types 2 and
3. Finally in the iron protein systems such as the cytochromes we have
oxidations involving only the transfer of electrons as in type 4.
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Oxidative Enzymes. Many of the enzymes involved in biological
oxidation consist of proteins or apoenzymes combined with nonprotein
prosthetic groups. We may say that while the general nature of the
process carried out by the enzyme is determined by the nature of its
prosthetic group, the substrate specificity of the enzyme is determined by
the nature of the protein apoenzyme. Thus the enzymes which have
diphosphopyridine nucleotide (DPN) as their prosthetic group are all
dehydrogenases and function in actual removal of hydrogen atoms from
substrate. Whether the substrate acted upon is ethyl alcohol, malic
acid, or one of several other oxidizable materials, is dependent on the
exact protein with which the DPN is combined. With certain of the
enzymes of biological oxidation the prosthetic group may be readily
removed, for example, by dialysis; in this case the prosthetic group is
called a coenzyme. This is true of the dehydrogenases, in which the
equilibrium between enzyme and its two components is far to the right.

Enzyme = Apoenzyme + Coenzyme

With other systems as with the flavoproteins, the dissociation constant is
small and the coenzyme can be removed by dialysis only when the enzyme
is brought to the verge of denaturation as in 0.01 N HCL In still other
cases, as in the heavy metal enzymes, the prosthetic group may not be
removed by ordinary dialysis.

The biological oxidations of respiration are carried out by enzyme
systems which include several distinct enzymatic components. Oxida-
tion of the substrate is frequently catalyzed by a dehydrogenase which
removes two hydrogen atoms from the compound in question and becomes
itself reduced. The dehydrogenase is not reoxidized by molecular
oxygen, but is rather reoxidized by specific enzymes, such as flavopro-
teins, which are in turn reduced. In some instances this flavoprotein
may be directly reoxidized by oxygen. In general, however, these inter-
mediary enzymes are reoxidized through the intervention of carriers such
as cytochrome and in other cases possibly by phenols, compounds which
themselves are reoxidized by oxidases. The path of the electrons
removed by oxidation of substrate will then be somewhat as shown in
Fig. 15-1. In the discussion of the oxidative enzymes of respiration
which follows, we shall take up the individual groups of enzymes in the
order in which they participate in this transfer of electrons.

The Dehydrogenases. Harden and Young® in their investigations on
fermentation by cell free yeast juice found that yeast juice could be split
by dialysis into two fractions, either of which by itself was incapable of
carrying out fermentation, but which together retained the original activ-
ity. The dialyzable fraction was thermostable, the nondialyzable frac-
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tion thermolabile. To the dialyzable thermostable fraction the name
cozymase was applied, and from this work Harden and Young developed
the concept of the coenzyme. The problem of the coenzymes of cellular

Substrate
Dehydrogenase
Flavoprotein ------ 1
Carrier '

xidase

+
xygen -+ 2H*
Water

F1a. 15-1. General pathway of eclectrons from substrate to oxygen in biological
oxidations.

oxidation was taken up anew by Warburg and Christian in 1932.1° They

worked with the enzyme hexose monophosphate dehydrogenase which is

obtained from red blood corpuscles and which catalyzes the reaction:

Glucose-6-phosphate — 6-Phosphogluconic acid + 2(H)

In this reaction the hydrogen is transferred anaerobically to an acceptor
such as the dye methylene blue which can be itself reduced. The enzyme
depends for its activity on a dialyzable coenzyme which was isolated in
pure form. At the same time similar work was being carried on with
cozymase and in 1935, Von Euler, Alberts, and Schlenk showed that this
coenzyme is a dinucleotide containing nicotinamide, adenine, ribose, and
phosphoric acid.!! The structure of their material, now known as cozy-
mase, coenzyme I, or diphosphopyridine nucleotide (DPN) is shown
below:

/NH,
0 /C\
J V4 N—C \N
—C_ 7 Adenine
Nicotinamide l AN HC
NH, N !L '
N7 © N— \ /CH
P a6
HOCH (o} (0} HCOH

p-Ribose HOé — (l)—CHg——O—ph—ph—O—CHg—é——-éOH p-Ribose
H H H H

Cozymase: Coenzyme I: Diphosphopyridine nucleotide (DPN)
The phosphate group is represented as ph.

The coenzyme of Warburg and Christian, now known as coenzyme II or
triphosphopyridine nucleotide (TPN), is similar to that of DPN except
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for one additional molecule of phosphoric acid.!? The structure com-
monly ascribed to TPN is that shown below; there is still some uncer-
tainty as to the exact location of the third phosphate residue.

0
g o/ C<
LT N /N——C/ Sy
N 2 74
N{ HC
S o
I—C\ CH
cg Eb\ N
HOCé o) o HCOH
Hoé__é_cm-o-ph—ph-—o_cn,— — onlp
H H H H

Coenzyme I1: Triphosphopyridine nucleotide (TPN)

The electron or hydrogen-carrying group of both nucleotides is nico-
tinamide which can be reversibly oxidized and reduced and which can
therefore act as an acceptor of electrons in oxidation reactions. In the
reduction of DPN or of TPN it is the double bond adjacent to the quater-

0 (0}
N C/ N C/
AN = AN
| NH. + 2(H) | NH,
N © N +H*+ 6
ribose, etc. ribose, etec.
Oxidized DPN Reduced DPN

nary nitrogen atom which is reduced. The carbon atom takes up one
hydrogen atom while the nitrogen atom takes up one electron with the
formation of one hydrogen ion. Thus the enzyme hexose monophosphate
dehydrogenase consists of a specific protein apoenzyme, which in the
presence of TPN is capable of oxidizing glucose phosphate to phospho-
gluconate, with the coenzyme TPN being itself reduced. The reduced
coenzyme can be reoxidized in a variety of ways. It may, for example, be
reoxidized by methylene blue although this can occur only if a specific
flavoprotein intermediate enzyme is also present. The reduced TPN can-
not, however, be directly reoxidized by molecular oxygen. The enzyme
is therefore a dehydrogenase; it is capable of activating and accepting
electrons of the substrate but cannot transfer these activated electrons
(+Ht) to oxygen. Although DPN and TPN are very similar, each is
nevertheless able to combine only with its own particular apoenzyme and
they are not in general interchangeable. Each coenzyme is, however,
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able to combine with a variety of individual proteins, and each combina-
tion yields an enzyme which is specific for a particular substrate.

Malic dehydrogenase. A dehydrogenase for the oxidation of malic to
the corresponding keto acid, oxaloacetic acid, occurs widely in nature, in
animal tissues, in bacteria, and in higher plants. In the higher plant it

COOH COOH
HOH (|3=O

<|: + DPN = | + Reduced DPN
H, Apoenzyme CH,

éOOH (lJOOH

L~Malic acid Oxaloacetic acid

has been found in seeds, seedlings, and leaves.'* DPN is required, TPN
is inactive. The enzyme is inhibited by the accumulation even in minute
amounts of the reaction product, oxaloacetate, and is also sensitive to
iodoacetate.

Alcohol dehydrogenase. An enzyme for oxidation of ethyl alcohol to
acetaldehyde is found in yeast, from which the protein apoenzyme has
been obtained in crystalline form by Negelein and Wulff.1* DPN is
required as the coenzyme. This enzyme also is found in higher plant tis-
sues and has been studied in seeds, seedlings, and leaves.

0
7
CH,CH,0H + DPN =———— CH,C + Reduced DPN
Apoenzyme
H
Ethyl alcohol Acetaldehyde

Glutamic dehydrogenase. An enzyme for the oxidative deamination of
glutamic acid is widely distributed in nature. Presence of such an
enzyme in legume scedlings was reported by Damodaran and Nair’> and
it has since been found in oat seedlings, in leaves, and in numerous other
species and tissues.'?

coon COOH
HNH. >=0
H, + H,O + DPN — = (lng + NH; 4+ Reduced DPN

Apoenzyme

H, H.

(gOOH OOH

Glutamic a-Ketoglutaric
acid acid

Glutamic dehydrogenase as obtained from liver, which has been par-
ticularly studied, can utilize either DPN or TPN. The apoenzyme is
further associated with insoluble fragments of the cell and can be obtained
in solution only with difficulty. The enzyme as obtained from higher
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plants is, however, fully soluble and appears to require DPN alone. This
dehydrogenase is of first importance to nitrogen metabolism, since in the
presence of glutamic dehydrogenase an equilibrium is established between
free ammonia and ammonia fixed as the amino group of glutamic acid.
In this way, as will be further discussed in Chapter 16, glutamic dehydro-
genase participates in nitrogen metabolism as a port of entry for ammonia
into organic combination.

Triosephosphate  dehydrogenase. Triosephosphate dehydrogenase,
which is responsible for the phosphate-coupled oxidation of phospho-
glyceraldehyde to phosphoglyceric acid (this oxidation constitutes the
only oxidative step in the transformation of hexose to pyruvate), was
obtained in pure form from yeast by Warburg and Christian in 1939.16
The coenzyme of triosephosphate dehydrogenase from higher plants as
well as from yeast and mammalian sources is DPN. The enzyme is
readily inhibited by iodoacetate or iodoacetamide, reagents which prob-
ably in this case as in others cause oxidation of essential sulfhydryl groups
of the apoenzyme. The mechanism of the reaction will be discussed
under energy transfer below.

Isocitric dehydrogenase. An enzyme for the oxidation of isocitric acid
occurs in seeds, seedlings, l2aves, and probably in all plant as well as
animal tissues. The reaction leads to the production of oxalosuccinic
acid, an intermediate which is ordinarily immediately decarboxylated by
an additional but different enzyme, oxalosuccinic carboxylase, to form
a-ketoglutaric acid.

COOH COOH
HOH (’320
HJ}——COOH + TPN = o HJJ‘COOH + Reduced TPN

Apoenzyme of 180-

H, citric dehydrogenase H,
OOH (lJOOH
Isocitric acid Oxalosuceinic acid

TPN is required by the enzyme as found in muscle and is probably
required also by the enzyme as found in higher plants, according to
results obtained with seedlings!” and with parsley roots.!®

The Flavoproteins. In 1932 Warburg and Christian!® obtained from
yeast an enzyme yellowish in color and capable of reversible oxidation by
molecular oxygen, the oxidized form of the enzyme being susceptible of
reduction by reduced TPN. The enzyme was resolved into an apo-
enzyme and a prosthetic group, the latter being, however, more tightly
bound than in the case of the dehydrogenases. The prosthetic group was
shown to be riboflavin phosphate in which p-ribitol phosphate is attached
to a substituted isoalloxazine nucleus.?°
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H OH
AN
/C\
o-Ribitol phosphat,
HCOH RCOH 1hitol Phosphate

H, é"Hr—O—ph

N 4N
CH, / j// W=o
CHjy NH
\”/
0]
Riboflavin monophosphate
Prosthetic group of original yellow enzyme of Warburg and Christian

6, 7-Dimethylisoalloxazine
N\N?

Oxidation and reduction of the enzyme is accomplished by the sub-
traction or addition of two hydrogen atoms from the isoalloxazine nucleus.
The enzyme of Warburg and Christian, or “old yellow enzyme’’ as it is
known today, can act in vitro as an intermediate hydrogen carrier, cou-
pling the oxidation of hexose phosphate by dehydrogenase to the reduction
of oxygen through the following series of steps:

Red. TPN + ox. yellow enzyme — ox. TPN + red. yellow enzyme
Red. yellow enzyme + O, — ox. yellow enzyme + H,0,

This coupled reaction is probably not a significant feature of respiration
because of the relatively low rate of reoxidation of the yellow enzyme by
oxygen and in the cell still other yellow enzymes are responsible for reoxi-
dation of reduced codehydrogenases.

Of the yellow enzymes which are known, those which have been care-
fully studied have with two exceptions been found to consist of apoenzyme
combined to a dinucleotide containing riboflavin and adenine.?! [In this

n\ /on
/ C\
HCOH HCOH
?, éﬁz éHg—O—ph———ph——O—CHr—CH CHOH
< ([} ]D-Ribose
2 NN O HCOH
2 JcH, / j=o %
CH NH H? /N\
) N7 l /N—C \CH
J) HC &
AN g
N 2
N\ 7
i
NH.

Flavin-adenine dinucleotide, the general prosthetic group of flavoprotein enzymes
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dinucleotide, riboflavin phosphate is bound through a pyrophosphate
linkage to an adenine-p-ribose phosphate (adenylic acid) identical with
that found in the codehydrogenases.

The diaphorases. The diaphorases are characterized by having as
their substrates reduced DPN or TPN. Reduced diaphorase is rapidly
reoxidized by methylene blue, possibly by other systems, but is not reoxi-
dized by molecular oxygen at an appreciable rate. Reduced diaphorase
must therefore in general be reoxidized by still other enzymatic systems.
Diaphorase as obtained from tissue is ordinarily associated with cell frag-
ments and does not pass into solution. By treatment of the tissue with
ammonium sulfate and dilute warm alcohol (43°), Straub has, however,
obtained a soluble diaphorase capable of oxidizing reduced DPN.22
Lockhart? has demonstrated diaphorase in pea and bean seedlings and in
potato tubers, while Okunuki?* has found the enzyme in pollen.

p-Amino acid oxidase. Krcbs in 1933% described the presence in
animal tissues of an enzyme capable of oxidatively deaminating the o or
unnatural isomers of amino acids with production of the corresponding
keto acid and H,0..

R—CH—COOH + 0. + H.0

NH.
p~-Amino acid Corresponding keto acid

— R——("",—COOH + NH; + H:0.

p-Amino acid oxidase

It is to be noted that the enzyme is auto-oxidizable, i.c., is capable of
being reoxidized by molecular oxygen. The enzyme rapidly attacks p-
methionine, arginine, phenylalanine, and certain other p-amino acids.
The natural or L-isomers on the other hand are not attacked at all. The
work of Krebs, Straub,?® and of Warburg and Christian?®” has shown that
the enzyme is made up of a specific protein bound to the flavin-adenine
dinucleotide. Although the enzyme appears to be of wide distribution
in animal tissues, it has not been described from a higher plant source.
It has, however, been found in the fungus Neurospora.2®

Xanthine oxidase. Xanthine oxidase which catalyzes the oxidation of
both purines and aldehydes is known from cream, and from the liver of
some species of mammals. The enzyme can, for example, catalyze the
oxidation of hypoxanthine to xanthine and the further oxidation of
xanthine to urie acid.

(0]
I
R H
+0 —
\+ Hzos"’—’j" HN | >='—'0 + H;0.
Xanthine O —N
oxidase N H
H

Urie acid
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Xanthine oxidase has been purified by Ball?* and by Warburg and
Christian,?” who have shown that the coenzyme is the flavin-adenine
dinucleotide. This enzyme has not been demonstrated in higher plant
tissues, although on the basis of the observed products of purine metab-
olism (Chapter 21) it is possible that it may actually occur.

L-Amino acid oxidase. An enzyme for the oxidative deamination of
the natural L-isomers of amino acid is, likc p-amino acid oxidase, unknown
from higher plants, but has been found and studied in liver and kidney?53
as well as in bacteria. This enzyme which also appears to be a flavo-
protein is further discussed in Chapter 16.

Cytochrome C reductase. Cytochrome C reductase functions as a car-
rier between cytochrome C and reduced TPN, i.e., it is a diaphorasc for
TPN and at the same time is rapidly reoxidized by cytochrome C,
although it is not reoxidized at an appreciable rate by molecular oxygen.
The enzyme as found in yeast and in mammalian tissue is remarkable in
that its prosthetic group is identical with that of the old yellow enzyme.*
A cytochrome C reductase active with reduced DPN is also found in
yeast as well as in liver.?*

Other enzymes. In all, twelve or more flavoprotein enzymes are known
today. Despite this fact, not one flavoprotein enzyme has as yet been
certainly demonstrated in the higher plant, and but little work has been
done with these enzymes in plants. Although diaphorase activity has
been demonstrated in higher plant tissues, and although in other cases
diaphorase is known to be a flavoprotein, still the identity of plant dia-
phorase with a flavoprotein is not yet clearly established. That a flavo
protein or proteins may be of general importance in the plant isindicated
by the universal occurrence of riboflavin in higher plant tissues.

