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PREFACE

he seeds for this book were planted approximately

20 years ago when I taught my first course in plant

biochemistry. Although there were several excel-
lent texts on general biochemistry, I soon realized that
none of them placed an emphasis on plant metabolism.
Initially, I selected a group of reviews from the literature
to use in class, but these usually assumed that the read-
ers already had a good grasp of the subject, which many
did not. The resolution was to generate my own series
of lecture notes for the students, the initial outlines of
which quickly grew into chapters and eventually into
this book.

This text assumes that the students have a back-
ground in basic organic chemistry and cell biology. The
fundamental concepts of biochemistry, such as energy
transfer, are introduced, but from a plant perspective.
Many of the same topics are covered here as in a gen-
eral biochemistry text, but I also stress how these pro-
cesses differ in photoautotrophs, including photosyn-
thetic bacteria, cyanobacteria, and plants. This book
also delves into specific plant-related topics such as cell
wall and natural product synthesis. Each chapter can
stand alone and some sections, and even entire chap-
ters, can be omitted based on the plant biochemistry
instructor’s preferences without causing a major break
in the development of a particular topic. When it is ap-
propriate, the reader is referred to chapters and appen-
dices where more details on a given subject can be
found. Literature references are kept to a minimum and
include recent reviews on the chapter topics. To ensure
that these references remain relevant, they will be in-
cluded and updated on the book’s Student Companion
Web site http://biology.jbpub.com/gleason/plant

biochemistry/.
When I generated a table of contents for the pro-

posed textbook, I realized that the topics were a rather
select group that faculty and students at the University
of Minnesota felt were missing in their other courses.
Some topics that could be included will not be found,
such as light quality and perception by plants or tech-
niques for genetic manipulation, which have been very
influential in the development of modern biochemistry
but are widely available in general biochemistry texts.
A great deal of information is included on biosyntheses
and enzyme structure and regulation. My goal is to il-
lustrate how plants take sunlight and convert it into all
the biochemical compounds needed to sustain life, re-
produce, and interact with the other organisms and
abiotic elements in their environment.

Chapters 1 and 2 cover photosynthesis, the light
reactions, and carbon dioxide fixation. These processes
involve the transformation of light energy into chemical
bond energy and form the core of plant function.
Photosynthesis is arguably the most important bio-
chemical process on this planet because it is the major

pathway for taking carbon dioxide from the atmosphere
and putting it into the biosphere. Research on photo-
synthesis has had a long and inspiring history. Some of
the key historical discoveries are described, including
the Hill reaction and the use of 14C to trace the path of
carbon in CO, fixation. Major breakthroughs in photo-
synthesis research include the use of molecular tech-
niques to isolate genes, to overproduce chloroplast pro-
teins, and to determine the three-dimensional structure
of the membrane-embedded proteins that facilitate the
light reaction. Research in photosynthesis is still an ac-
tive and vibrant field as we strive to find more ways of
increasing plant productivity for food and fuel.

Chapter 3 covers the catabolism of carbohydrates.
The processes of glycolysis, the citric acid cycle, and
electron transport in plants are similar to those found
in nonphotosynthetic organisms. Some features, how-
ever, are unique to plant systems. In green tissues, the
chloroplast is the ultimate source of fixed carbon com-
pounds. In a leaf’s cytoplasm, these compounds can be
used to generate ATP or alternatively used to synthesize
sucrose and other sugars for export to the nongreen
tissues. In addition, the photosynthetic cell must main-
tain the pools of sugar-phosphates in the chloroplast at
levels that are sufficient to sustain the C-3 cycle. The
regulatory mechanisms for all these pathways in plants
are governed by small molecules. Some of the regula-
tory mechanisms are similar to those found in animal
cells, but, in many cases, light is the ultimate regulatory
agent.

The catabolic pathways are generally thought of as
transforming the chemical bond energy in small organic
molecules to bond energy in the phosphoester bonds of
ATP. However, these pathways also supply carbon in-
termediates for the biosyntheses of other metabolites,
especially in autotrophs. These biosynthetic products
are used for cell growth and reproduction, but, in
plants, a large sink for sugars and other carbon com-
pounds is cell wall synthesis. Chapter 4 describes the
synthesis of primary cell walls consisting mainly of cel-
lulose fibrils embedded in a complex carbohydrate ma-
trix. A wall may seem to be a rather static structure, but
primary cell walls are surprisingly dynamic. They con-
tain several types of proteins that are important in
maintaining and restructuring the walls. The wall pro-
teins facilitate wall loosening and rebuilding to accom-
modate cell expansion. Recent reports have described
many additional cell wall proteins that function in de-
fense and intercellular signal transduction.

