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‘General Preface

In 1950, James Bonner wrote the following prophetic comments in the
Preface of the first edition of his ‘‘Plant Biochemistry™ published by
Academic Press:

There is much work to be done in plant biochemistry. Our understanding of many basic
metabolic pathways in the higher plant is lamentably 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. Numerous
problems of plant biochemistry could undoubtedly be illuminated by the closer application
of the information and the techniques whxch have been developed by lhose working with
other organisms . . . .

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

The volume had 30 chapters and a total of 490 pages. Many of the biochemi-
cal examples cited in the text were derived from studies on bacterial, fungal,
and animal systems. Despite these shortcomings, the book had a profound
effect on a number of young biochemists since it challenged them to enter

« the field of plant biochemistry and to correct *“the lack of pertinent informa-
tion from the domain of higher plants."

Since 1950, an explosive expansion of knowledge in biochemistry has
occurred. Unfortunately, the study of plants has-had a mixed reception in
the biochemical community. With the exception of photosynthesis,
biochemists have avoided tackling for one reason or another the incredibly
interesting ‘problems associated with plant tissues. Leading biochemical
journals have frequently rejected sound manuscrlpts for the trivial reason
that the reaction had been well described in E. coli and liver tissue and thus
was of little interest to again describe its presence in germinating pea seeds!
Federal granting agencies, the National Science Foundation excepted, have

xiti



xiv ‘ General Preface

also been reluctant to fund applications when it was indicated that the
principal experimental tissue would be of plant origin despite the fact that
the most prevalent illness in the world is starvation.

The second edition of ‘‘Plant Biochemistry’’ had a new format in 1965
when 1. Bonner and J. Varner edited a multiauthored volume of 979 pages;
in 1976, the third edition containing 908 pages made its appearance. A few
‘textbooks of limited size in plant biochemistry have been published. In
addition, two continuing series resulting from the annual meetings and sym-
posia of phytochemical organizations in Europe and in North America
provided the biological community with highly specialized articles on many
topics of plant biochemistry. Plant biochemistry ‘was obviously growing.

Although these publications serve a useful purpose, no multivolume
series in plant biochemistry has been available to the biochemist trained and
working in different fields who seeks an authoritative overview of major
topics of plant biochemistry. It therefore seemed to us that the time was ripe
to develop such a series. With encouragement and cooperation of Academic
Press, we invited six colleagues to join us in organizing an eight volume

- series to be known as ‘‘The Biochemistry of Plants: A Comprehensive
Treatise.”* Within a few months, we were able to invite over 160 authors to
write authoritative chapters for these eight volumes.

Our hope is that this Treatise not only will serve as a source of current
information to researchers working in plant biochemistry, but equally impor-
tant will provide a mechanism for the molecular biologist who works with E.
coli or the neurobiochemist to become better informed about the interesting
and often unique problems which the plant cell provides. It is hoped, too, the
senior graduate student will be inspired by one or more comments in chap-
ters of this Treatise and will orient his futurg career to some aspect of this
science. : v

Despite the fact that many subjects have been covered in this Treatise, we
make no claim to have been complete in our coverage nor to have treated all
subjects in equal depth. Notable is the absence of volumes on phytohor-
mones and on mineral nutrition. These areas, which are more closely as-
sociated ‘with the discipline of plant physiology, are treated in multivolume
series in the physiology literature and/or have been the subject of specialized
treatises. Other topics (e.g., alkaloids, nitrogen fixation, flavonoids, plant
pigments) have been assigned single chapters even though entire volumes,
sometimes appearing on an annual basis, are available.

Finally, we wish to thank all our colleagues for their enthusiastic coopera-
tion in bringing these eight volumes so rapidly into fruition. We. are grateful
to Academic Press for their gentle persuasive pressures and we are indebted
to Ms. Barbara Clover and Ms. Billie Gabncl for their talented assistance in
this project. L
P. K. Stumpf
E. E. Conn




Preface to Volume 3

The vast expansion of information in the area of plant carbohydrates in the .

past decade makes it an opportune time to integrate and relate their many:
facets of chemistry, biochemistry, and physnology This is the objective of
this volume.