Porphyrin Proteins. Plants contain a group of enzymes in which the
iron-containing prosthetic groups are hematin or related porphyrins.
The combined hematin'is found in many proteins, which then comprise a
variety of iron-containing enzymes.

Catalase. Catalase is found in all higher plants and probably in all
tissues of higher plants. It is highly specific, acting essentially only
on hydrogen peroxide which is decomposed to water and oxygen.

2H,0, —— 2H,0 + O:
Catalase
The enzyme has been purified from numerous sources, including seed-
lings,®? and has been obtained in crystalline form from liver and from red
blood cells.38 The catalase thus obtained consists of a protein, molecular
weight 248,000 in the case of beef liver,* and contains four heme residues
per molecule, of which it is thought that two represent hematin and two
the related iron-free biliverdin, although catalases with differing ratios of
hematin to biliverdin also appear to occur in nature.?
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The iron is in the ferric form and the enzyme is inhibited by HCN, H,S,
and sodium azide, all substances which combine with the ferric atom of
the enzyme. The role of catalase in respiration is probably to remove
from the tissues H,0. produced in other respiratory reactions, which
might otherwise accumulate to toxic levels.

Perozidase. This enzyme also occurs universally or nearly so in plant
tissues, particularly rich sources being horseradish root and the latex of
Ficussp. Itisactive, in the presence of H,Os, in oxidizing a wide variety
of mono- and diphenols and aromatic amines, as for example ortho, meta,
and para cresol, pyrogallol, hydroquinone, and p-phenylenediamine.
The enzyme exists in horseradish roots in two forms, paraperoxidase or
peroxidase I, and a peroxidase II. The latter enzyme has been obtained
from horseradish in crystalline form by Theorell.3® It is a protein of
molecular weight 44,000 and contains one molecule of hematin per mole-
cule of protein. Theorell has been able to reversibly separate peroxidase
II into the protein apoenzyme and hematin by placing the enzyme in a
solution of HCI in acctone at —15°C. Recombination of the prosthetic
group with the apoenzyme was accomplished in aqueous solution at
ordinary temperatures. The iron is present in the ferric form as in
catalase and the enzyme is inhibited by HCN, H,S, sodium azide, and
dithionite, all of which combine with the iron atom. The ubiquitous
occurrence of peroxidase in plants suggests a function for the enzyme in
respiration, but all attempts to find such a function have met with failure
up to the present time.

Cytochromes. These heme protein pigments have been known since
they were observed in muscle by McMunn in 1886. They function as
intermediate carriers between molecular oxygen and sluggishly auto-
oxidizable systems such as cytochrome C reductase in the following way :

Reduced flavoprotein + cytochrome — Oxidized flavoprotein + reduced cytochrome

Cytochrome oxidase
2 Reduced cytochrome + 2H* + 30 2 Oxidized cytochrome + H;0
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There are at least three cytochromes, of which the best known is cyto-
chrome C, which has been highly purified, particularly from heart mus-
cle.’” Cytochrome C has a molecular weight of 13,000 and contains one
heme molecule per protein molecule.® The heme is bound to the protein

Protein
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Cytochrome C, showing linkége of iron porphyrin to protein. (After Theorell)

through two thioether linkages and by two histidine-imidazole nuclei in
such a way as to prevent HCN, H,S, O,, etc. from approaching the iron
atom. For this reason cytochrome C is neither auto-oxidizable nor inhib-
ited by the usual heavy metal poisons. When cytochrome C acts as an
electron carrier the iron is reversibly oxidized and reduced between the
ferric and ferrous states. Cytochrome C, similar if not identical with
that of heart muscle, has been isolated from wheat germ.2

The enzyme which specifically reoxidizes reduced cytochrome C at the
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expense of molecular oxygen is known as cytochrome oxidase. The cyto-
chrome C-cytochrome oxidase system as a whole can oxidize other sub-
strates such as various phenols and amines. The system was hence
known earlier as ‘“‘indophenol oxidase,” since in the presence of a-
naphthol and dimethylphenylenediamine, the blue indophenol is pro-
duced.** Cytochrome oxidase is associated with the insoluble fragments
of the cell. When the active material is heated in water a fraction is
obtained in true solution which is necessary for the action of the insoluble
oxidase on cytochrome C.4! The nature of this soluble factor is, however,
unknown. The enzyme is inhibitable by HCN, H,S, and sodium azide
and is believed to be a heavy metal protein since the enzyme is also inhib-
ited in the dark by CO, the inhibition being reversed in blue light which
causes dissociation of the carbon monoxide-enzyme complex. This
hehavior is typical of iron proteins and is, so far as known, not true for any
other type of heavy metal enzyme.

Copper Proteins. Polyphenoloxidase.*> An enzyme, polyphenoloxi-
dase, has long been known to be in part responsible for darkening of plant
tissues after injury. The enzyme has as its substrate monophenols such
as p-cresol and tyrosine, oxidizing them to the corresponding o-diphenols
and for this reason has also been called tyrosinase. Polyphenoloxidase is,

HO
AN
HO~©—R + 30p ———— HO— —R
Polyphenol
ox1 ase
p-Substituted Substituted
phenol catechol

however, in addition capable of catalyzing the oxidation of the ortho-
diphenols to the corresponding ortho-quinones. The enzyme is strictly

HO 0
AN AN
HO- @———R + 310y ——— > 0::-@—-1{ + H.0
Polyphenol
oxidase
Substituted catechol Substituted o-benzoquinone

aerobic and the oxidations are carried out only in the presence of oxygen.
The quinones produced show a great tendency toward further oxidation
and polymerization with the production of colored products, the exact
color depending on the phenol used as substrate. Such color develop-
ment may be used to follow polyphenoloxidase activity although measure-
ments of oxygen uptake are probably preferable in general. The enzyme
is inhibited by HCN and by nitro analogs of the normal substrates such
as 4-nitrocatechol and p-nitrophenol. Carbon monoxide inhibits the
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enzyme, but the inhibition is not reversed by light as with cytochrome
oxidase.

Polyphenoloxidase has been prepared in greatly enriched form by
Graubard and Nelson and by others from fungi,*? and by Kubowitz from
potato,* which is a rich source of the enzyme. The protein contains 0.2
to 0.39 copper according to the various authors. Polyphenoloxidase
may occur either in the cytoplasm as a constituent of the soluble cyto-
plasmic protein as in potato and in spinach leaves® or as a constituent of
the chloroplasts, as in spinach, tea, and chard.*

Laccase. This enzyme is found in the latex of species of Rhus and is
responsible for the oxidation of the phenols urushiol and dehydrourushiol,
which are contained in the latex, with production of the black resinous lac.
The specificity of laccase differs from that of polyphenoloxidase in that
tyrosine and p-cresol are not attacked while p-phenylenediamine and
hydroquinone, which are not attacked by polyphenoloxidase, are attacked
by laccase. The enzyme has been purified by Keilin and Mann* who

OH 0
| l
7
+ 30y — + H.0
Laccase
X
l
on b
Hydroquinone p-Benzoquinone

Type reaction catalyzed by the enzvme laccase

have found it to be a blue protein containing 0.24 9, copper. It is moder-
ately widely distributed in higher plants as in cabbage, potato, and sugar
beet,* but is probably less common than polyphenoloxidase.

Ascorbic acid oxidase. Ascorbic acid oxidase occurs in high concentra-
tion in various species of squash and cucumber and is found also in a
scattered number of other species.®® It aerobically oxidizes ascorbic acid
to dehydroascorbic acid. The latter substance may be again reduced to
ascorbic acid by reducing agents such as H,S.

CILOH CILOH
HOJJH HOCH
HC-— Ascorbic acid HC- ——
oxidase

|
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(‘! 0 H.S | (0]
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As purified by Powers, Todokoro and Takasugi,?! and others, it is a blue
or greenish blue copper protein containing approximately 0.25%, copper.

Enzymes of CO; Evolution. The enzymes involved in the liberation
of COq in respiration are known as carboxylases and catalyze the libera-
tion of CO; primarily from aliphatic alpha keto acids such as pyruvic,
oxaloacetic, a-ketoglutaric, and oxalosuccinic.

0]

7
R-C—COOH ——— R C + CO.
Carboxylase AN
H

Type reaction catalyzed by carboxylases

Pyruvate carborylase. The best studied carboxylase is that which acts
upon pyruvic acid, converting this substance to acetaldehyde and COs.
This enzyme, pyruvate carboxylase, was discovered in yeast by Neuberg
and Karczog in 1911, and the reaction involved constitutes an essential
step in alcoholic fermentation. That the enzyme contains a coenzyme
which may be dialyzed off under alkaline conditions was shown by
Auhagen in 1932. The coenzyme of yeast pyruvic carboxylase was iso-
lated by Lohmann and Schuster’? and shown to be the pyrophosphate
derivative of the vitamin thiamine.

CH,,—( ~NH. O
+ 28
———( Hz—N
-—(C'I;—O--ph ~ ph

(‘H 3
Thiamine pyrophosphate: cocarboxylase

The purified enzyme possesses a molecular weight of approximately
141,000 and has been shown to contain both cocarboxylase and mag-
nesium ions as essential components.®?

Carboxylase was early found in seeds of pea, bean, and lupin® and in
potato and beet.® More recently, it has been found in leaves of cabbage
and other crucifers, barley, Bryophyllum, scedlings of Avena and in many
fleshy roots such as turnip, parsnip, carrot, and parsley.?* In a number of
instances higher plant carboxylase resembles yeast carboxylase and may
be readily separated into apoenzyme and cocarboxylase by dialysis at pH
8.5. 1In the special case of the carboxylase of pea roots, the enzyme dif-
fers, however, from yeast carboxylase in that the thiamine pyrophosphate
cannot be removed by alkaline washing,5® since under these conditions
pyrophosphate alone is removed with consequent loss of activity of the
enzyme. The thiamine in this case remains firmly bound to the apo-
enzyme. Activity can be restored by addition of pyrophosphoric acid.
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Although carboxylase has been found in the tissues of some higher plants,
it is not universal. It will be shown below that, in all likelihood, the
aerobic respiratory processes in higher plants do not involve the simple
decarboxylation of pyruvic acid. It is possible that carboxylase may
function only when the plant is subjected to anaerobic conditions with
consequent onset of alcoholic fermentation.

Ozxidative decarborylation of pyruvate. A second reaction in which thi-
amine pyrophosphate, cocarboxylase, is involved as a coenzyme is the
oxidative decarboxylation of pyruvic acid, a reaction in which inorganic
phosphate also participates. '

CH,COCOOI + H;P0O, — CH;COOPO;H, + CO. + (2H)
Pyruvic acid Acetylph(()isphoric
aci

The two hydrogen atoms produced in the oxidation are accepted by a
flavoprotein which can then be reoxidized by oxygen or by methylene
blue. This reaction is carried out by an enzyme system known particu-
larly from bacteria, notably Lactobacillus delbrickii and E. coli.®® The
complete system requires then the presence of cocarboxylase, flavin-
adenine dinucleotide, manganese or magnesium ions, and inorganic phos-
phate as well as of apoenzyme and pyruvate. Whether the cocarboxylase
and the dinucleotide are associated with the same or with different pro-
teins is not clear. The energy released by the conversion of pyruvate to
acetate is in part conserved in the energy-rich acetyl phosphate bond.
The phosphate residue of acetyl phosphate may be transferred to adeno-
sine diphosphate in the presence of the appropriate transphosphorylase.

(0]
T'ransphosphorylase
CH;3C—O ~ ph + adenosine w========— CH;COOH + adenosine
diphosphate Acetic acid triphosphate
Acetyl phosphoric
acid

Acetyl phosphate is also able to participate directly in other reactions,
which will be further discussed below.

Oxidative decarboxylation of pyruvate may also proceed by a route
which does not involve uptake of phosphate and in which acetate rather
than acetyl phosphate is the reaction product.1°¢

CH,COCOOH + 30;— CH,COOH + CO, + H,0
Pyruvie acid Acetic acid

The enzyme, pyruvic oxidase, which catalyzes this reaction has been
found in the bacterium Proteus vulgaris. Like the carboxylases it con-
tains cocarboxylase and magnesium ions as essential components.
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Other carboxylases. Alpha-ketoglutaric acid is oxidatively decarbox-
ylated to succinic acid by an enzyme requiring cocarboxylase as a coen-
zyme.’” The reaction may proceed through an intermediate such as
succinsemialdehyde as shown below:

COOH CHO COOH
=O H 2 7 H 2

é Carboxylase
H, ——— CH; + 30,— CH,

(]JI'Iz (010)88 OOH

+ .
J)OOH CO.
a-Ketoglutaric Succinsemi- Suceinic

acid aldehyde acid

The succinsemialdehyde thus produced would then be oxidized to suc-
cinic acid by a separate enzyme. The o-ketoglutaric acid carboxylase
is, however, apparently an insoluble enzyme associated with cellular
particles,®! and these particles have not been resolved into their com-
ponent enzymes.

The decarboxylation of oxaloacetic acid has been studied by Krampitz
and Werkman using an enzyme from the bacterium M<icrococcus lyso-
deikticus.®® The reaction involved is the reverse of the CO; fixation
reaction discussed in detail in Chapter 14. Although the enzyme, like
carboxylase, requires magnesium ions for its activity, it does not appear
to require cocarboxylase. Oxaloacetate carboxylase has been found
in spinach leaves and in parsley and other roots by Vennesland and
Felsher.®* These authors have also made the interesting observation
that the crystalline seed globulins of the cucurbits (see Chapter 17) pos-
sess oxaloacetate carboxylase activity.

Succinic Dehydrogenase. Succinic dehydrogenase, which is widely
distributed in lower and higher plants as well as in animals, catalyzes the
establishment of equilibrium between succinic and fumaric acids. Since

COOH COOH

é Succinic (L
H,  dehydrogenase CH + 2(H)
———
I, JH

OOH éOOH
Suceinic acid Fumaric acid

this reaction involves the removal of hydrogen atoms from the substrate
it could logically be considered together with the other dehydrogenases in
the earlier section on the oxidative enzymes. Succinic dehydrogenase
appears, however, to differ from other dehydrogenases and is therefore
here considered separately.
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Under anaerobic conditions, methylene blue or other dyes can act as
the hydrogen acceptor for the oxidation of succinate in the presence of
succinic dehydrogenase. Under aerobic conditions, however, the dehy-
drogenase commonly forms a system with cytochrome C and cytochrome
oxidase although still other systems may react with succinic dehydro-
genase in plant tissues. Diaphorase or other flavoproteins are not needed
as intermediates in the electron transfer as is the case with other dehydro-
genases. Succinic dehydrogenase as obtained from animal tissues is not
soluble, is associated with the particles or fragments of the cell, and con-
tains no readily removable coenzyme. The dehydrogenase itself is not
inhibited by heavy metal inhibitors such as HCN or azide, and its chem-
ical nature is unknown, although it has been suggested that it may be a
flavoprotein.® It does not in any case appear to involve a cozymase type
of coenzyme. Succinic dehydrogenase is inhibited by malonic acid, the
inhibition being a competitive one in which malonic acid competes with

COOH
COOH H,
(‘JHg éHz
OOH éOOH
Malonic acid Succinic acid

succinic acid for combination with the enzyme.t® For this reason, malo-
nic acid is a highly specific inhibitor and may be used to diagnose the
participation of succinic dehydrogenase in respiratory systems. The
penetration of malonic acid into tissues of higher plants takes place only
from solutions of relatively low pH, owing apparently to the fact that
penetration must occur as the monovalent malonate.4> Attention to this
detail is apparently of great importance in the demonstration of malonate
inhibition of succinic dehydrogenase in living plant tissues.