Carbon dioxide, water, and sunlight are the major
plant “nutrients,” but other inorganic compounds are
also required. A source of fixed nitrogen and sulfur is
essential and must be available in the environment.
Chapter 5 deals with the uptake and metabolism of the
fixed forms of nitrogen, nitrate, nitrite, and ammonia.
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Molecular nitrogen (N,) is abundant in the atmosphere,
but only certain prokaryotes, including some photosyn-
thetic microorganisms, are capable of catalyzing its re-
duction into these fixed forms. Many plants have taken
advantage of these microorganisms and their ability to
fix nitrogen by forming symbiotic relationships. These
r relations are especially intimate in the case of legumes
and rhizobia. The process of nitrogen fixation presents
plants with an especially complex challenge: how to
maintain oxygen-evolving photosynthesis in the pres-
ence of the nitrogen-fixing enzymes, which are irre-
versibly inactivated by oxygen. Plants must provide
their symbionts with carbon nutrients and maintain
them in a compartment that excludes oxygen. Free-
living organisms face a similar problem and have sev-
eral methods to cope with what seem to be the incom-
atible processes of nitrogen fixation, photosynthesis,
nd aerobic respiration.
Nitrogen assimilation and fixation generally result
in the synthesis of the amino acid, glutamate. This
amino acid is the major amino donor for the synthesis
‘of most of the other major amino acids. These pathways
are discussed in Chapter 8 for aromatic amino acids and
Appendix 6. The two exceptions are the sulfur-con-
taining amino acids, cysteine and methionine, which
are covered in the second half of Chapter 5. The role of
cysteine in plant metabolism is further explored by out-
lining the synthesis of glutathione. Its role in maintain-
ing the redox state of the cytoplasm and binding and
detoxification of heavy metals and xenobiotics are vital
to cell survival. Chapter 5 ends with a description of the
synthesis and action of the sulfur-containing natural
products, in particular, the glucosinolates. These natural
products are found mainly in the Brassica species, in-
cluding vegetables that are a staple of the human diet
such as cabbage and broccoli. The glucosinolates are
produced by the plant as protection from herbivores. In
some instances, insect herbivores have adapted and are
attracted to glucosinolates. Some insects can even se-
quester the plant glucosinolates in their own cells to
protect themselves from predators.
Chapter 6 continues with the theme of carbon me-
tabolism by outlining the synthesis of lipids. Lipid pro-
duction in plants starts with fatty acid synthesis in plas-
tids. Fatty acids are esterified to glycerol by enzymes
associated with the endoplasmic reticulum and are of-
ten modified by addition of double bonds. The resulting
lipids are then transferred back to plastids or to other
rganelles and extensively modified. Plants produce
ver 300 different types of lipids, such as the unique
alacto- and sulfo-lipids, which maintain the fluidity of
_thylakoid membranes. The greatest lipid variety occurs
_in seeds. These lipids include oils such as the ricinoleic
cid—containing triglyceride in castor beans. This un-
‘usual hydroxylated oil is used by humans to produce
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lubricants and paints and is only one of many seed oils
in commercial use. Plants are also a possible source of
the very long chain polyunsaturated fatty acids that are
required in the human diet. Most of these compounds
are found in fish oils, which are, in turn, derived from
algae and fungi. Genetic engineering of plants to ex-
press the genes for very long-chain polyunsaturated
fatty acids (VLC-PUFA) synthesis may one day provide
an alternate source of these nutrients.

Chapter 7 describes isoprenoid or terpene synthesis
in plants. The mevalonic acid pathway that produces ste-
rols in animals is found in the plant cytoplasm. In addi-
tion, plants have a second synthetic pathway for isopren-
oids located in plastids. This methyl-erythritol phosphate
pathway is apparently a legacy of their cyanobacterial
ancestors. The total isoprenoid synthesis is divided be-
tween these two pathways. The traditional mevalonic
acid pathway produces sterols and inducible defense
compounds called phytoalexins. The plastid pathway
generates the carotenoids essential in photosynthesis,
and the volatile monoterpenes that attract insect pollina-
tors or deter herbivores. The monoterpenes are well
known to most humans. They are some of the common
flavoring agents in foods such as mint and menthol and
the scents in perfumes. In addition, the plastid pathway
generates the precursors for a wealth of plant hormones,
the cytokinins, gibberellins, brassinosteroids, abscisic
acid, and strigolactones. This division of labor between
the two plant pathways seems to be absolute. Although
they both produce similar precursors, mutations in genes
for either pathway are usually lethal.