The volume is organized in three sections. The first deals with topics
concerning the monosaccharides and their derivatives found in plants. Thus,
the integration and control of the well-known and the vital pathways caon-
cerned with hexose phosphate metabolism, glycolysis, gluconeogenesis, and
the pentose phosphate pathways are discussed first, The metabolism of
monosaccharide derivatives, myo-mosntol and L-ascorbic acid, important
plant components, are treated in Chapters 2’ and 3, respectlvely, while
Chapter 4 deals with formation of sugar nucleotides and their various trans-
formations to the many novel sugar derivatives norma!ly found in plant cell
walls and complex carbohydrates. Since the orifinal dlscovery of Luis
Leloir. and his colleagues of UDP-glucose in yeast in 1950, more than 35
sugar nucleotides have been found in plant sources, and much information
about their biosynthesis has accrued. Chapter 5. describes blosynthesns and
occurrence of the branched-chain sugars, apiose and hamamelose, that are
unique to plants and concludes the discussion of plant monosaccharides.

The second section of the volume, Chapters 6, 7, and 8, deal with the
occurrence, biosynthesis, and transport of disaccharides and oligosac-
charides. While significant information is currently known about sucrose and
various plant eligosaccharides there is still much to learn about their precise
function in plants and about the detailed biochemical mechanism of active
transport of these sugars to the various parts of the plant. It is hoped these
chapters, presenting the state of the art, will stimulate further interest in
these vital areas. :

XV




xvi Preface to Volume 3

The third and final section of the volume is concerned with the occur-
rence, structure, and biosynthesis of simple and complex polysaccharides
and glycoconjugates associated with cell walls and membranes. Ever since
the initial discovery of starch in leaf by Sachs at the end of the nineteenth
century, the chemistry, structure, and function of this polymer has been of
great interest to chemists, biochemists, and plant physiologists. Chapters 9
and 10 deal with the literature describing the current notions and theories
. concerning structure and regulation of biosynthesis and degradation and
their relation to plant development. .

Recently there has been a great increase of interest in the three-
dimensional shape of polysaccharides and their behavior in solution due to
their secondary, tertiary, and quarternary structures. Undoubtedly structure
and shape of polysaccharides in solution play a role in determining biological
function. This topic is amply covered in Chapter 11. The 1970s have seen
significant advances in information in the area of chemistry, synthesis, and
function of cell wall components. Thus, three chapters (12, 13, and 16) are
devoted to these topics. No volume on plant carbohydrates would be com-
plete without discussion of the most abundant product of plants, cellulose.
This occurs in Chapter 14. Finally a class of compounds, glycolipids, whose
roles in nature have been amplified by recent information, is discussed in
Chapter 15.

It should also be pointed out that chapters on carbohydrates related to the
subjects covered in this volume are also found elsewhere in other volumes in
the treatise. Volume 1 contains a chapter on the primary cell wall while in
Volume 2, carbohydrate metabolic pathways are discussed in relation to
plant respiration, regulation, and photorespiration. Volume 4 also contains
the subject glycolipids. In Volume 6, the subject of lectins, proteins that
exhibit sugar-binding properties, is discussed, and in Volume 7, cyanogenic
glucosides, glucosinolates and glycosidases are discussed. Finally, in Vol-
ume 8, one will figd the topics, photosynthetic carbon reduction cycle and
the C, pathway. ‘ :

I am very grateful for the contributions made by each of the authors. They
certainly made my job easier by their copperation and by providing au-
thoritative and fascinating reviews, and the success of this volume is due to
their efforts.

~ Jack Preiss




Contents

List of Contributors
General Preface
Preface to Volume 3

Integration of Pathways of Synthesis and Degradatlon of
Hexose Phosphates
T. AP REES
I. Introduction

II. Experimental Approach

III. Reductive Pentose Phosphate Pathway

IV. . Gluconeogenesis

V. Oxidation of Hexose Phosphates

References

myo-Inositol: Biosynthesis and Metabolism
FRANK A. LOEWUS AND MARY W. LOEWUS
I. General Considerations
II. Biosynthesis"
III. Metabolism
IV. Concluding Remarks
References-

L-Ascorbic Acid: Metabolism, Biosynthesis, Function
FRANK A. LOEWUS
I. Ger_\eral Considerations

Xi
Xiii

Xv

43
53
57
68
69

77




vi

IL
I1I.
Iv.