Although succinic dehydrogenase as found in animal tissues is an
exceedingly sturdy enzyme, that of higher plants is less stable. Thus it
has been shown that the succinic dehydrogenase of spinach leaves becomes
completely inactive within 30-60 minutes after freezing and thawing of
the tissue.®® Active enzyme preparations could not be obtained from
ground leaves. Berger and Avery failed altogether to discover succinic
dehydrogenase in oat seedlings perhaps owing to this very lability.'* In
both of these tissues, however, succinic dehydrogenase is undoubtedly
present and active as a component of the respiratory system since respira-
tion of the living tissue is inhibited by malonate. Active succinic dehy-
drogenase has been found without difficulty in other plant tissues as wheat
embryos,? pollen,®! and other seeds and seedlings.
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Initial Breakdown of Carbohydrates. In the tissues and organisms
whose respiration has been examined in detail, the initial reactions of
respiration consist in the conversion of hexose to pyruvic acid. The pyru-
vic acid thus formed may then be metabolized in a great variety of ways,
the path depending on the organism and the circumstances. The central
feature of the initial breakdown of hexose to pyruvic acid is the fact that
the conversions involve phosphorylated derivatives of the sugars rather
than the sugars themselves. The storing of energy in the phospha.te bond
by oxidation of such phosphorylated compounds and the release of this
phosphate bond energy to other reactions has come to be recognized as an
important method by which the energy released in respiration is made
available to other energy-consuming processes in the plant.

There is today general agreement that the conversion of hexose to
pyruvic acid follows the overall path shown in Fig. 15-2. The general

Hexose
Hexosediphosphate
Triosephosphate (glyceraldehyde phosphate)
Phosphog}yceric acid
Phos;l)hopyruvic acid
Pyruvic acid

Fia. 15-2. Summary of steps in the conversion of hexose to pyruvate in the initial
or glycolytic phase of respiration.

steps in this process from hexose to hexosediphosphate have been con-
sidered in Chapter 4. We shall now consider these same steps in further
detail.

It was observed by Harden and Young in their study of fermentation
by cell-free yeast juice that as hexose is fermented, inorganic phosphate is
taken up and an organic phosphate, fructose-1,6-diphosphate, appears.
Each step in the conversion of hexose to fructose diphosphate has been
worked out, and it is known that the process takes place in yeast and in
muscle approximately as shown in Fig. 15-3. In this sequence, glucose is
first phosphorylated to glucose-6-phosphate by the enzyme hexokinase in
the presence of adenosine triphosphate (ATP). The reaction is as
follows :62

. Hexokinase
Glucose + adenosine triphosphate —————— Glucose-6-phosphate

+ adenosine diphosphate

Adenosine triphosphate gives up its terminal phosphate group to the
hexose and is hence used up (converted to ADP) in the reaction. The
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enzyme hexokinase, in whose presence the phosphate exchange takes
place, has been studied primarily in yeast and in muscle, and has been
isolated in crystalline form from yeast®® and purified from muscle.®
Adenosine triphosphate plays in this reaction as in many others the double
role of phosphate donor and energy source. The energy released in
removal of the third phosphate from ATP (about 12,000 cal. per mol) is
greater than that involved in formation of the phosphate bond in glu-
cose-6-phosphate or other hexosephosphates, which is about 3000 calo-

Substrate Enzyme System
Glucose
1 Hexokinase + ATP
Glucose-6-phosphate
Phosphohexoisomerase
Fructose-6-phosphate
Phosphohexokinase + ATP
Fructose-1,6-diphosphate
Aldolase
Dihydroxyacetone phosphate + 3-phosphoglyceraldehyde
[T ... | 1 Phosphotriose isomerase

T T

Fic. 15-3. Detailed course of reactions by which glucose is converted to triose-
phosphates.

ries per mol. ATP is then what Lipmann has termed an ‘energy-rich
phosphate” designated as ~ph in contrast to the ‘“‘energy-poor phos-
phate’’ bonds of ester phosphates such as glucose-6-phosphate which are
designated as -ph.’® The energy involved in binding of the second
phosphate group in adenosine diphosphate (ADP) is equal to that of the
third phosphate of ATP, and ADP may also be able to act as a phosphate
donor. Much less energy is involved in formation of the first phosphate
bond, that of adenylic acid, which is an ordinary ester phosphate linkage
as in the hexose phosphates. Much good indirect evidence (see below)

Adenosine triphosphate .

| Adenosine diphosphate |
| Adenosine monophosphate |
| Adenosine

Adenosme |

(])H OH ?H
Adenine-ribose—O—P—0 ~ {’—O ~ P—OH

N ettt s

T
;yrophosphate, ca. 12 000 cal./mol
yrophosphate, ca. 12,000 cal /mol
Ester phosphate, ca. 3000 cal /mol

Distribution of phosphate bond energies in adenosine triphosphate (ATP)



PLANT RESPIRATION 189

for the existence of hexokinase in higher plants has been obtained, but
the enzyme has not Leen obtained from a plant source free from other
enzymes of this series.

The conversion of glucose-6-phosphate to fructose-6-phosphate is
catalyzed by phosphohexoisomerase, as discussed in Chapter 4. This
enzyme, well known in yeast and muscle, has also been shown to be pres-
ent in pea meal and in potato tubers.

Fructose-1,6-diphosphate is formed from fructose-6-phosphate by
transfer of a second phosphate group from ATP, a transfer catalyzed by
the enzyme, phosphohexokinase, which is closely related to the hexokinase
discussed above. The hexose diphosphate is now ready for conversion to
triosephosphate. In the presence of the enzyme aldolase, one molecule
of hexose diphosphate is split into two molecules of triosephosphate,
including one molecule each of dihydroxy acetone phosphate and 3-
phosphoglyceraldehyde. Thisimportant fact was developed by Meyerhof
in the years 1934-36. Aldolase has been obtained in crystalline
form from muscle®® and in highly purified form from peas by Stumpf,
who has shown furthermore that aldolase activity is widespread in plant
tissues.’® This enzyme appears to have no coenzyme, and, since it is not
inhibited by heavy metal inhibitors such as cyanide, is not apparently a
heavy metal-containing protein.

The two triosephosphates are interconvertible in the presence of the
enzyme phosphotriose isomerase. This enzyme like isomerase catalyzes
the establishment of equilibrium between the keto and aldol forms of a
phosphorylated sugar, in this case, triosephosphate. At equilibrium
about 969, of the total triose is in the form of the ketose, dihydroxy-
acetone phosphate, and the remaining 49, in the form of glyceraldehyde-
3-phosphate.t?

It should be noted that fructosc and glucose-6-phosphates as well as
fructose-1,6- diphosphate are subject to dephosphorylation by phos-
phatases which are widely, probably universally, distributed in plant
tissues.® The dephosphorylations catalyzed by phosphatases involve
the liberation of the phosphate as inorganic phosphate and the production
of the free hexoses.

The further degradation of triosephosphate involves the oxidation of
glyceraldehyde-3-phosphate to pyruvic acid through a series of steps
which were first worked out in detail by Warburg and Christian in 1939,°
although indicated by earlier work of Needham and Pillai in 1937.7° The
oxidation as noted earlier is accomplished by a dehydrogenase, triose-
phosphate dehydrogenase, of which DPN is an essential component.
Inorganic phosphate is taken up during the reaction and the oxidation
product is not 3-phosphoglycerate but is rather 1,3-diphosphoglycerate,
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in which the phosphate group at position 1 is of the energy-rich carboxyl
type and may be transferred to ~ ph acceptors such as ADP in the
presence of the appropriate transphosphorylating enzyme. The detailed
mechanism of phosphoglyceraldehyde oxidation, which is described
later in this chapter, was first worked out only for yeast and for animal
tissues, but has been shown by Stumpf!¢ to apply also to the system as
it occurs in the higher plant.

Compound Structure o Enzyme system

Va
3-Phosphoglyceraldehyde ph—O——CHgCHOHC\

H
Triosephosphate dehydro-
genase
Transphosphorylating
o enzyme, ADP
7
3-Phosphoglyceric acid ph—O—?HzCHOHC\
OH
o Phosphoglycero mutase
Va
2-Phosphoglyceric acid HOCH.,CH—C
| OH
ph
1 Enolase
(0}
Vs
2-Phosphopyruvic acid CH,=C—C
(Phosphoenol AN
pyruvic acid) OH
¢
ph
l Phosphoenol transphos-
o phorylase, ADP
4
Pyruvate C1,—C
OH

F1g. 15-4. Detail of steps in conversion of triosephosphate to pyruvate.

The 3-phosphoglyceric acid produced through the triose dehydro-
genase system is converted to 2-phosphoglycerate by the intervention of
the enzyme phosphoglycero mutase, which establishes an equilibrium
between the two substances’ probably through formation of the inter-
mediate 2,3-diphosphoglyceric acid. An equilibrium is in turn estab-
lished between 2-phosphoglyceric acid and phosphopyruvic acid in the
presence of the enzyme enolase, a magnesium protein which was isolated
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from yeast as the mercury salt by Warburg and Christian in 1941.72
Enolase is powerfully inhibited by fluoride ions and the commonly
observed inhibition of hexose breakdown by fluoride is usually attributed
to inhibition of this enzyme. The phosphate bond in 2-phosphopyruvate,
like that in the 1 position of 1,3-diphosphoglycerate, is highly labile, and
the phosphate can be transferred to ~ ph receptors such as ADP in the
presence of the enzyme phosphoenol transphosphorylase.’

With the formation of pyruvie acid from phosphopyruvate, the initial
breakdown of hexose is complete. In this initial breakdown for each mol
of hexose two molecules of energy-rich phosphate from ATP have been
used in the formation of hexose diphosphate while four have been re-
formed, a net gain of two ~ ph per hexose transformed to pyruvate. In
addition, during the transformation of hexose to pyruvate, two molecules
of DPN have been reduced per molecule of hexose utilized. In aerobic
respiration, thereduced DPN is reoxidized by atmospheric oxygen through
channels to be discussed below. In anaerobic fermentations, the DPN is
reoxidized at the expense of reduction of pyruviec acid or products of
pyruvic acid. In the simplest case, that of lactic acid fermentation, pyru-
vic acid is merely reduced to lactic acid. In alcoholic fermentation,
pyruvic acid is decarboxylated to acetaldehyde and CO,;. The resulting
acetaldehyde is then reduced to alcohol with concomitant reoxidation of
the reduced DPN.

Despite the fact that only a few of the individual enzyme systems of
the initial sugar breakdown have been separated and/or even identified in
higher plant tissues, there is still an overwhelming body of evidence which
indicates that the pathway in higher plants is in general quite similar to
that outlined above for yeast and muscle. The evidence is of two prin-
cipal kinds: (a) the individual compounds typical of yeast and animal
carbohydrate breakdown are also found in higher plants and (b) it is
possible to prepare complex enzyme systems from higher plant tissues
which can carry out the overall glycolytic reaction, with the production
of certain of the typical intermediates.

(a) The phosphorylated sugars are well known in higher plants, as
discussed in Chapter 4. Fructose diphosphate has been found in a wide
variety of tissues including seedlings, leaves, and potato tubers. Fruc-
tose- and glucose-6-phosphates have been found in spinach leaves and oat
seedlings, while the triosephosphates and phosphoglycerate have been
tentatively identified in many tissues. Pyruvic acid has been found
widely in higher plants although in low concentrations.

(b) It has been known for a great many years, as pointed out earlier,
that plants or plant tissues can ferment hexose anaerobically to CO: and
alcohol just as in yeast alcoholic fermentation. Press juices of plant
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tissues such as potato tuber and beet root, as well as seed meal, can carry
out the same reaction. More recently it has been shown that enzyme
preparations from ground spinach leaves or from oat seedlings are capable
of utilizing glucose with the production of fructose diphosphate and phos-
phoglycerate.*»7* Addition of ATP to the system results in increased
formation of both compounds. As mentioned above, fluoride inhibits
sugar breakdown through its inhibition of the enzyme enolase. The res-
piration of many if not all plant tissues is sensitive to fluoride. That
fluoride acts by inhibiting the production of pyruvate from hexose can be
demonstrated for spinach leaves and for oat seedlings by the fact that
although the tissues treated with fluoride are unable to utilize hexose, they
can respire normally if provided with pyruvate.t®7* James has also
shown that fluoride-treated expressed juice of barley leaves converts
hexosediphosphate only as far as phosphoglycerate, which then accumu-
lates.” Even though these scattered bits of evidence indicate the general
pathway of carbohydrate breakdown in the higher plant, it must never-
theless be a matter of great concern to plant biochemistry to place knowl-
edge of the glycolytic enzymes of higher plants on a firmer basis by their
actual isolation and characterization.

Oxidation of Pyruvate: The Krebs Cycle. There is today general
agreement that pyruvic acid is a direct and primary product of carbo-
hydrate breakdown in many living cells. The fate of the pyruvic acid
has been elucidated in the fermentations, and a considerable number of
enzymatic reactions of pyruvie acid have been discovered. Until rela-
tively recently, however, the mechanisms of pyruvate oxidation and of
CO; evolution in aerobic respiration have remained obscure. It is now
apparent that this ferminal respiration is accomplished through the inter-
mediary of the common organic acids, the plant acids. The mechanism
by which pyruvic acid is now believed to be oxidized to CO; and H.0 was
first proposed by Krebs and Johnson in 1937 and is known variously as
the Krebs cycle, the citric acid cycle, the tricarboxylic acid cycle, or as
the cyclophorase system.

The idea that organic acids function as intermediates in respiration is
not new. Thunberg in 1920 and Knoop in 1923 suggested (see reference
76) an ingenious scheme for carbohydrate oxidation in which pyruvate
would be first converted to acetate and two molecules of acetate then
condensed to succinate. The succinate would then be retransformed to
acetate via oxaloacetate and pyruvate. Thunberg knew of the enzymes
which oxidize succinic and malic acids as well as of carboxylase, and the
scheme offered an explanation for the function of these enzymes in living
tissues. The chief drawback of this otherwise attractive scheme was the
failure to find any indication for the conversion of acetate to succinate.
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The same scheme was revived by Toenissen and Brinkmann (1930) who
found that pyruvic acid added to muscle mash resulted in formation of
succinic acid, and they suggested that two pyruvate molecules might con-
dense to form an unknown polymerization product which would then be

transformed to succinic acid.
/ e \

Succinate Malate

Hexose

Pyruvate Acetate
: + Oxaloacetate

CO, Acetate

Pyruvate
2

€o. €0,

F1e. 15-5. Cyclic oxidation and regeneration of succinic acid suggested by Thunberg
and by Knoop to account for pyruvate oxidation.

The first intimation that organic acids do in fact actually function in
respiration was contained in the work of Szent-Gyorgyi who found that
small additions of succinic, fumarie, or malic acid served to increase the
ratc of respiration of muscle tissue preparations or rather to maintain
at a high level a rate which would otherwise decrease with time.”” Since
the amount of increased oxygen uptake was far greater than could be
accounted for by complete oxidation of the added acid, Szent-Gyorgyi
concluded that the action was a catalytic one and that the added acid
served in the mechanism of carbohydrate oxidation not as a substrate
but rather as an electron carrier. The Szent-Gyorgyi suggestion then
embodied no cycle, but envisaged the acids as merely acting in the capac-
ity of carriers of electrons between substrate and cytochrome.