Phenolic compounds and their derivatives are the
subject of Chapter 8. The chapter starts with the shi-
kimic acid pathway and the synthesis of the aromatic
amino acids. Phenylalanine is especially important; re-
moval of the amino group yields cinnamic acid and
leads to the vast number and complexity of the phen-
ylpropanoids. There are two main branches; one pro-
duces monolignols, which are essential for lignin syn-
thesis, and a second that leads to a variety of natural
products. Lignin, a random polymer of monolignols, is
the structural component of secondary cell walls. It pro-
vides protection, physical support for terrestrial plants,
and a rigid vascular system for water transport. Its
chemical intransigence presents a major problem for
humans who want to use plant products for food for
themselves and animals and for commercial processes
such as plant-derived biofuels. Government agencies
and private interests are actively supporting research to
manipulate lignin synthesis and degradation.

The monolignols are also a source of natural prod-
ucts. Modified monolignols often serve the same pur-
poses as monoterpenes. Volatiles such as eugenol and
myristicin may deter herbivores but generally attract
humans.



The second major branch of the phenylpropanoids
leads to the polyketides. The best known of theses com-
pounds are the flavonoids and derivatives. The antho-
cyanins enable plants to cope with abiotic stressors such
as intense sunlight and UV radiation. They may also
serve to lure pollinators by imparting attractive colors
to flower petals or to lure seed dispersal agents by pro-
viding brightly colored fruits. Resveratrol, the
polyketide found in grapes, seems to provide major
health benefits to humans such as maintaining a
healthy heart and preventing diabetes.

While phenylpropanoids provide the plant with
both essential components and natural products, the
alkaloids described in Chapter 9 can all be considered
secondary metabolites. They are produced as defensive
compounds, but their occurrence is often limited to a
small number of species. The human use of alkaloids
has a long and colorful history and continues today
with the discovery of new compounds and uses. Many
alkaloids have chemical structures similar to mamma-
lian neuroreceptors or neurotransmitters. These alka-
loids, such as opiates and tropanes, are well known for
their neurological effects. While multivolume series
have been written on alkaloids, this chapter explores
only a few of the compounds that are of major use to
humans. This includes synthesis and action of the opi-
ates and vinca alkaloids used in modern medicine.
Because of their complex structures and intricate bio-
synthesis, these compounds are still obtained from the
producing plants rather than chemical synthesis.
Research using plant tissue cultures and semisynthesis,
where the precursor made by the plant is further modi-
fied by a chemist, has provided additional sources of
alkaloids and analogs.

The final chapter covers proteins and peptides that
are unique to plants. These include the well-character-
ized seed storage proteins important in human nutri-
tion. Recent research on gene expression has shown
that these proteins are often synthesized in tissues other
than seeds and have functions in plant development
and defense. The germins are a good example; they
were once considered simply a food source for germi-
nating embryos. Many germins and similar proteins
also have enzymatic activity and most likely act to re-
model primary cell walls in both embryos and develop-
ing organs. The seed proteases and protease inhibitors
have well-defined defensive functions. The ribosome-
inactivating proteins (RIPs) also seem to be designed to
kill herbivores. Their ability to enter cells, however, is
often incompatible with this role. They may actually be
a defense against viral invasion.

Genomic analyses of several plants have produced
a long list of peptides labeled defensins. These peptides
are synthesized as large precursor proteins that are sub-
sequently cleaved and modified usually by the forma-

tion of disulfide bonds. Their small size and stability
have facilitated determination of their tertiary struc-
tures. Defensins have a variety of tertiary structures,
and some of them are rather unusual, such as the cyclic,
knotted cyclotides. These peptides can disrupt bacterial
cell membranes and, thus, protect against microbial in-
vaders. Recent reports, however, show that not all de-
fensins are for defense. Some of these peptides are actu-
ally plant hormones or other signaling molecules. At
this point, we have reached a frontier in plant biology.

Ancillaries

For the Student

A student companion website, hosting study quiz ques-
tions, an interactive glossary, crossword puzzles, inter-
active flashcards, and research and reference links, has
been developed to accompany Plant Biochemistry and
is available at http://biology.jbpub.com/gleason/
plantBiochemistry/.

For Instructors

An Instructor’s Media CD-Rom containing PowerPoint®
Lecture Outlines and an Image Bank are available to
instructors using Plant Biochemistry in their course
instruction.