V.

Metabolism

Biosynthesis
unction

Concluding Remarks

References

4 Sugar Nucleotide Transformations in Plants
DAVID SIDNEY FEINGOLD AND GAD AVIGAD

I
IL.
111
Iv.
\'
VI.,
VIL

VIILL

IX.
X.

Introduction

Activation of Monosaccharides—Kinases

Formation of Nucleotide Sugars

Degradation of Nucleotide Sugars

Nucleotide Sugar Epimerases .

Biosynthesis of 6-Deoxyhexoses

De Novo Synthes1s of Uronic Acids:
UDP-p-Glucose Dehydrogenase

De Novo Synthesis of UDP-p-Xylose:UDP-
p-Glucuronate Decarboxylase

Miscellaneous Nucleotide Sugars and Derivatives

Control of. Nucleotide Sugar Synthesw and
Utilization

Ref)/ercnces

5 Branched-Chain Sugars: Occurrence and Biosynthesis
HANS GRISEBACH S ‘

L

IL.
1118
V.

Introduction *. -
p-Apiose ,
D—Hamamelose
Branched-Chain Inosflols
Referenccs

6 Biosynthesis and Metabdlism of Sucrose
TAKASHI AKAZAWA AND KAZUO OKAMOTO

I

IL.
II.

Iv.

V.
VL

Introduction”
Bwsynthesns of Sucrose

~ Sucrose as Photosynthate in Cx Plants and C4

Plants
Sucrose Formation and Translocatlon in
Germinating Seeds
Invertase and Invertase Inhibitor
Inulins
References

Contents

82
88
93
94
95

102
109
113
129
132
141

146

151
156

158
159

171
173
189 .
194
196

199
200

211

212
216
217
218




— / s

[ (9 Y

Conte_nts

7

10

11

Occurrence, Metabolism, and Function
of Oligosaccharides
OTTO KANDLER AND HERBERT HOPF
I. Introduction

H. Primary Ohgosacchandes

II. Secondary Oligosaccharides

IV. Concluding Remarks

References

Translocation of Sucrose and Ollgosaccharldes
ROBERT T. GIAQUINTA
I. Introduction
II. Substances Translocated in the Phloem
III. Direction and Rates of Movement
IV. Structure of Functional Sieve Tubes
V. Mechanism of Long-Distance Transport
VI. Export Leaf Physiology
VII. Import Physiology
VIII. Regulation of Translocation at the Cellular Level
IX. Summary and Unresolved Problems
References

Structure and Chemistry of the Starch Granule
W. BANKS AND D. D. MUIR C
I. Occurrence and Isolation of Starch Granules
II. Physical Structure of the Granule
III. Disruption of the Granule
IV. The Biosynthesis of Starch Granules
V. Discussion
References

Starch Biosynthesis and Degradation =
JACK PREISS AND-CAROLYN LEVI
I. Introduction _
II. Starch Biosynthesis
III. Starch Degradation
References,

Conformation and Behavior of Polysaccharides
in Solution
DAVID A. BRANT

I. Introduction

221
224
258
262
266

271
272
275
276
278
280
300
307
315
315

321
324
335
348
365
366

3N

372
404
417

425



viii

1.
III.
Iv.

Polysaccharide Conformational Analysis

Polysaccharide Solution Properties

Refined Chain Models for Some Dissolved
Polysaccharide Chains

References

- 12 Chemistry of Cell Wall Polysaccharides
GERALD O. ASPINALL

L
IL
111
Iv.
V.
VL

VII.
NIIL
IX.
X.

Introduction

Cellulose

Noncellulosic 8-p-Glucans

Pectic Substances

Arabinogalactans

Mannans, Glucomannans, and
Galactoglucomannans

Xylans

Xyloglucans

Glucuronomannans

Interpolymeric Linkages in the Cell Wall -

‘References

13 Structure and Function of Plant Glycoprotems
DEREK T. A. LAMPORT

L

IL

" IIL
Iv.
V.

Introduction .