In 1937 four new experimental findings of the greatest importance
were made by Krebs and Johnson.”® These were:

1. Citric acid is catalytically active in respiration, just as are suc-
cinic, malic, and fumaric acids.

2. Citric, isocitric, cis-aconitic and a-ketoglutaric acids are all
rapidly oxidized by muscle.

3. Citric and a-ketoglutaric acids are formed in considerable quanti-
ties in muscle given oxaloacetate.
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4. Succinic acid is formed from fumarate or oxaloacetate ozidatively,
in muscle in which the direct reduction of these substances to succinate
is blocked by presence of malonic acid. In other words, fumarate or
oxaloacetate appears to be oridized to succinate.

The demonstration that oxidation of the Cy4 acids leads to their reforma-
tion is critical proof of the operation of a cycle. These facts led Krehs
and Johnson to propose what we shall call the Krebs cycle and which has
been described briefly in Chapter 14 in relation to organic acid metab-
olism. The Krebs cycle in its present form is represented in Fig. 15-6.
In this eycle pyruvate is condensed with oxaloacetate to yield a six-carbon

Citrate

o

€O, Cis-aconitate
Hexose
+ Hy0
~2(H) Isocitrate
Pyruvate
+
Oxaloacetate Oxalosuccinate
=2(H)
CO,
Malate x-Ketoglutarate
w y(
CO.
Fumarate Succinate
-2(H)

F1a. 15-6. Generalized outline of the Krebs eycle for the oxidation of pyruvate.

acid and CO,;. The six-carbon acid is decarboxylated and oxidized
through a series of steps to again yicld oxaloacctate. In one complete
operation of the cycle, three molecules of CO; are liberated and ten elec-
trons are transferred from the substrate. These are just the amounts
involved in the complete oxidation of pyruvate to CO, and water accord-
ing to the formulation:
CH,
(')=o + 30, — 3CO; + 2H,0
OOH
Pyruvic
acid

We shall now make a stepwise consideration of the individual reactions of
the Krebs cycle.
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1. The condensation of oxaloacetic and pyruvic acids. When minced
muscle is incubated with these two compounds, citric and glutaric acids
appear, although in relatively small yields. Martius and Knoop have
shown that when the two are incubated in the test tube in the presence of
aqueous carbonate and H,0,, citric acid is formed in good yield.”®* Krebs
and Johnson originally proposed then that citric acid was also the initial
condensation product of oxaloacetic and pyruvic acid #n vivo. Citric,
aconitic, and isocitric are, however, held in equilibrium by the enzyme
aconitase, the concentrations at equilibrium being approximately as
shown below.

% of total acid at

equilibrium®
Citric 80%
Aconitic 49,
Isocitrie 169,

Thus regardless of which acid is the first formed the other two should also
appear. KEarly experiments with isotopic carbon’ suggested, however,
that aconitic acid might be the first product and citric acid a secondary
one. These experiments were done with animal tissue supplied with
pyruvic acid and with oxaloacetate containing labeled carbon in a car-
boxyl group, HOOCCOCH,C*OOH. If citric acid is the first product of
condensation, and if it is actually symmetrical in nature, it must yield
only symmetrically labeled products and the labeled carbon, C*, must be
recovered in both of the two COO groups in the a-ketoglutaric acid

formed.
(1) (2)

COOH (l?*OOH COOH
TH, cOo 0
& ive - ¢ &
HOC—COOH must give — CH, and CH,
both
H, JH, | H,
é*OOH &‘OOH C*O0OH
Citric acid a-Ketoglutaric  a-Ketoglutaric
acid acid

Actually only one of the two possible a-ketoglutaric acids is formed, (1)
above. This has been taken to indicate then that the symmetrical citric
acid does not itself participate directly in the cycle. The observed asym-
metric distribution of isotopic carbon in o-ketoglutaric acid may on the
contrary indicate that citric acid is actually an asymmetric molecule
with regard to its enzymatic degradation. The early experiments can-
not be taken as conclusive proof that citrate does not directly participate
in the Krebs cycle, and it has in fact been shown recently that citrate can
be formed directly from oxaloacetate by condensation with acetate.®°
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The exact order of participation of the tricarboxylic acids in the Krebs
cycle is therefore still somewhat ambiguous.

The overall reaction between oxaloacetate and pyruvate to yield a
six-carbon acid involves the loss of one molecule of CO,. It is possible
that the CO;is lost from pyruvate as the first step in the reaction and that
a two-carbon derivative of pyruvate rather than pyruvate itself actually
participates in the further reaction. It has been suggested that oxidative
decarboxylation of pyruvic acid to yield acetylphosphate may be this
initial reaction and that acetylphosphate or a related compound may be
the two-carbon derivative of pyruvate which is involved.8°

2. The oxidation of isocitric acid by isocitric acid dehydrogenase.
The enzyme for this reaction has been discussed in detail above. In the
presence of aconitase, aconitate as well as citrate may be converted to
isocitrate and oxidized through isocitric dehydrogenase. Aconitase is the
only enzyme known to activate citric acid directly. As pointed out
earlier, oxalosuccinic acid is the product of the oxidation and the product
actually formed by the dehydrogenase. This acid decomposes reversibly
to a-ketoglutaric acid in the presence of oxalosuccinic carboxylase.

3. The oxidative decarboxylation of a-ketoglutarate. Little further
can be said concerning this reaction in which both decarboxylation and
oxidation are involved. Although the enzyme has not been studied in
detail in the plant, still the occurrence of the reaction has been established
by in vivo experiments with oat seedlings in which oxidation of a-keto-
glutarate is known to yield succinate.”

4. The interconversion of the four-carbon acids. Succinic dehydro-
genase has been discussed above. The product of the oxidation, fumaric
acid, is converted to malate by the addition of water in the presence of
the enzyme fumarase. This enzyme is found in considerable quantities
in most tissues and in general an equilibrium mixture of the two acids is
encountered. The oxidation of malic acid to oxaloacetate is due to the
well known malic dehydrogenase which has been discussed above.

5. Other reactions of oxaloacetate. Oxaloacetic acid may be formed
by oxidative deamination or by transamination of aspartic acid as well as
by the addition of CO, to the pyruvate molecule. Although CO, fixation
is well known in lower plants, bacteria, and fungi, it has been less well
studied in higher plants other than the succulents. Nevertheless the
evidence brought forward in Chapter 14 does show that in nonsucculent
higher plants both four-carbon and six-carbon acids may be formed as the
result of CO, uptake in the dark. Thus Laties has shown that CO; fixed
by respiring barley roots appears in the acids of the Krebs cycle.?® Oxalo-
acetate is also subject to removal from the Krebs cycle by several reac-
tions, of which one is decarboxylation to pyruvate, the reverse of the
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Wood-Werkman reaction in which CO; and pyruvate react to form
oxaloacetate. In addition oxaloacetate is subject to transamination reac-
tions and is used up in the formation of aspartic acid and asparagine.
Alpha-ketoglutaric acid is similarly subject to transformation to glutamic
acid. Through the two a-keto dicarboxylic acids then respiration is
intimately connected with nitrogen metabolism.

There is today general agreement that the biological oxidation of pyru-
vate involves interconversions among the simple organic acids and that
the mechanism proposed by Krebs and Johnson and modified by Krebs
and others represents a general mechanism of carbohydrate metabolism.
In a following section evidence will be presented which indicates that the
general mechanism of the Krebs cycle participates also in the respiration
of higher plants.

Pyruvate Oxidation in Higher Plants. Evidence that the respiration
of higher plants proceeds through the breakdown of carbohydrate with
the production of pyruvic acid as an intermediate has been presented
above. A central problem in the study of plant respiration is the mecha-
nism involved in the oxidation of pyruvic acid. Barron® hassummarized
no less than fourteen different pathways for the metabolism of pyruvic
acid which have been described in various plant and animal tissues, and
it is quite possible that in the higher plant small amounts of pyruvic acid
are utilized by a variety of reactions. Evidence that a principal pathway
of pyruvate utilization, perhaps the principal pathway in many plant
tissues, is a mechanism gencrally resembling the Krebs cycle comes from
three sources: (1) all the acids which are intermediates in the Krebs cycle
are found in plants; (2) the enzymes nceded by the Krebs cycle for the
interconversions of these acids have been found in higher plants in so far
as they have been sought; and (3) the small amount of work which has
thus far been done on the detailed analysis of pyruvate oxidation in
higher plants in vivo is in agreement with the view that pyruvate is
oxidized through a chain of reactions involving the plant acids in a way
generally similar to that postulated by the Krebs cycle.

The plant acids malic, citrie, fumaric, and succinic are so widely dis-
tributed in plants that they would appear to be universal. Lessis known
of the distribution of isocitric acid, but it has, however, been identified
in fruits and leaves, and in addition, the enzyme for its oxidation is found
generally in plant tissues. Aconitic acid is found generally in leaves in
small quantities. Oxaloacetic acid and a-ketoglutaric acid are widely
distributed in plant materials in low concentration. The principal plant
acids of the Krebs cycle are therefore found in plants. It should be
pointed out, however, that the occurrence of all these acids together in
a single plant has not been demonstrated by modern critical investigation.
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The occurrence in higher plants of enzymes for the several steps of the
Krebs cycle is summarized in Table 15-1. Malic and isocitric dehydro-
genases are commonly found in higher plants, and the same is true for
aconitase and fumarase. Succinic dehydrogenase has been found in
many seeds and seedlings although, as described above, it is a relatively
labile enzyme and is difficult to obtain in cell-frce extract from some tis-

Experimental evidence for the reactions of the Krebs cycle in higher
plants

TABLE 15-1.

Enzyme

2. Aconitase

3. Isocitric
dehydrogenase

4. Oxalosuccinate
carboxylase

5. Oxidative de-
carboxylation
of a-keto-
glutarate

6. Succinic dehy-
drogenase

7. Fumarase

8. Malic dehydro-
genase

sues, notably leaves.

Reaction

Oxaloacetate +
pyruvate (or
derivative) —
6-carbon acid

Citric & Aconitic
2 Isocitric

Isocitric £ Oxalo-
succinic

Oxalosuccinic 2
a-Ketoglutarie

a-Ketoglutaric
Succinic

Suceinic &
Fumaric

Fumaric & Mahe

Malic & Oxalo-
acetic

Evidence

Presumptive evidence
from in vivo experi-
ments only.
Spinach leaves, oat
seedlings, barley
roots.

General in many
species.

General in many
species.

Found in parsley
roots and other
leaves, roots.

Presumptive evidence
from in vivo expt.
only. a-Ketoglu-
tarate ox. to succi-
nate in oat.

Found in many seeds
and seedlings.
Labile in lcaves ete.

Gieneral in many
species.

General in many
species.

Authors

Bonner and Wild-
man, 19464

Laties, 1949,%°
Bonner, 194874

Many
Many
Vennesland et al.,

194718

Bonner, 194874

Many

Many

Many

The enzyme system leading to the decarboxylation

and oxidation of a-ketoglutaric acid is known in higher plants only from
the in vivo experiment discussed in relation to Table 15-2.
That the plant acids play a role in plant respiration was first indicated

by the observation that the rate of respiration of plant tissue is in some
cases increased when plant acids are supplied. This has been shown for
potato tuber slices,3® oat scedlings,®® barley roots,?® tomato roots,?* and
spinach leaves.®* A detailed analysis of the way in which plant acids
increase plant respiration has been made for spinach leaves, barley roots,
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and oat seedlings. In spinach leaves, 5 as in the animal tissues with
which Krebs originally worked, respiration is markedly inhibited in the
presence of malonic acid. This shows that the respiration of spinach
leaves passes through succinic dehydrogenase, and that the oxidation of
pyruvic acid is hence linked to the oxidation of succinic acid. Fumaric,
malic, isocitric, and a-ketoglutaric acids are also oxidized in vivo through
succinic acid, since in all cases the increases in respiration are inhibited by
malonate. In tissues whose respiration is blocked by malonate, suc-
cinate accumulates above the level found in the normal tissue. This is
because the normal succinate concentration in the tissue is determined
both by the rate of production of succinate and by the rate of removal of
succinate by succinic dehydrogenase. When removal of succinate is

TaBLE 15-2. Oxidative formation of succinate from fumarate and from a-keto-
glutarate in malonate-inhibited oat colcoptile tissue. Intact tissue, incubated for
8 hours at 25°C. (After Bonner’)

Final conc. of succinate

Treatment given during incubation period in tissue, mg./g. dry wt.
None 0 93
Malonate (5 mg./cc.) 1 63
Malonate + fumarate (2.5 mg./ce.) 6 40
None 1.05
Malonate (5 mg./cc.) 1.30
Malonate + o-ketoglutarate (5 mg./cc.) 4.96

blocked by malonate, succinate continues to be formed and merely accu-
mulates. The accumulation of succinate has been demonstrated in
malonate-inhibited tissues of spinach,®® oat seedlings,” and barley roots.?°
With these same tissues also, fumarate is rapidly oxidized to succinate
just as in the fundamental experiments of Krebs and Johnson with animal
tissues (Table 15-2). This result shows then that in plant tissue also,
oxidation of the C, acids leads to their reformation. Similar experiments
have shown that the Cs and C; acids are also oxidized to succinate in
malonate-inhibited plant tissue. The data of Table 15-2 show specifically
that when a-ketoglutarate is oxidized by oat seedling tissue in the pres-
ence of malonate, the product of the oxidation is succinate. This result
suggests the presence in the oat seedling of an a-ketoglutarate oxidase
generally similar in its action to that of other organisms.

The reaction between oxaloacetate and pyruvate (or a derivative of
pyruvate) may also be studied in higher plant tissue by blocking the
normal production of pyruvate (from sugar contained in the tissue) with
NaF.490 If pyruvate is added to such fluoride-inhibited tissue, it is
respired normally. The oxidation of pyruvate depends on the presence
of oxaloacetate or a source of oxaloacetate, however, since when the pro-
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duction of oxaloacetate and its precursors is inhibited by malonate the
tissue is no longer able to utilize and oxidize pyruvate. In tissue which
is inhibited both by NaF and by malonate, added pyruvate is oxidized
only when fumarate or a similar source of oxaloacetate is also added.
This evidence does not tell us anything concerning the nature of the
enzymes involved but does tell us that a reaction of the general nature of
the oxaloacetate-pyruvate condensation is involved in pyruvate oxidation
by plant tissue.

In general summary, there is good evidence for several higher plant
tissues that the course of the reactions involved in respiration comprises
first the conversion of hexose to pyruvate. This pyruvate is then oxi-
dized by the plant through further reactions in which the plant acids take
part as intermediates. Experimental evidence available at present is in
agreement with the view that the steps involved in pyruvate oxidation by
higher plant tissues are related to one another in a manner generally
similar to the Krebs cycle.