Acknowledgments

I would like to thank my students over the years and
my colleagues in plant biology at the University of
Minnesota for stimulating me to write about the bio-
chemistry of plants. I would also like to thank all the
outside reviewers who corrected my errors and made
many useful suggestions:

Brian Ayre, University of North Texas

Donald Briskin, University of Illinois,
Urbana-Champaign

David G. Clark, University of Florida

Peter Facchini, University of Calgary

Ahmed Faik, Ohio University

Bob Houtz, University of Kentucky

Hisashi Koiwa, Texas A&M University

Jia Li, University of Oklahoma

David Lightfoot, Southern Illinois University,
Carbondale

Davin Malasarn, University of California, Los Angeles

Johannes Stratmann, University of South Carolina

Andrew Wood, Southern Illinois University,
Carbondale

PREFACE xiii




BRIEF CONTENTS

1
2
3
4
5
6
7
8
9
O

mmch,

NO O hhWN

Photosynthesis—The Light Reaction........................... 1
Carbon Dioxide Fixation. .............ccoiiiiiiiiinnnnnnann. 23
Storage and Utilization of Fixed Carbon ...................... 36
Primnany Cell WallS. . cccvssivevis oo s mabansssnsn o ons same s 52
Nitrogen and Sulfur Metabolism. ...................... ..., 61
R ccaran.or o B W s BT ST TR VRTINS A4 00 T b e 83
Isoprenoid Compounds (Terpenes). ...........ceuuvrnnnennns 100
Aromatic and Phenolic Compounds.................ccovununn 119
AIBIOIEE: o5 5w 0 65 0 5 40 0 NS A B 6 A ST BN R 6 W RS 5 149
Plant Peptides and Proteins ..............cciiiiiinnnnnan. 167
APPEMIICES. « .« vunesy s somammns s stress sz ce sy veos s 181

Structure and Properties of the 20 «-Amino Acids Commonly Found

B PIOBING .o nonsvievmorsinmevasansnenamenaseedsmnesionss 181
Oxidation-Reduction (Redox) ............cccirivinennnnannn 183
Steady-State Enzyme Kinetics ...............cciiiiiiinnnns 185
Protein Three-Dimensional Structure Determination........... 190
Reactive 6xygen SPECIES . .o s snnins svssisnmsses i b kosssse 195
Amino Acid Biosynthesis................ciiiiiiiiiiiana 203
Light Properties and Analysis . ............ccvvviinnnnnnn... 217
EOBERTY 1. 52 v dimo i ¥ 00 Horwid 6 W0 R BB 8 008 A s WA 221
DT S U AU SR SN S —— 227




CONTENTS

Photosynthesis—The Light
REBCHON + 55 ¢ 55 waw 5 v won swims 2 wwa 1

1.1 Overview 2
1.2 The Hill Reaction 2

1.3 Photosynthetic Pigments 4
Chlorophyll a 4
Accessory Pigments 7

1.4 Origin of the Z-Scheme 7
Emerson Enhancement 7
Photosystems I and IT 7

1.5 Light Reaction: Details 8

The Reaction Center of Purple
Bacteria: A Model for PSII 8

Structure of the Bacterial Reaction
Center 9

Light Energy Is Used To Reduce a
Quinone 9
1.6 Photosystem Il 11
Electron Transfer 11