Structure

Glycoprotein Function
Evolution of Glycoproteins
Glycoprotein Futurology
References

14 The Biosynthesis of Cellulose
J. ROSS COLVIN

L

II.
II.
Iv.
V.
VL.
VII.

Introduction

Structure of Cellulose

Biochemistry of Cellulose Biosynthesis .
Physical Mechanisms of Cellulose Mlcroﬁbrxl
- Formation

Orientation of Cellulose Microfibrils
Unsolved Problems of Cellulose Biosynthesis
Retrospect and Prospect

References

Contents

431
442

457
469

473
477
478
480
486

489
490
493
493
494

497

501
505

524 .

533
535
536

544

546
549

555
562
564
567
567



Contents

15 Glycolipids
ALAN D. ELBEIN

I
IL.
II.
Iv.
V.
VI
VIL.

Introduction

Glycosyl Diglycerides

Cerebroside

Phytoglycolipids

Cardiac Glycosides and Heterosides

Steryl Glucosides and Acylated Steryl Glucosides
Lipid-Linked Saccharides

References

16 Biosynthesis of Cell Wall Polysaccharides
and Glycoproteins
MARY C. ERICSON AND ALAN D. ELBEIN

L
I
III.
Iv.

V.
VL

Index

Introduction '

Pectic Substances

Hemicelluloses

Lipid-Linked Saccharides in Polysaccharide
Synthesis

Site of Synthesis of Matrix Polysaccharides

Glycoproteins of the Cell Wall

References

Contents of Other Volumes

ix

N
572
576
5717
578
578
583
586

589
591
596

602
603
605
613
617

639



Integration of Pathways of
Synthesis and
Degradation of

Hexose Phosphates

T. AP REES

I. Introduction . . . . . . . . . . . . .0 1
I. Experimental Approach . . . . . . . .. ... ... ... 2
IIL. Reductive Pentose Phosphate Pathway. . . . . . . . . . .. 5
'A. Sequence of Reactions . . . . . . . . .. .. ..... S

B. Evidence forthe Pathway. . . . . . . . . . .. . . .. 6

C. Criticism of the Pathway . . . . . . . . . . ... ... 8
D. Relationship to Other Pathways . . . . . . . . ... .. 10
E.Control . . . . . . . . . . . . ... ..., 13
IV. Gluconeogenesis . . . . . . . . . . . ... ... ... 17
A. Sequence of Reactions . . . . . . . ... .. ... .. 17
B. Evidence for the Pathway. . . . . . Fe e e e e e 20
C.Control . . . . . ... .. ... ..., e 21
V. Oxidation of Hexose Phosphates . . . . . . . . ... ... 25
A. GlycolyticPathway. . . . . . . . . .. ... ..... 25
B. Oxidative Pentose Phosphate Pathway . . . . . . . . . . 27

C. Relationship between Glycolysis and the Oxidative
Pentose Phosphate Pathway . . . . . . . .. . . .. . .. 28

" D. Location of Glycolysis and Pentose Phosphate Pathway . . = 31.

E.Control . . . . . . . .. ... .. .. ... ..., 34
References . . . . . . . . . . .. . ... ... 39

I. INTRODUCTION

In higher plants hexose phosphates are formed in photosynthesis and
gluconeogenesis, and alsp from the breakdown of storage carbohydrates;
they are consumed by glycolysis and the oxidative pentose phosphate
pathway, and also in the synthesis of oligo- and polysaccharides. Thus
hexose phosphates play a dominant role in carbohydrate metabolism, and,
The Biochemistry of Plants, Vol. 3 ’ 1
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2 ' T. ap Rees

consequently, in the economy of the plant as a whole. The reductive and
oxidative pentose phosphate pathways, glycolysis, and gluconeogenesis
share other intermediates in addition to hexose phosphates, and have
sufficient in common for them to be discussed as a whole. The aim of this
chapter is to give a general and integrated view of our present understanding
of the functioning and relationship of these four pathways in hlgher plants.
The role of hexose phosphates as products or precursors of oligo- and
polysaccharides will not be treated in detail because these topics fall outside
the essential unity of the four chosen pathways, and because they are dealt
with elsewhere in this volume. As my topic is wide, detailed treatment of
every issue is not practicable and the reader is referred to more specific
articles, where satisfactory ones exist. I shall concentrate on establishing the
sequence of each pathway and its role in metabolism, on the organization of
the pathways, and on the principal features of their control.