The Terminal Oxidase. The terminal oxidase of respiration is the
final stage in the chain of respiratory oxidations through which electrons
removed in substrate oxidation are finally combined with oxygen and H*
ions to yield water. Thus the terminal oxidase is the step in respiration
at which oxygen is actually consumed. In animal tissues it appears that
cytochrome oxidase is the enzyme responsible for this step. In the tissues
of higher plants, on the contrary, at least three different oxidase systems
may be involved, the enzyme system varying with the tissue concerned.
These are:

Terminal oxidase Example of tissue
Cytochrome oxidase Wheat embryo, pollen, oat seedlings
Polyphenoloxidase Potato tuber, spinach leaves
Nonmetal oxidase Carrot leaves, avocado fruit

A cytochrome-cytochrome oxidase system has been found in pollen of
various species by Okunuki who demonstrated the presence of cytochrome
C in this material.®! The respiration of pollen is inhibited by cyanide
and by carbon monoxide. It has been pointed out above that cyto-
chrome oxidase is inhibited by carbon monoxide but that the enzyme-
carbon monoxide complex thus formed is stable only in the dark and is
dissociated in visible light. Thus the carbon monoxide inhibition of the
respiration of cytochrome oxidase-containing tissues prevails only in the
dark and is reversed by light. This is true of the carbon monoxide inhibi-
tion of the respiration of pollen. The same technique may be used to
distinguish between respiration involving cytochrome oxidase and respira-
tion involving polyphenoloxidase which is also inhibited by carbon mon-
oxide but in which the inhibition is not reversed by light. Use of this
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method indicates that cytochrome oxidase may be involved in the respira-
tion of carrot roots, barley seeds, young and mature barley roots, and
young barley leaves.?? A different method of approach has been used
with oat seedlings where it has been shown that the seedling tissues yield
an enzyme preparation capable of oxidizing cytochrome C.”* The first
thorough study of the cytochrome-cytochrome oxidase system in plant
material is, however, that of Goddard in 1944 in which cytochrome C was
isolated in pure form from wheat embryos.3* An insoluble cytochrome
oxidase similar in properties to that of animal tissues was also found in
wheat embryos. Spectroscopic investigations have qualitatively revealed
the presence of cytochrome in embryos of other cereals, of legumes, in

?H (')H OH
HO— Ho—” HO—
N\
R NO,
(‘atechol p-Substituted p-Nitrocatechol
(substrate) Catechols (inhibitor)
(substrate)
OH (I)H (|)H
1 |
R NO.
Phenol p-Substituted p-Nitrophenol
(substrate) Phenols (inhibitor)
(substrate)

Relationship between normal substrates and inhibitors of polyphenoloxidase

roots of dandelions, turnips, and parsnips, in onion bulbs, and in scattered
other tissues.”” In general, we may suspect that the cytochrome C-cyto-
chrome oxidase system, where it occurs in higher plants, is very similar to
the system as found in animal tissues.

The first direct demonstration that polyphenoloxidase is involved in
the respiration of a higher plant tissue was that of Boswell and Whiting
with the potato tuber.8” These workers showed that the respiration of
tuber slices is largely inhibited by the addition of catechol, a substance
which is oxidized by the enzyme, but whose oxidation products are known
to slowly inactivate polyphenoloxidase. Still better and more specific
inhibitors of polyphenoloxidase are p-nitrocatechol and p-nitrophenol
which appear to inhibit the enzyme through their resemblance to the
normal substrates. Both oxygen consumption and CO; production of
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potato slices are strongly inhibited in the presence of low concentrations
of p-nitrocatechol.3* Not only can respiration of potato be inhibited
by inhibitors of polyphenoloxidase, but the gas exchange can also be
increased by addition of certain suitable substrates of the enzyme. Thus
addition of protocatechuic acid, a slowly oxidizable substrate of poly-
phenoloxidase, to intact potato slices increases both oxygen consumption
and CO; production, the inference being that protocatechuic acid func-
tions as a carrier between polyphenoloxidase and the enzymes responsible
for substrate dehydrogenations. Potato juice, additions of which are
known to increase the rate of respiration of potato slices, has been shown
to contain tyrosine as the active principle.®* The tyrosine is presumably
oxidized to 3,4-dihydroxyphenylalanine (DOPA) which is then the actual
respiratory carrier. These facts taken together indicate that polyphenol-
oxidase is a respiratory cnzyme in potato, and it has been estimated that
859, or more of the oxygen consumed in respiration may pass through
this system. Similar evidence has been adduced in the casc of the sweet
potato. Strangely enough, a cytochrome oxidase-like enzyme appears
to be also present in potato tubers, at least under some conditions,
although cytochrome itself has not been identified in the same material. 1%
Polyphenoloxidase is present in the spinach leaf, and in this case also
appears to be the terminal oxidase.** Respiration is inhibited not only
by catechol but also by very low concentrations of p-nitrophenol, another
selective inhibitor of polyphenoloxidase. Both oxygen consumption and
CO; evolution of spinach leaf sections are increased by addition of dihy-
droxyphenylalanire. Polyphenoloxidase may then be the terminal oxi-
dase in certain higher plant tissues. Since the enzyme is not found in all
species or in all tissues, it cannot be the universal oxidase by any means.
It seems possible also that polyphenoloxidase may occur in tissues in
which the enzyme is not the terminal oxidase. Thus in leaves of tea,
polyphenoloxidase does not appear to function in respiration although
the enzyme is found in the chloroplasts and is active in injured leaves
in the oxidation of the tea tannins, an oxidation associated with the
conversion of green to black tea.*®

It has been stressed above that a flavoprotein enzyme, cytochrome C
reductase, intervenes between cytochrome C and the codehydrogenases
(DPN and TPN) as an intermediate in hydrogen transfer between sud-
strate and the cytochrome system. No similar carrier or enzyme has as
yet been recognized for the step from codehydrogenase to polyphenol-
oxidase. The polyphenoloxidase of spinach leaves and its substrate
dihydroxyphenylalanine do not appear to be able in vitro to directly
reoxidize reduced DPN and it is probable that here also an intermediate
enzyme is involved.
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Ascorbic acid oxidase is not widely distributed in plant tissues, as is
ascorbic acid, but is known particularly in seeds and fruits of cucurbits
and in various leaves. On the basis of the fact that oxygen uptake by
barley leaf extracts in the presence of hexose diphosphate is promoted by
additions of ascorbic acid and DPN, James suggests that ascorbic acid
may act as a carrier between reduced DPN and the oxidase.*® Other
cvidence for the participation of ascorbic acid oxidase in respiration is,
however, meager, and even with barley leaves the respiration is not
cyanide sensitive, as should be expected if ascorbic acid oxidase were
actually involved.??

The respiration of mature carrot leaves is not inhibitable by cyanide,
and the same is true of the respiration of avocado fruits.®?> Since the
three oxidase systems discussed above are all cyanide sensitive, it is
probable that carrot leaves and avocado fruits possess still other terminal
oxidase systems, possibly nonmetal ones and perhaps, for example, auto-
oxidizable flavoproteins.

The Energetics of Respiration.?? The tendency of any reduced sub-
stance to become oxidized may be expressed quantitatively in terms of
the oxidation-reduction potential.®®* This quantity may be derived in
various ways, but the trecatment which follows is based on the general
concept of oxidation as the removal of electrons. Suppose we consider a
reaction in which a reduced compound is oxidized to its oxidized form
plus n electrons.

Reduced form [red] = Oxidized form [ox] + 7 electrons [e] M

In many reactions of biological interest two electrons are removed at each
oxidative step so that n is equal to 2. The equilibrium constant for such
a reaction is given by:
[ox] - [e]?
sl = K 2
[red] 2)
For a second system one may write a similar reaction and equilibrium
constant:
[ox'] - [¢]? _

mea] ~ K (3)

If the two systems are in equilibrium, [¢] must be common to the two and

hence:
o] _ K lox)] "
[red] K'[red’]
If the equilibrium constants K and K’ are known, or even if their ratio is
known, it is possible to predict what ratio of a given oxidant and reduc-
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tant can exist in equilibrium with a second oxidant and reductant or, in
short, to predict what systems will be able to oxidize which other systems.

It is found that if an electrode of a noble metal such as platinum be
placed in a solution containing an oxidation-reduction system (a solution
containing a mixture of oxidized and reduced forms of a substance), this
electrode will acquire an electron charge which increases with increase in
the ratio of reduced to oxidized form of the substance involved, i.e.,
increases with increase in the reducing tendency of the solution and hence
with the electron ‘‘ concentration” or fugacity of the system, a quantity
which we will call [e,]. The electrode itself contains free electrons at some
concentration [e,]. The concentration work, w, needed to transfer n
faradays of electrons from the electrode to the solution is given in equa-
tion 5,

w = —nRT In°" (5)
where R is the gas constant and 7' the absolute temperature. The elec-
trical work involved in the same process is ExnF, where E} is the potential
set up between electrode and solution and F the value of the faraday.
Equating the electrical to the concentration work we obtain Ej in terms
of the electron fugacity of the solution (equation 6). The quantity e is
a constant for any particular metal and the whole term (R7/F) In en is

hence a constant.
RT RT

Eh=—p—,lnem—Tlnes (6)
Rewriting the equation with this change and substituting for [e;] from
equation 2 we obtain equation 7 for the potential of an oxidation-reduc-
tion system involving transfer of two electrons:
B = B, BTy Il o
The term E, now includes not only (RT/F) In e, but also the term involv-
ing K, the equilibrium constant of the oxidation-reduction system. This
constant may be determined experimentally for each of several systems.
The differences between the constant terms E, for various systems are of
the form (RT/F) In (K,/K:) and permit the calculation of the ratio of K,
to K,. This ratio as we have already seen permits the arrangement of
different systems on a scale with respect to their reducing intensity.
From equation 7 it may be seen that when [red]/[ox] = 1, then E, =
E,, and it is generally in terms of this E, that various systems are com-
pared. It should be emphasized that both E,, the oxidation-reduction
potential of a system at half reduction, and Ej measure the intensity
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of the oxidizing or reducing tendency of the system and not the amount of
oxidation or reduction of which the system is capable. Both E, and Ej
are quantities concerned with intensity rather than quantity, just as pH
is concerned with concentration or intensity of hydrogen ion rather than
with titratable acidity.

The reference electrode for the scale of oxidation-reduction potentials
is set by convention at the potential between a noble metal electrode and
a solution in a normal hydrogen half cell in which the equilibrium between
pressure of hydrogen, p(H;), and hydrogen ions is measured.

H,=2H* + 2(e)

The electrode potential of such a cell is given by equation 8 (since E, = 0,
by definition):

B =~ 2l ‘/[%%HT” - Elon - Elnvpmm @®
The term — In v/p(H,) is often known as rH by analogy with pII. It
may be seen that by sufficiently changing the hydrogen pressure in
equilibrium with a hydrogen half cell at the same pH as a given second
oxidation-reduction system under investigation, the Ej of the hydrogen
half cell could be made to balance the Ej of the second oxidation-reduction
system. The rH is then often used to express this hypothetical pressure
of hydrogen, particularly in measurements of the overall oxidation-reduc-
tion potential of tissues or cells which contain numerous oxidation-reduc-
tion systems.

Equation 7 has been derived for systems which involve the transfer of
electrons but in which no transfers of hydrogen are considered. In many
biological oxidations, however, hydrogen transfers accompany electron
transfers, as described earlier. These reactions arc of the general type:

A-2H=A + 2H* + 2(e) 9)

Reduced Oxidized
form of form of
reactant  product

If we rederive equation 7 but include the factor of the hydrogen ions
formed during the oxidation, we obtain equation 10, which then includes
a third term dependent on the pH of the system.

RT In [red] RT

— — In [H*] (10)

o o
Ey' = B — 5 [ox] F

Thus in systems which involve transfer of hydrogen, E, is dependent on
the pH of the system.
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Table 15-3 gives the oxidation-reduction potentials, E¢’, all calculated
for pH 7, for a selection of the biological oxidation-reduction systems dis-
cussed in this chapter. The systems are arranged in order of decreasing
potential, that is, each system is capable of oxidizing any system below
it in the table. Thus the reduction of oxygen to H,O possesses the highest
oxidation-reduction potential and is capable of oxidizing all other systems
in Table 15-3. Conversely, DPN possesses one of the lowest potentials
and can be reoxidized by almost all the other systems. It is apparent
that the transfer of electrons from reduced DPN to flavoprotein, cyto-
chrome C, cytochrome oxidase, and oxygen, the sequence which actually
occurs in biological systems, is the sequence to be expected on purely
thermodynamic grounds. On the other hand the oxidation-reduction
potential of the malate-oxaloacetate system is higher than that of DPN,
and appreciable oxidation of malate by DPN can occur only when the
level of reduced DPN is held very low by continued reoxidation of this
substance.

TaBLE 15-3. The oxidation-reduction potentials of some biological systems. All
calculated to pH 7.0

E volts
Reduced form Ozidation products (Red. potentials) 1°C
H,0 30, 4+ 2H* 4 2¢ 0 815 25
Catechol Benzoquinone + 2H* 4 2¢ 0.792 25
Ferrous cytochrome Ferric cytochrome Unknown
oxidase oxidase + e

Ferrous cytochrome C  Ferric cytochrome C + e 0.29 25
Succinate Fumarate + 2H* + 2¢ —0.026 25
Glutamate a-Ketoglutarate + NI, + 2H* 4 2e —0.030 25
Reduced flavin enzyme Oxidized flavin enzyme + 2e —0.063 38
Malate Oxaloacetate + 2H* 4 2e —0.102 37
Lactate Pyruvate + 2H* + 2¢ —0 180 35
Alcohol Acetaldehyde + 2H* + 2e —0.190 30
Reduced DPN DPN + 2+ + 2¢ -0 29 30
H, 211+ + 2e -0 414 25

The reduction potentials as given in Table 15-3 are convertible into
the free energy change of the same reaction, AF,, by the relation

AFo = ""nFEo

where 7 is the number of electrons transferred in the reaction and F is the
value of the faraday in calories or 23,066 cal. Thus the oxidation of
malate to oxaloacetate involves a free energy change of:

AF, = —2 X 23,066(+ 0.102) = —4705 cal.

At the standard concentrations of 1 molal malate and oxaloacetate, the
oxidation, carried out reversibly at pH 7.0, would then be spontaneous
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since AF, the change in free energy, is negative. We may make the same
calculation for the reduction of DPN. For this reduction, AF is positive,

AF, = —2 X 23,066(—0.29) = 13,381 cal.

so energy must be applied in order to make the reaction go. Coupling the
oxidation of malate to the reduction of DPN we obtain for the overall
reaction

AF = 13,381 — 4705 = 8676 cal.

This reaction would not then proceed spontaneously if all concentrations
were maintained at 1 molal but would proceed, as pointed out above, only
if reduced DPN were removed as produced. In other cases where the
oxidation-reduction potentials are closer, the oxidation of one substrate
may be linked to the reduction of another through the intermediary of a
carrier such as DPN. This would theoretically be true, for example, of
the reduction of pyruvate to lactate by the oxidation of malate, and Green
and others®® have experimentally coupled the oxidation of g-hydroxy-
butyrate to the reduction of pyruvate using DPN as the intermediate
carrier. In reactions of this type the energy liberated by the oxidation
of substrate is partially taken up then in the reduction of carriers such as
DPN, which may in turn be utilized in the synthesis of other reduced
cellular constituents. This is not true of all cellular oxidations and in
some cases at least it must be suspected that the encrgy liberated in oxi-
dation may be dissipated as heat without the production of useful chemi-
cal work.? This is true particularly of the step from ferrous cytochrome
C through cytochrome oxidase to oxygen. The oxidation of cytochrome
oxidase by oxygen is apparently not reversible and is not as yet known to
be coupled to any other energy storing reaction. The latter may also be
true for the oxidation of ferrous cytochrome C by ferric cytochrome oxi-
dasc. In this case the energy liberated in the oxidation of ferrous cyto-
chrome C by cytochrome oxidase and the oxidation of this enzyme by
oxygen would appear as heat. The standard AF, for this entire reaction
is —25,880 calories and Goddard?® has calculated that under physio-
logical conditions of say 0.01 atmosphere pressure of oxygen in the cell
and a ratio of ferrous to ferric cytochrome of 0.1 the AF, would still be
—23,160 calories. In the oxidation of hexose to CO. and H.O, the
process must be repeated six times with a loss of 6(—23,160) calories
or —138,960 calories, an amount which constitutes almost one-fourth
of the roughly 680,000 total calories available from the complete oxidation
of hexose.

Transfer of Energy in Biological Systems. It has been shown above
that energy liberated in oxidative processes may be transported to other
systems in at least two ways, by the intermediary of reduced coenzymes
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and by the intermediary of energy-rich phosphates. The transfer of
energy by reduced DPN or by reduced TPN is possible since the same
coenzyme is active with a variety of apoenzymes. A familiar instance
of this sort of energy transfer is that of yeast fermentation. In this
case, reduced DPN is produced at the step of the oxidation of phos-
phoglyceraldehyde to phosphoglycerate. The reduced DPN is reoxidized
in the reduction of acetaldehyde to aleohol in the presence of alcohol
dehydrogenase.