Oxidation of Water 11
1.7 Photosystem | 13
1.8 Cytochrome b6fComplex 14

1.9 Photophosphorylation (ATP
Synthesis) 16

1.10 Light-Harvesting Complexes 18
Light Energy 18
Light Harvesting 18
State Transitions 18

1.11 Nonphotochemical Quenching 20

1.12 Photosynthesis Inhibitors:
Herbicides 21

Chapter Summary 21

References for Further Information 22

Carbon Dioxide Fixation......... 23

2.1 Overview 24
2.2 Carboxylation 24

Structure of Rubisco 25

Binding of Substrate to Rubisco 25
Rubisco Catalysis 26

Kinetics of Rubisco 26
Oxygenation 26

Specificity Factor of Rubisco 28

2.3 Reduction of Glyceric Acid-3-
Phosphate 29

2.4 Further Metabolism of GAP/
DHAP 29

2.5 CO, Concentrating Mechanisms 30
C-4 Pathway 30
Carboxysomes and Other Carbon
Concentrating Mechanisms 32

2.6 Regulation of Carbon Dioxide
Fixation 32
Rubisco Activation 32
Redox Regulation 32

Chapter Summary 35
References for Further Information 35

Storage and Utilization of Fixed
Carbon .........covvivuinnnn.. 36

3.1 Overview 37

3.2 Introduction to Sugars 37

3.3 Starch Metabolism 39
Biosynthesis 39

3.4 Oxidative Pentose Phosphate
Pathway 41

3.5 Sucrose Synthesis 42

3.6 Catabolism of Glucose 44
Glycolysis 44
Citric Acid Cycle 46
Electron Transport System 47
Chemiosmotic Coupling 50

Chapter Summary 50

References for Further
Information 51

Primary CellWalls. ............. 52

4.1 Overview 53

4.2 Cellulose 53

Cellulose Synthesis 53
Callose 55

4.3 Wall Matrix 56
Hemicellulose 56
Pectin 56
Proteins: Enzymes 58
Proteins: Structural 58

Chapter Summary 59
References for Further Information 60

Nitrogen and Sulfur Metabolism. . 61
5.1 Overview 62

vii



5.2 Nitrogen Metabolism 62
Nitrate Assimilation 62
Ammonia Transport 63
Nitrate Processing 63
Nitrogen Fixation 65

9.3 Sulfur Metabolism 70
Sulfate Assimilation 71
Cysteine Synthesis 71
Cysteine Metabolism 74

Chapter Summary 81
References for Further Information 82

6.1 Overview 84

6.2 Fatty Acid Structure and
Nomenclature 84

6.3 Fatty Acid Biosynthesis 86

6.4 Acetate-Malonate Pathway 86

6.5 Desaturation of 18:0 (Stearic
Acid) in the Chloroplast 88

6.6 Desaturation of Fatty Acids in the
Endoplasmic Reticulum 90

6.7 Lipid Biosynthesis 90

6.8 Oil Composition of Seeds 92

6.9 Very-Long-Chain Polyunsaturated
Fatty Acids 93

6.10 Hydroperoxy Fatty Acids and
Oxylipin Synthesis 94

6.11 Cutin and Suberin 95

6.12 Catabolism of TAG 96s

Chapter Summary 98

References for Further Information 99

Isoprenoid Compounds
(Terpenes) ..........covuvnnn. 100

1.1 Overview 101

1.2 Biosynthesis of IPP Isopentenyl
Diphosphate 101
Acetate-Mevalonate Pathway 101
Methyl-Erythritol Phosphate

Pathway (MEP or DOXP
Pathway) 102

1.3 Prenyl Transfer 104

Monoterpenes (10-Carbon
Isoprenoids) 104

Sesquiterpenes (15-Carbon
Isoprenoids) 104

CONTENTS

Triterpenes (30-Carbon
Isoprenoids) 110

Diterpenes (20-Carbon
Isoprenoids) 112

Tetraterpenes (40-Carbon
Isoprenoids) 112

1.4 Carotenoid Cleavage 115
Polymers 117

Chapter Summary 117
References for Further Information 118

Aromatic and Phenolic
Compounds .................. 119

8.1 Overview 120
8.2 Shikimic Acid Pathway 120

Phenylalanine and Tyrosine
Synthesis 123
Tryptophan Synthesis 124

8.3 Phenylpropanoid Pathway 125

Synthesis of Trans-Cinnamic
Acid 125
Lignin Synthesis 126
Polymerization of Monolignols
129
Genetic Engineering of Lignin 130

8.4 Natural Products Derived from the
Phenylpropanoid Pathway 133
Natural Products from

Monolignols 133

8.9 Synthesis and Properties of
Polyketides 136
Synthesis of Chalcones 136
Synthesis of Flavanones and

Derivatives 139
Synthesis and Properties of
Flavones 140

Synthesis and Properties of
Anthocyanidins 140

Synthesis and Properties of
Isoflavonoids 142

Examples of Other Plant Polyketide
Synthases 143

Synthesis and Activity of
Coumarins 145

Chapter Summary 147
References for Further Information 148

O Alkaloids 149

9.1 Overview 150



10

9.2 Alkaloids Derived from Aromatic
Amino Acids 150
Tyrosine Derivatives 150
Phenylalanine Derivatives 154
Tryptophan Derivatives 154