II. EXPERIMENTAL APPROACH

The theoretical and practical aspects of the study of the sequence,
organization, and location of the reactions of hexose phosphate metabolism
in plants are well established. Most of the pitfalls are recognized even if they
are not always avoided. In contrast, plant biochemists have been slow to
appreciate the experimental approach to the study of the control of
metabolism that has been developed from and used so successfully in the
study of the regulation of mammalian metabolism. The features of this
experimental approach have been set out admirably by Newsholme and
Start (1973) and 1 shall attempt to apply this method to the study of the
control of hexose phosphate metabolism in plants.

The key to this approach is the concept that most of the control of a
metabolic pathway is vested in a minority of steps, the regulatory reactions.
These have been defined as nonequilibrium reactions which are catalyzed by
enzymes which are controlied by factors other than substrate concentration.
The extent to which two or three reactions dominate control of a sequence is
unlikely to be complete and will probably be found to vary with the
sequence. Every reaction in the sequence must make some contribution to
control as change in flux through the sequence will involve an alteration in
the activity of each enzyme. In a detailed theoretical treatment of this
question Kacser and Burns (1973) showed that it is possible that no one
enzyme in a sequence is of particular importance in control, and argued that
the concept of regulatory reactions is not necessarily applicable. This
‘possibility is conceivable but it is important to remember that it has yet to be
demonstrated in respect of any major pathway of metabolism. In studies of
the control of hexose phosphate metabolism the evidence strongly indicates
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that most of the control is exercised by selected regulatory enzymes. Such
enzymes are regarded as those which respond to the original metabolic
signal and which initiate changes in the activities of the remaining enzymes
of the pathways.

Regulatory enzymes catalyze what are referred to as nonequlllbnum
reactions. No reaction through which there is a net flux can be at
cqu1hbr1um, but many enzymes are so fast that their. reactions'in vivo do not
show much deviation from equlllbnum Such equilibrium reactions may play
important roles in regulation by changing the concentrations of metabolites
and by transmitting the state of one pathway to another. However their
nearness to equilibrium does not permit them to regulate flux directly
(Heinrich et al., 1977).

The above expenmental approach to_the study of control involves the
following four stages. '

1. Recognition of regulatory reactions. First the nonequilibrium reactions
must be identified. An indication of these ‘is given by comparison of the
maximum catalytic activities of all the enzymes of the pathway. The latter
term refers to the maximum activity of an enzyme from a given sample of
tissue which can be achieved under optimum conditions in vitro. Reactions
are displaced from equilibrium in vivo because the enzymes catalyzing them
are not sufficiently active to achieve equilibration between substrates and
products. This low activity is often reflected in a low maximum catalytic
activity. This approach is not conclusive because low activity in vivo could
be due to inhibition of the enzyme rather than to low maximum catalytic
activity. A better method is.,comparison of the apparent equilibrium
constants of the enzymes with the ratios of products to substrates present in
vivo. The latter are called mass-action ratios. Substantial discrepancy
between the apparent equilibrium constant and the mass-action ratio is clear
evidence that a reaction is displaced from equilibrium in vivo. The decision
as to what is substantial in the above context is sometimes difficult to make
.but Rolleston (1972) has made a good case for regarding as nonéquilibrium
any reaction in which the difference between the equilibrium constant and
the mass-action ratio is 20-fold or more. The fact that a reaction is far from
equilibrium permits it to control flux but does not prove that it does
(Newsholme and Start, 1973; Heinrich er al., 1977). Proof that a non-
equilibrium reaction is regulatory may be obtained by demonstrating that the
amount of substrate present in vivo changes in the opposite direction to flux
through the pathway when the latter is varied. Both Relleston (1972), and
Newsholme and Start (1973) havé emphasized the fact that only changes in
substrate, and not those in product, are diagnostic in pathways, such as
those of hexose phosphate metabolism, in which the enzymes ‘and substrates
are freely dissociable. There are considerable dangers in applying Chance )
cross-over theorem to such pathways.