(1) Phosphoglyceraldehyde + DPN — Phosphoglycerate
+ reduced DPN
(2) Acetaldehyde + reduced DPN — Alcohol + DPN

In lactic acid fermentation, as carried on by Lactobacillus, step 1 is
coupled with the reduction of pyruvate to lactate. In aerobic respiration
reduced DPN is apparently in general reoxidized by systems which lead
ultimately to oxygen uptake. There is no doubt, however, but that some
coupled oxidation-reductions of the above type must also occur.

The transfer of energy through energy-rich phosphate intermediates
appears to be the principal manner in which the energy of cellular oxida-
tion is made available to other cellular processes and reactions. Both
the formation and the utilization of energy-rich phosphates have been
referred to in earlier sections. This section will give an overall summary
of phosphorylative energy transfer.

The phosphorylated compounds which occur in nature include those
in which phosphoric acid is esterified with hydroxyl groups as in the sugar
phosphates, those in which phosphoric acid is bound to nitrogen as in
creatine phosphate, those in which phosphoric acid is bound to carboxyl
groups as in the acylphosphates, those in which phosphate is esterified
with enolic hydroxyl groups, and finally the pyrophosphates in which
phosphate is bound to phosphate. The structures and known examples
of these several kinds of organic phosphates are given in Table 15-4. It
is to be noted that while much is known concerning the occurrence and
distribution of organic phosphates in animal tissues, relatively little is
known concerning the same compounds in the tissues of higher plants.
Thus creatine phosphate, arginine phosphate, and acetyl phosphate have
not certainly been identified in higher plant tissues. Adenosine tri-
phosphate while it occurs in microorganisms and in animal tissues has not
been isolated in pure form from higher plants, and it has been suggested
by Albaum®’ that in the oat plant at least the function of ATP may be
filled by a more complex compound structurally different but biochemi-
cally interchangeable with ATP and perhaps similar to a diadenine
nucleotide isolated from yeast. Seedlings of the mung bean, however,
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TaBLE 15-4. Organic phosphates of living organisms

Approximate
Type of —AF of hydroly-
linkage Compound Structure 818 of ph bond
CH.0—ph
(o)
Ester Glucose-6-phos- H 2000-3000
phate
(o)
Fructose-6- ph—OH.C 2000-3000
phosphate CH,0l a
CH.0I1
(o)
Glucose-1- H
phosphate 4800
O—ph
Fructose-1,6- ph—OH.C ot 2000-3000
diphosphate
H CH,0—ph
) i
3-Phosphogly- P —O—CH’%H—L\ 2000-3000
ceraldehyde OH H
O
4
3-Phosphogly- ph—()—(‘.HzCH—C\ 2000-3000
seric aci |
ceric acid OH H
o
V4
2-Phosphogly- HO—CH,—CH—C 2000-3000
ceric acid AN
—ph OH
Adenylic acid Adenine-ribose-ph 2000-3000
(adenosine-5-
hosphate)
phosp 0
7
Enoﬁ phos- Pho;sphoenol—c1 CH,=C——-C\ 16,000
ate ruvie aci
P Py b ~ ph NoH
(0]
a
Carboxyl phos- Acetyl phos- CH~C 16,000

phate phate

O~ ph
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TABLE 15-4. (Continued)

Approximate
Type of —AF of hydroly-
linkage Compound Structure sis of ph bond
0
. 7 -
1,3-Diphospho- R—C 16,000
glyceric acid AN
O ~ ph
Guanidophos-  Arginine phos-
phate phate
HN
N H
C—N—CH,—(CH;).—CHNH,COOH 10,000-12,000
ph ~ NH
HN CH;
. N
Creatine phos- C—N—CH,COOII 10,000-12,000
phate /
ph ~ NH
Pyrophosphate Adenosine di- Adenine-ribose-ph ~ ph 12,000
phosphate
Adenosine tri- Adenine-ribose-ph ~ ph ~ ph 12,000
phosphate
Thiamine pyro- 10,000-12,000
phosphate H
c—S
7

pyvrimidine—N
+\
© C=C—CH,—CH;—0—ph ~ ph
CH,

contain an adenosine triphosphate in which the ratio of adenine:ribose:
total phosphate:labile (easily hydrolyzed) phosphate is 1:1:3:2 asitisin
the ATP of muscle.®” Most of the labile phosphate in certain plant
tissues as spinach leaves and oat seedlings is not free in solution but is

Adenine-ribose-ph ~ ph ~ ph Adenine-ribose-ph ~ ph ~ ph
ph
Adenine-ribose
ATP of animal tissues Diadenine nucleotide of yeast, possibly a
plant “ATP”

bound to protein in such a manner that the labile phosphate is associated
with purine and pentose as in ADP.?® This protein bound phosphate
may play in part the role which ATP plays in other tissues.

Table 15-4 shows that the organic phosphates may be divided into two
broad groups on the basis of the amount of energy liberated on removal of
the phosphate group. In the first group, represented by the ester phos-
phates (—ph) the amount of energy thus liberated is of the order of
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2000-3000 cal. per mol. In the second group, represented by N ~ ph,
0

C/é O ~ ph, P — O ~ ph, and certain other groupings, the energy liber-
ated on hydrolysis is of the order of 10,000-16,000 cal. per mol. Phos-
phate groupings of all the latter types are referred to as energy-rich
phosphates (~ ph).

The complete oxidation of one mol of hexose to CO, and H20 leads to
the generation of 12-24 energy-rich phosphate bonds as measured experi-
mentally in animal tissue systems.?® Thus of the total of 680,000 cal.
liberated in the oxidation of glucose to CO. and water as much as perhaps
290,000 cal. may be stored in the form of phosphate bond energy. The
formation of the energy-rich phosphate bonds in oxidative metabolism
takes place in a variety of ways. Of these, a clear example is constituted
by the phosphate-coupled oxidation of phosphoglyceraldehyde.!0?

Phosphoglyceraldehyde 4+ DPN = Phosphoglycerate + reduced DPN

This reaction is, however, coupled with the uptake of inorganic phosphate
and the production of ATP. The first step may involve the formation of
1,3-diphosphoglyceraldehyde.

3-Phosphoglyceraldehyde + H;PO, = 1,3-Diphosphoglyceraldehyde 1)

Since the new phosphate bond must involve the uptake of at least 1000—
2000 calories it is to be expected that only low concentrations of the
diphosphate can exist in equilibrium with 3-phosphoglyceraldehyde at
any one time. The glyceraldehyde diphosphate is next oxidized by
triosephosphate dehydrogenase for which DPN is the coenzyme.
1,3-Diphosphoglyceraldehyde + DPN

= 1,3-Diphosphoglycerate + reduced DPN (2)
The new compound, 1,3-diphosphoglycerate, now contains as a result of
the oxidation a carboxyl phosphate in which the phosphate bond is of the
energy-rich type. This compound is able to transfer its phosphate to
ADP in the presence of a specific transphosphorylase with the formation
of ATP and in fact this final transfer is essential to the continuation of
reaction 2.

1,3-Diphosphoglycerate + ADP = 3-Phosphoglycerate + ATP 3)

The energy liberated in the oxidation of 3-phosphoglyceraldehyde is thus
transformed into the energy of formation of the energy-rich phosphate
bond in ATP. The energy stored in ATP may be in turn used for chem-
ical work in other reactions. It should be noted that a phosphate
acceptor, ADP, is an essential part of this enzymatic oxidation. In the
absence of a phosphate acceptor, the oxidation product, 1,3-diphospho-
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glycerate, merely accumulates until equilibrium with the reduced form is
achieved and further reaction takes place only as the diphosphoglycerate
slowly loses its carboxyl phosphate by spontaneous hydrolysis. This
reaction presents then the interesting and probably frequent case of an
enzymatic oxidation whose progress is conditioned by the presence of an
acceptor for the energy liberated in the reaction.

Arsenate can substitute for inorganic phosphate in the oxidation of
triosephosphate with the formation, presumably, of a 3-phospho-1-arseno-
glyceraldehyde complex.’®* This substance is then oxidized as is the
normal diphospho compound. The 3-phospho-1-arseno glyceric acid pro-
duced is, however, very unstable and immediately hydrolyzes to form
again inorganic arsenate and 3-phosphoglyceric acid. These reactions
are shown below.

3-Phosphoglyceraldehyde + H:AsO; — 3-Phospho-1-arsenoglyceraldehyde
3-Phospho-1-arsenoglyceraldehyde + DPN

— 3-Phospho-1-arsenoglycerate + red. DPN
3-Phospho-1-arsenoglycerate + H,O — 3-Phosphoglycerate + H3AsO;

The overall result of arsenate poisoning of the triosephosphate dehydro-
genase system is then that the oxidation of triosephosphate is enabled to
proceed without the simultaneous production of energy-rich phosphate.
To put it in another way, the oxidation is uncoupled from its associated
energy storing mechanism. Similar mechanisms appear to function in
many other oxidative processes and arsenate poisoning may accordingly
have far-reaching effects on ATP-requiring synthetic processes in the cell
without any great disturbance of the normal respiratory process. Loomis
and Lipmann have shown that 2,4-dinitrophenol is also able to bring
about a similar uncoupling of ATP formation from phosphate coupled
oxidation.!> The exact mechanism of this uncoupling is unknown.

A second reaction in which energy-rich phosphate is formed is the
transformation of 2-phosphoglycerate to phosphoenolpyruvate.1® The
product in this case possesses approximately the same total energy as the
original reactant, and differs from it only by removal of a molecule of
water.

+H.0
—ph O ~ph
2-Phosph9£lyceric Phosphoenolpyruvic
aci acid

—H:0
CH,0HCH—COOH —= CH,=?—COOH @

In phosphoenolpyruvate, however, much of the total energy of the mole-
cule is concentrated in the phosphate bond, i.e., the energy distribution
in phosphoenolpyruvate differs from that in 2-phosphoglycerate in which
only a small portion of the energy of the molecule resides in the phos-
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phate bond. Phosphoenolpyruvate canreversibly exchangeits phosphate
with ADP to form ATP in the presence of a specific transphosphorylase.

A third reaction in which ATP is generated is the oxidative decarboxy-
lation of pyruvic acid which has been mentioned earlier in this chapter.
In the reaction pyruvate is oxidized and decarboxylated simultaneously
or approximately simultaneously. The reaction is coupled to the uptake
of inorganic phosphate, and acetyl phosphate is produced.!®* Acetyl
phosphate is capable of exchanging its phosphate group with ADP to form
ATP, again in the presence of a specific transphosphorylase.

(0]
7
CH,CCOOH + H;PO, = CHyC—O ~ ph + CO, + (2H) b)
Pyruvie acid Acetyl phosphate

Other less well understood oxidative reactions which lead to the gen-
eration of energy-rich phosphate bonds are found in the reactions of the
Krebs cycle. In particular the oxidations of succinate, fumarate, and of
a-ketoglutarate generate energy-rich phosphate bonds.!°6 A possible
mechanism in the oxidation of fumarate may be the addition of phosphate
at the double bond of fumarate followed by dehydrogenation to phos-
phoenoloxaloacetate.

CHCOOH CH.COOH CHCOOH
4]‘ + H;PO,— (J; - 4! + 2(H)
"HCOOH HCOOH ’COOH 6)
O—ph (l) ~ ph
Fumaric acid Phosphomalic  Phosphoenoloxalo-
acid acetic acid

The analogy of a-ketoglutarate oxidation to the oxidative decarboxylation
of pyruvate suggests that the mechanism of this phosphorylation may be
represented as below.

COOH
CH, COOH
J)Hz + H,PO,— Jsz + €O, + 2(H) 7)
C=0 l/Hg
(EOOH 0=CO ~ ph
a-Ketoglutaric Phosphosuccinie
acid acid

In both cases the phosphorylated products of the oxidation would be
expected to be energy-rich phosphates and hence capable of exchange
with ADP to form ATP.
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The reactions which have been discussed account for the formation of
only ten mols of energy-rich phosphate per mol of hexose oxidized, and of
these, two mols must be used in the initial phosphorylation of hexose to
fructose diphosphate. There must then be still other reactions in which
oxidation is coupled with formation of energy-rich phosphate. It is
possible that the transfer of electrons through the pyridine nucleotides to
flavoprotein, cytochrome, and oxygen may be coupled with phosphate
bond formation in some as yet unknown manner. If each substrate oxi-
dation were so coupled at each of the three levels, pyridine nucleotide-

Call border
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cycle
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Food
fuel

Inorganic P

Fia. 15-7. Metabolic dynamo generates ~P current. This is brushed off by
adenylic acid, which likewise functions as the wiring svstem, distributing the current
(After Lipmann5s)

flavoprotein, flavoprotein-cytochrome, and cytochrome-oxygen, then
complete oxidation of glucose would yield a maximum of 36 mols of
energy-rich phosphate per mol of hexose, as compared to the ten accounted
for above.

The utilization of phosphate bond energy in the synthesis of important
plant constituents has already been referred to in the cases of starch and
of sucrose. In both of these instances, synthesis is achieved from glucose-
1-phosphate, which may be in turn formed from the glucose-6-phosphate
produced by phosphorylation of glucose with ATP. In other words each
glucose residue laid down as starch requires the expenditure of one energy-
rich phosphate bond for the formation of the glucosidic linkage. This
process is somewhat wasteful since of the 12,000 or more calories of the
energy-rich phosphate linkage, at most 2000-3000 calories are conserved
in the glucosidic bond. It is entirely possible that the synthetic mecha-
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nisms by which cellulose and other cell wall polysaccharides are formed
may similarly’ involve the formation of intermediate hexose phosphate.
This would also constitute considerable drain on the enecrgy-rich phos-
phate pool of the plant. Other reactions in which ATP appears to be an
essential reactant but in which the mechanism of the reaction is not
wholly clear include the synthesis of peptide bonds (Chapter 17), the fixa-
tion of CO; to form pyruvate and oxaloacetate (Chapter 14), the pre-
liminary activation of fatty acid molecules prior to oxidation, and the
synthesis of fatty acids (Chapter 24). Undoubtedly there are other
important reactions in which energy-rich phosphate constitutes the source
of energy for cellular synthesis. Energy-rich phosphate is then the con-
necting link between the energy-liberating reactions of respiration and the
energy-using reactions of the cell. Lipmann has portrayed this relation
in Fig. 15-7.5¢ Here the reactions of respiration are shown as a dynamo
generating a current of ATP. The ATP current flows to the site of
utilization where it is used as the energy source to run the cellular motors.
Poisons such as arsenate and 2,4-dinitrophenol short-circuit the dynamo
and permit it to operate without the production of ATP.
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PART IV METABOLISM OF NITROGENOUS
COMPOUNDS

CHAPTER 16

SYNTHESIS AND METABOLISM OF AMINO ACIDS

Amino acids constitute the building blocks of proteins which are in
turn the characteristic stuff of protoplasm. There are a great many
different kinds of proteins in protoplasm, and these proteins differ from
one another in many important ways. Thus the molecules of the various
kinds of proteins differ in size, shape, surface properties, and perhaps
most significantly, in enzymatic activities and biological functions.
Despite their many individual differences proteins do have in common the
fact that they are made up by polymerization of the same relatively small
number of kinds of amino acids. These amino acids, approximately
twenty-five in number, are liberated when proteins are hydrolyzed by
enzymatic or acid hydrolysis and are combined in the intact protein
through peptide linkages, bonds in which the amino group of one amino
acid molecule is linked as a substituted amide with the carboxyl group of
the next. Since the amino groups of the amino acids are typically in the
a position (adjacent to the carboxyl group), the skeleton or backbone of
the protein molecule will look somewhat as pictured below.