9.3 Alkaloids Derived from Basic
Amino Acids 160

9.4 Alkaloids Derived from
Purines 163

9.5 Aminated Terpenes: The Steroidal
Alkaloids 165

Chapter Summary 166
References for Further Information 166

Plant Peptides and Proteins 167

10.1 Overview 168
10.2 Germins 168

10.3 Seed Storage Proteins 169
Globulins 169
Prolamins 170
Lectins (Agglutinins) 171

10.4 Antimicrobial Peptides 173
Defensins 173

Cyclotides 174

10.5 Peptide Hormones 176
CLE Peptide Hormones 176
Phytosulfokines 176

10.6 Cyanogenic Glycosides 177
Chapter Summary 179
References for Further Information 180

APPEMDICES. .civsvinnssns 181

Structure and Properties of the 20
a-Amino Acids Commonly Found in
PROBMIDS /oovusnirvnvananmnnnss 181

Oxidation-Reduction (Redox). .. 183

A2.1 Definitions 183
A2.2 Example 183

Steady-State Enzyme Kinetics. .. 185
A3.1 Competitive Inhibition 186

A3.2 Noncompetitive Inhibition 187
A3.3 Uncompetitive Inhibition 188

A3.4 References for Further
Information 189

Protein Three-Dimensional Structure
Determination................ 190
A4.1 X-Ray Crystallography 190

A4.2 NMR Spectroscopy 192

A4.3 References for Further
Information 194

Reactive Oxygen Species........ 195

A5.1 Generation of ROS 195

A5.2 Cellular Damage Caused by ROS
196

A5.3 Protection from ROS 199

A5.4 ROS May Be Active in Innate
Immunity 201

A5.5 References for Further Information
202

Amino Acid Biosynthesis 203

A6.1 Amino Acids Derived from Glyceric
Acid-3-P 204

A6.2 Amino Acids Derived from
Phophoenolpyruvate 206

A6.3 Amino Acids Derived from
Pyruvate 206

A6.4 Amino Acids Derived from
Oxaloacetate 209

A6.5 Amino Acids Derived from
a-Ketoglutarate
(Oxoglutarate) 212

A6.6 References for Further
Information 216

Light Properties and Analysis . .. 217

A7.1 Spectrophotometry 218
A7.2 Fluorescence Spectroscopy 219

A7.3 References for Further
Information 220

Glossary 221

Index 227
Photo Credits 240

CONTENTS




CHAPTER B

Photosynthesis:
The Light Reaction

CIEVAVR IR E Re GRS NN E

1.1 Overview 1.7 Photosystem |
1.2 The Hill Reaction 1.8 Cytochrome bgf Complex
1.3 Photosynthetic Pigments 1.9 Photophosphorylation (ATP Synthesis)
» Chlorophyll @ . .
« Accessory Pigments 1.10 Light-Harvesting Complexes
s Light Energy
1.4 Origin of the Z-Scheme » Light Harvesting
s« Emerson Enhancement = State Transitions

= Photosystems | and Il

1.5 Light Reaction: Details ) . o
« The Reaction Center of Purple Bacteria: 1.12 Photosynthesis Inhibitors: Herbicides
A Model for PSII
= Structure of the Bacterial Reaction Center
= Light Energy Is Used To Reduce a Quinone

1.6 Photosystem Il
= Electron Transfer
» Oxidation of Water

1.11 Nonphotochemical Quenching




1.1 Overview

Life on Earth runs on solar energy. The biological
solar age started 3.5 to 3.0 billion years before the
present when ancient microorganisms first
evolved the ability to convert light energy from
the sun into chemical bond energy of organic
molecules. These ancient microorganisms lived
in an anoxic world and used sunlight to produce
adenosine triphosphate (ATP). Using this photo-
chemically derived energy, they were thus able
to take advantage of the various reduced com-
pounds, such as H,S, on the primitive Earth and
subsequently reduce atmospheric CO, to sugars.
About 0.5 billion years later, cyanobacteria de-
veloped a slightly different process, replacing re-
duced sulfur and organic compounds with H,0
as their reducing agent and releasing oxygen into
the primitive atmosphere. The oxygen released
from this oxygenic photosynthesis slowly built
up in the Earth’s atmosphere, reaching a partial
pressure of 1 kPa approximately 1.5 billion years
ago. At this time the oxygen concentration was
sufficient for formation of ozone (03) in the
stratosphere that screened out the more ener-
getic solar radiation and made it possible for the
first organisms to colonize the land. Today, oxy-
genic photosynthesis is the most common bio-
chemical reaction on our planet, both in aquatic
and terrestrial systems, and sustains almost all
heterotrophic life forms. This complex series of
reactions, often referred to as green plant photo-
synthesis, has been conserved throughout Earth’s
history and is the mechanism for energy trans-
duction in cyanobacteria, algae, and nonvascular
and vascular plants.