Ry (0] Rs o
H | H

‘ H NP
\C/ \N/ \CH/ \C/ \N ox’

g H I g H I
R. R,
Unit of backbone or skeleton of protein showing a-amino acid residues linked through

peptide linkages. Ri, R, etc. represent the residues of different arnino acids. Thus
for glycine, R = H, for alanine, R = CH,, etc.

With few exceptions the amino acids possess the general structure
R-CHNH, COOH. They differ among themselves, however, in the
nature of the group R which is attached to the terminal —CHNH, COOH
portion. In the simplest amino acid, glycine, R is represented merely
by a hydrogen atom and glycine therefore has the structure CHyNHg'-
COOH. In alanine, on the other hand, R is a methyl group and alanine
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oorrespondingly possesses the structure CH;CHNH,COOH. Several
of the amino acids are derivatives of alanine in which the 8 carbon atom
is linked to a further group as in tryptophane (indolealanine), phenyla-
lanine, tyrosine (p-hydroxyphenylalanine), etc. The group R may be
even more complex and may contain additional amino groups as in
arginine or lysine, or may contain an additional carboxyl group as in
glutamic acid or aspartic acid. The structures of the principal amino
acids are summarized below.

Amino acids commonly considered to be components of proteins and particularly of
plant proteins

Name Structure
Glycine NH.CH.COOH"
/Ala.nine CH;CHNH,COOH -~
CH;
AN
/Va,line /CIICHNHch()H/
CH,;
. CH,;
" N
! Leucine /CHCH;CHNHzCOOHr
: CH,
" Csz
) AN
» Isoleucine CHCHNH,COOH -~
.. CH;
*, Norleucine CH,(CH:);CHNH,COOH .-
Serine HOCH,CHNH,COOH - -
Threonine CH;CHOHCHNH,COOH-

/_Phenylalanine @—CHchNHzCOOH .
- Tyrosine H()@—CHzCHNHzCO()H’

Tryptophane
e I—CHzCIINHQCOOH -
NN
H
Proline ‘
J—‘COOH ¢ v .
N

H

Hydroxyproline HO
[ J—COOH . T
N

H X

/Cyatine (—SCH:CHNH;COOH),
Cysteine HSCH.CHNH,COOH

/



SYNTHESIS AND METABOLISM OF AMINO ACIDS 221

Methionine CH,SCH.CH.CHNH,COOH
Aspartic acid HOOCCH,CHNH:COOH
/t Glutamic acid HOOCCH,CH.CHNH.COOH
\Alydroxyglutamic acid HOOCCH.CHOHCHNH.COOH
Lysine NH:CHz(CHz)aCHNHzCOOH
NH,
7 AN
Arginine CNHCH,(CH,):.CHNH,COOH
Ve Z
NH
Ml
Histidine lJ——CHzCHN H,COOH
H
Amino acids found in plants but not commonly as components of plant protein
Name Structure
NH,
N
Canavanine CNHO(CH,),CHNH.COOH
//
NH
NH,
- N
Citrulline CNH(CH,); CHNH,COOH
/ 7
(0]
/Homocystine TCHzCHzCIIN H,COOH \ -
SCH,CH,CHNH,COOH
Djenkolic acid SCH.CH,CHNH,COOH
H,
ACHzCHzCHNHzCOOH
OH
Dihydroxyphenylalanine HO— —CH;CHNH,COOH
*_Ornithine NH.CH.(CH,).CHNH,COOH

It is to be noted that the carbon atom to which the a~amino group is
attached is in general a center of asymmetry in the amino acid molecule.
Thus amino acids (except glycine) are optically active substances. Of
the possible isomers of each amino acid, only one is commonly found in
nature. The naturally occurring forms of the amino acids are now
designated by convention as belonging to the L series. The p-amino
acids, while they are known in certain scattered instances as components
of biological materials, are frequently referred to as the unnatural
isomers.

The following seven chapters of this book will be devoted to the dis-
cussion of the formation and metabolism of the nitrogenous compounds of
the plant, and of these chapters five concern directly the amino acids and
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their derivatives, the proteins. It is to be borne in mind throughout
that we are primarily interested in the plant proteins and the enzymes
which they constitute. We are interested in the synthesis, metabolism,
function, and degradation of the plant proteins because these proteins
undoubtedly are the seat of and direct the course of all the other manifold
metabolic activities of the plant. We shall start the discussion of
nitrogen metabolism with the uptake of inorganic nitrogen by the plant,
followed by a consideration of the known mechanisms of amino acid
synthesis. Later chapters will take up the proteins and protein metabo-
lism proper.

Nitrate Reduction. Nitrate is the principal form of nitrogen taken up
from the soil by most species of higher plants. This is in part owing to
the fact that other forms of nitrogen such as amino N or ammonium ions
are rapidly converted to nitrate by the activities of microorganisms in
most soils. Nitrate is readily absorbed and once taken up may be either
stored or reduced by the plant. When rate of nitrate uptake exceeds rate
of nitrate reduction, then nitrate, of course, accumulates in the plant and
such accumulation may be extraordinarily large, more than 100 mg. of
nitrate per gram dry weight having been found in peach roots? while con-
centrations of 50 mg. per gram dry weight have frequently been observed
in leaves and roots. The factors which favor nitrate accumulation as
opposed to nitrate reduction are of two categories: (@) factors which favor
rapid ion accumulation in general such as vigorous root aeration, low
initial salt content of tissue, high external nitrate level, and absence of
competing ions which might specifically depress nitrate uptake, and (b)
factors which are unfavorable to nitrate reduction. Such factors include
low light intensity and other conditions which act in the direction of
limiting the carbohydrate level of the plant, since, as will be seen below,
the energy needed for nitrate reduction must come ultimately from
carbohydrate oxidation. A few species of plants have further the
peculiarity that they appear capable of absorbing nitrate ions but
inherently incapable of reducing nitrate. This is said to be true of
Chenopodium album.?

The same factors which influence nitrate accumulation undoubtedly
also influence the distribution of nitrate within the plant. In general,
in plants which rapidly reduce nitrate, this ion is found in appreciable
concentrations only in the root and is at low or zero concentration in the
leaves and stems. This is true of many deciduous trees, and Thomas*
first appreciated the fact that in such plants nitrate reduction takes place
exclusively in the roots. In the apple, for example, nitrate reduction is
confined to the small roots and amino acids formed from the reduced
nitrogen are apparently the form in which nitrogen is translocated to the
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other portions of the apple tree. In asparagus and in Narcissus, as in
apple, nitrate reduction is ordinarily confined to the roots.’ If asparagus
roots are cooled below 10°C, however, nitrate reduction is slowed and the
material is translocated unchanged from the roots to the tops and there
reduced. With the apple or peach, also, conditions of high nitrate supply
to the roots result in movements of the ion upward to the aerial parts.
In still other species, as tomato, tobacco, cucurbits, and cereals, the roots
are not particularly active in nitrate reduction but on the contrary
nitrate is translocated through the tissues of the entire plant, with reduc-
tion taking place in the leaves as well as in the roots.!

The question of the site of nitrate reduction has been studied with
excised isolated organs of various plants. In the case of wheat, Burstrom?®
has shown that both excised roots and excised leaves are capable of reduc-
ing nitrate, and he comes to the conclusion that in the intact plant nitrate
reduction is probably about equally distributed between roots and
leaves. All species of excised roots which have been investigated have
proved capable of reducing nitrate’ and the same is true of the few species
of leaves which have been investigated, including pea, tobacco, and
wheat.

The reduction of nitrate to ammonia involves the production of
nitrite as an intermediate. Thus if tomato plants which have been
depleted of nitrogen are suddenly given nitrate, nitrite appears in the
tissues within 6-36 hours only to disappear again still later. In normal
plants, however, nitrite is not found in appreciable concentrations. Even
when nitrite is supplied to plants, it rapidly disappears and is evidently
highly unstable, being perhaps subject to further metabolism. With the
reduction of nitrate in such nitrogen-depleted tomato plants a rapid
parallel depletion of stored carbohydrate is also observed. The energy
derived from the respiration of the sugar is presumably used in part as
the source of the energy required in NOj reduction and the appearance
of nitrite is attended by striking (100-3009,) increases in respiration rate
of the plant.8 In the case of wheat, photosynthetic activity is found to
be similarly increased so that secondary effects of nitrogen additions
probably also are at work.® In addition to these overall effects on rate of
respiration, nitrate reduction is also attended by a change in respiratory
quotient; the ratio of CO; evolved to O; consumed tends to be larger when
nitrate is being reduced than when this process is not going on.? This is,
of course, due to the fact that the oxygen of the nitrate ion must also
serve as a hydrogen acceptor in respiration and substitutes for a portion
of the oxygen which would otherwise be consumed in respiration.

Nitrate reduction in roots and in many microorganisms proceeds in
the absence of light. With green tissues such as leaves, however, there is
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good evidence that light plays an immediate role in the process. The
amounts of light needed to bring about nitrate reduction in excised wheat
leaves are somewhat lower than those required to produce significant
increases in carbohydrate level by photosynthesis!® and wave lengths of
3900-5200 A are primarily effective.!’ The effect of light on nitrate
reduction is hence not primarily through effects on photosynthesis but
would appear to be on other as yet unknown systems.

An enzyme, nitrate reducase, which was attributed a role in the
reduction of nitrate to nitrite, was described by Eckerson in 1924.!2 For
the demonstration of nitrate reducase activity according to Eckerson,
the water extract of freshly mashed plant tissue is incubated with nitrate
and glucose at pH 7.2-7.4. Incubation takes place aerobically for several
hours, after which time and in the presence of the enzyme, nitrite is pro-
duced. According to Eckerson the activity is largely confined to tissues
which do in fact possess in vivo the power of nitrate reduction. A variety
of workers have further investigated this enzyme, but without concordant
results, and in fact the production of nitrite in the Eckerson experimental
technique may be largely or wholly due to microorganisms.'®* A variety
of enzymes are, however, known which can utilize nitrate as a hydrogen
acceptor under anaerobic conditions. An enzyme similar to nitrate
reducase, nitritase, is known in the bacterium, E. coli.** This enzyme
enables E. coli to utilize nitrate as an hydrogen acceptor under anaerobic
conditions. Thus in the absence of nitrate, E. colz can utilize succinate
as a sole source of carbon under aerobic but not under anaerobic condi-
tions. In the presence of nitrate, succinate can be utilized anaerobically,
the nitrate acting as hydrogen acceptor and being reduced to nitrite.
Similarly the reduced form of the enzyme xanthine oxidase, which is a
flavoprotein normally reoxidized by oxygen, can be reoxidized anaerobi-

Xanthine + xanthine oxidase — Uric acid + 2H -xanthine oxidase
(Oxidation of substrate by enzyme)

2H xanthine oxidase + 30, — Xanthine oxidase + H.,O
(Aerobic reoxidation of enzyme)

2H -xanthine oxidase 4+ IINO; — Xanthine oxidase + HNO, + H,0
(Anaerobic reoxidation of enzyme with nitric acid as H acceptor)

tally in the presence of nitrate with the parallel production of nitrite. In
the case of xanthine oxidase, oxidation of the substrate (aldehyde or
purine) can be directly linked to reduction of nitrate. Similar enzyme
systems known in higher plants are the aldehyde dehydrogenase of potato
tubers and the lactic dehydrogenase of soybean seedlings, both of which
can utilize nitrate as an hydrogen acceptor with the production of nitrite.!®

Quite evidently, it cannot be stated with certainty what enzyme or
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enzymes are active in the plant in the reduction of nitrate to nitrite. It
would obviously be of great interest to determine further properties of
this important enzyme of the nitrogen metabolism of higher plants.

We have seen that there is some reasonable basis for the suspicion that
nitrite may be the initial reduction product of nitrate. The final reduc-
tion product is, further, undoubtedly ammonia or ammonia in the form of
amino groups of amino acids. Two possible intermediates in the reduc-
tion of nitrite to ammonia are hyponitrous acid and hydroxylamine.

Number of H atoms

Compound Formula  meeded to reduce to NH;
Nitric acid NHO, 8
Nitrous acid NHO, 6
Hyponitrous acid (NOH): 4
Hydroxylamine H.,NOH 2
Ammonia NH, 0

Hyponitrous acid is insufficiently stable to accumulate in detectable
quantities, even if it were an intermediate in nitrite reduction. Hydrox-
ylamine, on the contrary, although it should be detectable if present,
has been reported only in a few scattered observations on plant tissues.’®
Hydroxylamine reacts rapidly and spontaneously with a-keto acids to
form oximino acids such as shown below for the case of a-ketoglutaric
acid. Thus if hydroxylamine is formed as an intermediate in nitrate

COOH COOH

J';: J’=NOH
J‘Hg + H,NOH — (“Hz + H.0
A‘AHQ é‘/II-;

(IJOOH (IJOOH
a-Ketoglutaric  a-Oximinoglutaric
acid acid

reduction, it could conceivably be rapidly removed by reaction with keto
acids. Oximinosuccinate and oximinoglutarate are actually both able to
act as good sources of nitrogen for oat plants,!” showing that these com-
pounds may be metabolized and hence could possibly be intermediates
in nitrate reduction.

Still other observations indicate that it is entirely possible that in
some cases the reduction of nitrate may proceed through other reactions
than the series of steps to be expected on the basis of the inorganic chem-
istry of nitrate. Wheat root brei actively consumes nitrate but without
the production of either nitrite or hydroxylamine.! In this case nitrate
or nitrite could possibly combine with organic compounds to yield organic
derivatives which could be the substances actually reduced. This is now
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known to be the case for Neurospora in which one mode of sulfate reduc-
tion follows a course through cysteic acid and possibly through sulfinic
acid to cysteine.’® Neurospora can, however, also reduce sulfate by an
inorganic pathway through thiosulfate.

Although nitrate is the preferred form of nitrogen for most agricultur-
ally important plants, other forms are also available, in particular
ammonium ions, nitrite, and certain organic nitrogenous compounds.
Ammonia is utilized in preference to nitrate by rice, which is apparently
unable to reduce nitrate, at least in the seedling stages.!® Ammonia is
stored in large quantities only in acid plants such as rhubarb and
Begonia, where it accumulates as ammonium salts. In less acid plants,
ammonia appears to be toxic at relatively low concentrations and does

COOH COOH
Reduction
. Hsos-cuz-clzn —_— HSOg—cHz_?H
”&o\" NH, NH,
Cysteic acid Cysteine
+ unknown sulfinic acid
3-carbon comp COOH
|
Inorganic HS—CHg-—(‘:H
sulfate NH,
P, Cysteine
o,
\%,
\",
\
N
N
'S 5,07 Reduction + unknown
# 3-carbon comp
Inorganic
thiosulfate

F16. 16-1. Pathways of sulfate reduction in Neurospora.

not ordinarily accumulate to any large extent. Nitrite ions are also
toxic to the plant, but may be utilized as a source of nitrogen if applied in
relatively low concentrations such as 50 mg. or less of nitrite nitrogen per
liter of nutrient.

Organic nitrogen can also be utilized by many species. Experiments
designed to show utilization of organic nitrogen must be done under
aseptic conditions in order to prevent breakdown of the organic nitrogen
to ammonia by microorganisms. Sterile conditions have been used in
investigating this problem by a number of the older workers who have
shown that wheat and peas can use urea, acetamide, formamide, glycine,
and aspartic acid as sole nitrogen sources, while wheat can also utilize
the nitrogen of purines and amino acids.?® Brigham in a comprehensive
work?! found that Zea mays can use nitrogen from aspartic and other
amino acids, as well as purines and certain proteins. The utilization of
protein nitrogen was improved, however, if bacteria were first allowed to
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grow upon solutions of the material with, presumably, the production of
amino acids and ammonia. Other nitrogenous compounds, including
caffein and guanidine, were not utilized by corn as nitrogen sources in
Brigham’s experiments.

The Entrance of Ammonga tnto Organic Compounds. Ammonia once
produced from nitrate is rapidly transformed into organic nitrogen and in
particular into amino groups. The nature of this transformation has
been particularly studied from the standpoint of the amination and
deamination of amino acids. A number of methods by which amino
acids are deaminated in nature are known, and these will be taken up
individually.

[Tydrolytic deamination, in which the amino acid is converted to the
corresponding hydroxy acid by addition of the elements of a molecule of
H.,0, may be carried out by microorganisms.?? This simple and chem-
ically straightforward deamination is not, however, found in the higher
plant so far as is known.

RCHNH.COOH + H,0 - RCHOHCOOH + NH; 1)
Hydrolytic deamination

Reductive deamination in which the amino acid is converted to the
corresponding substituted fatty acid and ammonia by addition of two
atoms of hydrogen has been described as an activity of putrefactive
bacteria primarily under anaerobic conditions.?? This reaction also has
not been encountered in the metaholism of higher plants.

RCHNH,COOH + 2(H) - RCH,COOII 4+ NH; (2)
Reductive deamination

A special case of amination and deamination is constituted by aspartic
acid. In the presence of aspartase, an enzyme discovered in bacteria by
Quastel and Woolf,?* aspartic acid gives up ammonia to become fumaric
acid. The reaction is thus analogous to that which involves fumarase, in
which the elements of a molecule of water are added to the double bond of
fumaric acid to produce malic acid.

coon (|300H

“HNH, Aspartase CH
s g + NH; @)
H, H

(gOOH (IJOOH
Aspartic acid Fumaric acid
Deamination of aspartic acid in the presence of aspartase

In the present case the equilibrium is far over toward the side of fumaric
acid so that even in the presence of fumaric acid and ammonia, only
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negligible concentrations of aspartic acid accumulate. Aspartase, a
highly specific enzyme which will not attack other amino acids, possesses
a pH optimum in the region of pH 7-7.5. The enzyme has been found in
leaves of clover and of grasses, as well as in pea seedlings, and is probably
widely distributed in the plant kingdom.2¢ It is entirely possible that
some small amount of transfer of ammonia to organic nitrogen in the
plant may take place via the aspartase system. In view of the unfavor-
able equilibrium it is probable, however, that more ammonia is taken up
into organic combination by the following reaction:

R(IJHCOOH + 30, 2 RCCOOH + NH,

NH,
Oxidative deamination

4)

Deamination of amino acids in the plant and in other kinds of organ-
isms takes place primarily through oxidative deaminations of the general
type shown in reaction 4 in which the amino acid is oxidized to the corre-
sponding a-keto acid with the consequent production of ammonia. The
reaction has been particularly well worked out in the special case of
glutamic acid. In the presence of plant or animal tissues, glutamic acid
is oxidatively deaminated, and the reaction is reversible.?® The enzyme
involved is glutamic dehydrogenase, an enzyme discussed in Chapter 15,
which consists of a protein apoenzyme and a dialyzable coenzyme. DPN
is the coenzyme for higher plant glutamic dehydrogenase.?® The oxida-
tive deamination of glutamic acid proceeds in two steps, the first of which
involves the enzyme.?’

COOH COOH
"HNH, : =NH
H, CH,
é + oxidized glutamic = é + reduced glutamic
H. dehydrogenase H, dehydrogenase
O0OH OOH
Glutamic acid a-Iminoglutaric acid
coou (lfOOII
=NH C=0
(]: + H.0 = | + NH;
H, CH,
éHQ Hz
(JJOOH (JJOOH
a-Iminoglutaric acid a-Ketoglutaric acid

In the first step, glutamic acid is dehydrogenated by removal of two
hydrogen atoms from the amino group to form a-iminoglutaric acid. In
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this reaction the DPN moiety of the enzyme is reduced to yield dihydro-
DPN. In biological systems, the reduced coenzyme is reoxidized by
still other enzyme systems with the ultimate transfer of hydrogen to
oxygen of the air. The a-iminoglutaric acid spontaneously decomposes
with high velocity to form a-ketoglutaric acid and ammonia. This
reaction, like the first, is reversible, so that Von Eulet,?” by starting with
ammonia, a-ketoglutaric acid, and reduced DPN, was able to achieve a
synthesis of glutamic acid. Through the continued addition of reduced
coenzyme and of a-ketoglutarate to the system continued synthesis of
glutamic acid may in this way be accomplished.?® In the cell, then,
glutamic dehydrogenase establishes an equilibrium between o-ketoglu-
taric acid, ammonia, and glutamic acid. Reduced DPN, which is
essential to the synthetic reaction, is continuously supplied by the respira-
tory dehydrogenations in which enzymes requiring DPN participate, as,
for example, the oxidation of malic acid to oxaloacetic acid, a reaction
which is an integral part of the respiratory mechanism. In the reversible
oxidative deamination of glutamic acid, then, we have not only a method
for the deamination of glutamic acid but also a means for the entry of
ammonia into organic combination. Isotopic evidence suggests that this
may be the principal port of entry of ammonia into the amino acids.
Thus, when plants are supplied with ammonia containing isotopic
nitrogen, more rapid and extensive replacement of nitrogen occurs in
glutamic acid than in any other amino acid, suggesting that glutamic acid
in the plant is indeed in a readily responsive equilibrium with ammonia.??

Glutamic dehydrogenase is found in a wide variety of higher plant
tissues, for example in seedlings of legumes,3® oat coleoptiles,?! pollen,3?
spinach leaves,?® and others, and there is reason to suppose that the
enzyme may be universally distributed. A corresponding enzyme for
deamination of the related aspartic acid is, however, unknown.

Oxidative deamination of a different kind takes place with the non-
physiological D-isomers of amino acids as described in Chapter 15.
The enzyme for this reaction has been studied in animal tissues?* as well
as in microorganisms?® and is a flavoprotein which contains as a prosthetic
group the riboflavine-phosphate-adenine dinucleotide.?®

o
RCHNH,COOH + H0 + ;o,i'f’—:'l RCOCOOH + NH; + H;0,
acl
oxidase

Oxidative deamination of the p-amino acid to the corresponding keto acid and
ammonia

In this reaction the equilibrium is far to the right, and synthesis of
appreciable amounts of amino acid by this mechanism could not be
achieved under conditions obtaining in vive. Although the oxidase
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attacks many amino acids the rates at which they are oxidized differ
widely, methionine, the most sensitive, being oxidized at least twenty-five
times more rapidly than ornithine, one of the poorer substrates. p-Amino
acid oxidase has not been reported in higher plants although it has been
specifically sought in some tissues.?® It is unlikely, however, that the
enzyme is truly absent from higher plants, and further investigation will
doubtless reveal its presence in particular species or tissues.

TaBLE 16-1. Relative rates of oxidation of various p-amino acids by p-amino acid
oxidase. (After Horowitz2)

Rapidly attacked Slowly attacked Not attacked
Methionine Glutamic acid Serine
Phenylalanine Isoleucine Threonine
Norvaline Alanine Proline
Citrulline Aspartic acid B-Alanine
Arginine Valine Glycine
a-Aminobutyric acid Lysine
Leucine Tryptophane

Ornithine

The role of p-amino acid oxidase in metabolism may be in the inversion
of any of the unnatural p-amino acids which may happen to be formed in
the plant by racemization, by synthesis of racemic mixtures, or otherwise.
Thus, a molecule of a p-amino acid could be converted by p-amino acid
oxidase to the corresponding keto acid which would then have an oppor-
tunity to be transformed to the r-amino acid by transamination (see
below).

Oxidases for the rL-isomers of the amino acids are known in animal
tissues and Edlbacher and Grauer?®” have obtained evidence for individual
enzymes which oxidatively deaminate asparagine, L-glutamic acid and
certain other amino acids. A purified flavoprotein enzyme which
oxidizes a variety of monoaminomonocarboxylic amino acids is also
known. This enzyme attacks the L forms of leucine, methionine, proline,
norleucine, norvaline, phenylalanine, tryptophane, isoleucine, tyrosine,
valine, histidine, cystine, and alanine.?® Although a similar enzyme is
known in the microorganism Proteus vulgaris,® we have as yet no informa-
tion concerning L-amino acid oxidases in higher plants.

Transamination. Ammonia fixed as amino groups in glutamic or
aspartic acids is available for the synthesis of other amino acids through
the reaction of transamination. This important biological reaction,
which consists of the bodily transfer of an amino group from one com-
pound to a second, was first discovered by the Soviet scientists A. E.
Braunstein and M. G. Kritzmann in 1937.4° The reaction which they
principally studied was that between glutamic acid and pyruvic acid to
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yield a-ketoglutaric acid and alanine. They showed that in the presence
of an enzyme which could be obtained from muscle or from higher plants,

COOH COOH COOH COOH

+ = +
(JJHz éH s J‘/H 2 (|7 H;
CH, "H
OOH éOOH
Glutamic Pyruvic a-Keto- Alanine
acid acid glut.?lric
aci

an equilibrium is established between these four substances and that
starting with glutamic acid, a synthesis of alanine is possible, while the
reverse reaction between alaninc and a-ketoglutaric acid yields glutamic
and pyruvic acids. Glutamic acid is, however, also able to participate
in the transamination reaction with a variety of other keto acids. Oxalo-
acetate is most rapidly aminated of all the keto acids, with pyruvic acid
more slowly reactive. The ratio of the two rates varies greatly in differ-
ent tissues and two separable enzymes are actually involved.® Transfer
of amino groups from aspartic acid to pyruvate can be achieved through
the mediation of glutamic acid as a carrier as is shown below.

Aspartic acid + a-ketoglutaric acid =—==—==—= Oxaloacetic acid + glutamic acid
Glutamic-aspartic
. . . . transaminase . ) )
Glutamic acid + pyruvic acid —==== = a-Ketoglutaric acid + alanine
Glutamic-alanine
transaminase
Transfer of amino group from aspartic acid to alanine through the intermediary of
glutamic acid as a carrier

Glutamic acid is effective in the formation of amino acids other than
aspartic acid and alanine. Thus it has been reported that preparations
of pea roots can aminate a-ketoisocaproic acid at the expense of glutamic
acid with the formation of leucine.*?

L-Glutamic acid + a-ketoisocaproic acid = rL-Leucine + a-ketoglutaric acid

The reaction between glutamic acid and a-ketoisovaleric acid to form the
amino acid valine is also known in plants.** It is possible that phenylala-
nine and a-aminobutyric acid may be synthesized by transamination
reactions although the evidence for these reactions is less complete than
for the others.*! It is clear in any case that the transaminases for reac-
tions other than the glutamic-aspartic and glutamic-alanine systems are
present in plant tissues although only in low concentration. It is entirely
possible that additional transaminases may ultimately be found to be
present in plant tissues in still lower concentrations.
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Braunstein and Kritzmann originally described transaminase as
possessing a removable coenzyme and this coenzyme is now known to be a
derivative of pyridoxine, vitamin Bs. Early experiments of Schlenk and
co-workers with animal tissues first indicated the presence of a bound
pyridoxine in purified transaminases,** and the enzyme has been resolved
into a protein apoenzyme and a coenzyme, pyridoxal phosphate, identical
with the coenzyme of both the indole-serine condensing enzyme and of the
amino acid decarboxylases*® which are described below. Large quantities
of bound pyridoxal are found generally in higher plant tissues‘® and
it is probable that pyridoxal phosphate is also the coenzyme of higher
plant transaminase.

A mechanism for transamination was first proposed by Braunstein
and Kritzmann who suggested that by a series of removals and additions
of hydrogen, an intermolecular complex might be formed between the
amino and keto acids and this complex then decomposed in the following
manner:

COOH (IJOOH COOH COOH CooHn COOH
(l)HNH-_» 4+ 0=C —— HC—N=—= — Hé‘,——NH— °H
! — H20 | [ +2H |
R, Re R, R. R, R,
COOH COOH COOH COOH —2H
é é‘ +H,0
I = + |/HNH, — [/:N— I/H ———
R, R, R, R.
Proposed mechanism of transamination reactions according to Braunstein and
Kritzmann

This general type of reaction appears to be in fact that found in trans-
amination with the difference that the enzyme-bound pyridoxal phosphate
may act as an intermediate carrier of the amino group. It is of impor-

(|3H20H (IJH,NH2

HO—7 \—CH,0H
mo| |
N
Pyridoxine
0
du
|
HO—? \—CH,OH
o |

N
N
Pyridoxal Pyridoxal phosphate
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tance in this connection that in addition to pyridoxal a second pyridoxine
derivative, pyridoxamine, is found in nature and is biologically effective
as a vitamin. Pyridoxamine may be formed #n vitro by heating pyridoxal
with glutamic acid,*” in which case the amino group of the glutamic acid
istransferred to pyridoxal with the formation of pyridoxamine. Although
purified transaminase contains a portion of its pyridoxine prosthetic
group in the form of pyridoxal phosphate, a further portion is present as
pyridoxamine phosphate, suggesting that the interconversion of the two
forms may be of importance in the enzymatic function. The mechanism
of transamination may then be as follows:

COOH COOH
SHNH; + enzyme-pyridoxal = C=0 + enzyme-pyridoxamine
R, L8
Amino acid 1 Keto acid 1
(‘OOH COOH

Enzyme-pyridoxamine + (‘{‘:O = Enzyme-pyridoxal + (:JHNHg

R, R,
Keto acid 2 Amino acid 2

Each amino group exchange may then follow the general course suggested
by Braunstein and Kritzmann but with the pyridoxal-pyridoxamine sys-
tem acting as an intecrmediate carrier.

The presence of transaminase in higher plants was first described by
Braunstein and Kritzmann for seedlings of pea, lupin, and pumpkin.*®
Adler and others reported the occurrence of transaminases in corn, barley,
peas, and clover.®® Virtanen and Laine*? have studied the transami-
nation reaction in mashes made from pea seedlings and have shown that
both glutamic and aspartic acids can react with pyruvate to form alanine,
aspartate presumably indirectly and through glutamic acid as a carrier.
The corresponding amides glutamine and asparagine do not appear to be
able to act as substrates in transamination. Transaminase activity in
the developing oat parallels the protein synthetic activity of the growing
tissue.#® A comprehensive survey of transaminase in a wide variety of
plant tissues by Leonard and Burris, from which Table 16-2 is taken,
shows that in general transaminase activity is highest in roots and in
germinating seeds, and is lowest in leaves. Transaminase activity was
found to be entirely absent from fruits of apple and tomato. The trans-
aminases of the pea plant have been subjected to study by Rautanen,®
who found the enzyme in all tissues investigated.

There can be no doubt then but that transaminases are widely dis-
tributed in higher plant tissues. The transfer of ammonia from glutamic
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acid may result in the synthesis of a variety of the other amino acids.
The nature of all the amino acids which are formed, directly or indirectly,
through the transamination reaction is as yet unknown, but it is evident
that transamination does constitute an important link in amino acid
synthesis.

TaBLE 16-2. Relative rates of glutamic-aspartic transamination reaction in
various tissues. (After Leonard and Burris®®) Qr(N) = microliters substrate trans-
aminated per hour per milligram N in enzyme preparation

Plant Part Qr(N)
Potato Root 146
Stem 102
Leaf 29
Tomato Root 111
Leaf 35
Squash Leaf 45
Barley Leaf 44
Corn Germinating seed 116
Pea, Germinating seed 84
Oat Germinating seed 119

Special Cases of Amino Acid Synthesis. Arginine. The synthesis
of arginine in animal tissues is known to take place from ornithine accord-
ing to the steps first proposed by Krebs.?? Ornithine by addition of CO,
and two molccules of ammonia becomes successively citrulline and argi-
nine. The arginine in the presence of the enzyme arg<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>