The overall chemical process of green plant
photosynthesis was first described in the nine-
teenth century by the following equation:

Light
6CO, + 6H,0 —— C¢H, 1,04 + 60,

A large amount of energy is required to drive
this reaction; the standard free energy change
(AG®) is calculated to be 2,880 kJ mol-'. This
energy is provided by visible light with wave-
lengths of 400 to 700 nm. The equation, as writ-
ten, describes an oxidation-reduction (redox)
reaction. Historically, the reaction was not rec-
ognized as a redox reaction because water does
not readily release electrons and thus is not an
effective reducing agent. However, in the 1930s
Cornelis van Niel and his coworkers demon-
strated that anaerobic photosynthetic bacteria
perform the following reaction:

Light
nCO, + nHA —— (CH,0),, + nA
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FIGURE 1.1 Light micrograph of a purple sulfur bacterium.
This example of a Proteobacterium photosynthesizes only
under anoxic conditions. Bacteriochlorophylls, other pigments,
and proteins needed to harvest light energy and produce ATP
are located in its cell membrane. Hydrogen sulfide (H,S) is the
reducing agent giving rise to the grains of elemental sulfur.

In anaerobic sulfur bacteria such as Rhodospirillum
rubrum, H>A is H,S, which is a good reducing
agent, and elemental sulfur is excreted to the
outside of the cell (FIGURE 1.1) or oxidized to other
compounds. By analogy, H;A in green plant
photosynthesis is H,O and oxygen is released.
Subsequent experiments by Ruben and Kamen
in 1941 using '®0-labeled water clearly showed
that the oxygen generated in green plant photo-
synthesis is derived from the oxidation of water.
Unlike anaerobic bacteria, plants absorb suffi-
cient light energy to remove electrons from wa-
ter. Subsequent research in the past 67 years has
sought to elucidate the mechanisms behind this
deceptively simple redox reaction.

1.2 The Hill Reaction

Photosynthesis occurs in the chloroplasts of eu-
karyotic algae and plants and in the cytoplasm
of cyanobacteria. The chloroplast is an organelle
with two or more outer membranes and a set of
internal membranes called thylakoids. The sol-
uble portion of the organelle is called the stroma
(FIGURE 1.2).

Although the chloroplast is clearly the site of
photosynthesis in plants, experiments with iso-
lated chloroplasts in the early twentieth century
were disappointing. When removed from the
plant cell, these organelles were inactive. However,
in 1937 Robin Hill showed that isolated chloro-
plasts evolve oxygen when supplied with an arti-
ficial electron acceptor such as ferricyanide:

Light
4Fe’" + 2H,0 —— 4Fe?" + 4H' + O,



FIGURE 1.2 Electron micrograph (a)
and diagram (b) of a chloroplast from
maize. Chloroplasts in eukaryotic algae
and plants have two or more outer
membranes. In addition, the organelle
has an extensive array of interior
membranes called thylakoids. In
angiosperms (flowering plants), these
are arranged in stacks called grana
(singular, granum). The thylakoid
membranes are the site of the light
reaction. These membranes are small
sacs with an internal space or lumen.
The soluble portion of the chloroplast
is the stroma. It contains enzymes and
cofactors needed for CO; fixation.

(a)

Outer
membrane

Inner

He concluded that the biological electron accep-
tor must be a water-soluble compound that is
leached out of the organelle during the isolation
procedure. In the most commonly used methods
for chloroplast isolation, the outer membranes
are damaged and soluble components of the
stroma can be lost. The membranes, including
thylakoid membranes, remain associated with
each other and can be separated by centrifuga-
tion into a pellet. The components of the stroma
are present in the supernatant fraction, usually
in a highly dilute form. Isolated chloroplasts
evolve O, (oxidize H,O) but cannot produce
carbohydrates (reduce CO,). Gentle procedures
for chloroplast isolation that preserved intact
organelles capable of the complete photosyn-
thetic process were not devised until the 1960s.

membrane

Granum
thylakoid

Stroma thylakoid

Stack
of grana

However, Hill’s work was a major breakthrough
in the study of photosynthesis. He clearly
showed that photosynthesis is basically two
oxidation-reduction reactions. The light reac-
tion involves the oxidation of water, release of
oxygen, and reduction of a soluble component.
This occurs in thylakoid membranes. The second
redox reaction, the reduction of carbon dioxide
and oxidation of the soluble component, occurs
in the water-soluble portion (i.e., the stroma) of
the chloroplast. The Hill reaction can be written
as follows:

Light
2H,0 + 2A —— 2AH, + O,

where A is a redox dye such as dichloroindo-
phenol, methyl viologen, or ferricyanide. Hill’s

1.2  The Hill Reaction



FIGURE 1.3 Nicotinamide adenine dinucleotide
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contribution made it possible to study the light
reaction in isolated organelles either spectro-
photometrically or polarographically by moni-
toring the evolution of oxygen. In the 1950s
Daniel Arnon and coworkers demonstrated
that the soluble cofactor, NADP (nicotinamide
adenine dinucleotide phosphate; FIGURE 1.3), is
the physiological electron acceptor. This
research group also showed that isolated
chloroplasts produce ATP when adenosine
diphosphate (ADP) and PO,*~ (inorganic phos-
phate, Pi) are added to the incubation mixture.
The light reaction could now be written in its
complete form:

Light
2NADP + Pi + ADP + 2H,0 ——
2NADPH + 2H* + ATP + O,
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1.3 Photosynthetic Pigments

B Chlorophyll 2

This basic energy conversion, light energy to
chemical bond energy, occurs in the thylakoid
membranes. Visible light supplies the energy for
the oxidation of water and the transfer of elec-
trons to NADP. Electron transfer also provides the
energy for the synthesis of ATP. Light energy is
captured by photosynthetic pigments. All organ-
isms that perform oxygenic photosynthesis use
a pigment called chlorophyll a (FIGURE 1.4). The
basic structural element of all chlorophylls is a
tetrapyrrole ring that is also found in related
molecules containing heme groups such as
cytochromes. In the chlorophyll ring the four
nitrogens are coordinated to a Mg ion, as opposed



Phytol side-chain

to an Fe in heme groups. The ring is a conjugated
system (i.e., alternating double and single bonds),
which means that it has a rigid, planar structure
because of the overlap of the hybrid molecular
orbitals. In addition, chlorophylls have a
20-carbon hydrocarbon side chain, called a
phytol unit, making these molecules very hydro-
phobic. Chlorophylls are associated with integral
membrane proteins and can be extracted using
organic solvents such as acetone or ethanol.

In addition to chlorophyll a, most plants
also contain other types of chlorophylls with
different chemical groups on the side chains of
the tetrapyrrole ring. Chlorophylls absorb
visible light in the blue and red regions of the
visible spectrum (FIGURE 1.5; see Appendix 7 for
discussion of spectrophotometry). The ab-
sorption spectrum is influenced by the chemical
environment (e.g., the solvent in which the
molecules are dissolved). Figure 1.5 shows the
spectrum of isolated chlorophyll ¢ and associ-
ated carotenoid pigments dissolved in ethanol.
The major absorption peak at approximately
430 nm is characteristic of all tetrapyrrole rings
and is called the Soret band. The absorption
bands in the red region of the spectrum
(approximately 630 and 660 nm) are character-
istic of chlorophyll a and are called the Q bands.
Most photosynthetic organisms also synthesize
some accessory pigments that absorb light
in other regions of the visible spectrum. In
chlorophyll 4, a common accessory pigment in
angiosperms, an aldehyde replaces a methyl
group in the tetrapyrrole ring (Figure 1.4). This

CHg replaced with an aldehyde in
chlorophyll b

Chlorophyll a

FIGURE 1.4  Structure of chlorophyll a. The tetrapyrrole ring is a conjugated system, making this portion of the molecule rigid and
planar. The four nitrogens of the tetrapyrrole ring are conjugated to a Mg ion. Various substitutions can be made to the groups on
the ring to produce other types of chlorophylls. For example, in chlorophyll ba methyl group is substituted with an aldehyde. The
20-carbon long phytol side chain makes the entire molecule very hydrophobic.

substitution shifts the Soret band toward the red
end of the spectrum and the Q bands toward the
blue end of the spectrum compared with chlo-
rophyll a, thus providing a wider range of light
absorption (FIGURE 1.6). “Green” light, at approxi-
mately 500 to 600 nm, is not absorbed but is
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FIGURE 1.5 The visible absorption spectrum of photosyn-
thetic pigments from a cyanobacterium, Gloeocapsa
alpicola. The photosynthetic pigments were extracted from
the cells with ethanol. The major peak at 430 nm is called the
Soret band and is characteristic of most cyclic tetrapyrroles.
The bands at 630 and 660 nm, Q bands, are characteristic of
chlorophyll a. The shoulder at approximately 470 nm is due
to absorption of light by accessory carotenoid pigments.
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