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PREFACE

Biochemistry books tend to fall into two distinct
categories: specialist volumes written for the
researcher that deal in great depth with narrow
areas of the subject, and large, comprehensive
textbooks that aim to give an overall coverage
of the material. Many of the latter emphasize
areas of particular interest to students of medi-
cine and related disciplines. By their emphases
and their very size they sometimes prove
daunting to students from other disciplines.

In writing this book our main aim was to
provide an introduction to biochemical princi-
ples for students of agriculture, but we hope
that it also proves a useful text for students of
forestry, veterinary science and other areas of
applied biology. These students, for whom
biochemistry may not be the primary interest,
need to understand how organisms function
at a chemical level and how this relates to the
more complex biological systems which they
are studying. We have attempted to target
those areas of biochemistry which are of most
relevance and to keep coverage of the subject
simple. The book is intended for use principal-
ly in first- and second-year courses where bio-
chemistry is first introduced to students.
Those students who find the subject interest-
ing and wish to delve deeper are provided
with references to more detailed texts.

The book is divided into four parts. Part 1,
The Cell and Cellular Constituents, and Part 2,
Metabolism, provide a traditional treatment of
the structure and function of biological mole-
cules and how they are synthesized and
degraded, but have been written with an agri-
cultural flavour, drawing on examples from
plants and animals of agricultural importance.

Parts 3 and 4 are more of a departure from
most biochemistry books. Part 3 is devoted to
plants. It looks at the important stages in plant
growth and development and examines the
biochemical process which underpin them; it
also discusses the regulation and opportunities
for manipulation of such processes. Part 4 con-
centrates on animals and bridges the gap
between biochemistry and nutrition. It exam-
ines the ways in which animals acquire nutri-
ents through the digestive tract and looks at the
biochemical basis of maintenance, growth, lac-
tation and meat production. More specialized
texts are available for the student who wants a
more in-depth treatment of these areas.

Discussions with many of our colleagues
have contributed to the completion of this book
and to them we extend our thanks. Greatest
thanks must go to our wives who have shown
remarkable patience and understanding during
the preparation of the manuscript.



ABBREVIATIONS

24,5-T (24,5-trichlorophenoxy)acetic acid
24-D (2,4-dichlorophenoxy)acetic acid

ABA abscisic acid

ACC 1-aminocyclopropane 1-carboxylic acid
ACP acyl carrier protein

ADP adenosine diphosphate

AIDS  acquired immune deficiency syndrome
ALA ¥-aminolevulinic acid

a-LA  o-lactalbumin

AMP adenosine monophosphate

AOA aminooxyacetic acid

APS adenosine-5-phosphosulphate

ATP adenosine triphosphate

ATPase enzyme that hydrolyses ATP

AVG aminoethoxyvinylglycine

BA benzyladenine

BAT brown adipose tissue

BCCP biotin carboxyl carrier protein

B-LG B lactoglobulin

BSE bovine spongiform encephalopathy
bST bovine somatotropin

CAM crassulacean acid metabolism

cAMP 3,5-cyclic adenosine monophosphate
CCC chlorocholine chloride (cycocel)

CCN  cerebrocortical necrosis

cDNA complementary deoxyribonucleic acid
CDP cytidine diphosphate

CMP cytidine monophosphate

CoA coenzyme A

CTP cytidine 5'-triphosphate

Cyt cytochrome

DAG diacylglycerol

DFD dark firm dry (of meat)

AG free energy change for reaction

DGDG digalactosyldiacylglycerol

DHA docosahexaenoic acid

DM  dry matter

DMAPP dimethylallyl pyrophosphate

DNA deoxyribonucleic acid

DUP digestible undegradable protein

EFA essential fatty acid

EPA eicosapentaenoic acid

EPSP synthase 5-enolpyruvylshikimic acid-
3-phosphate synthase

ER endoplasmic reticulum

ES enzyme-substrate complex

F-2,6-P fructose-2,6-bisphosphate

F-6-P fructose-6-phosphate

f-Met N-formyl methionine

FAD flavin adenine dinucleotide (oxidized)

FADH, flavin adenine dinucleotide
(reduced)

Fd/FdH, ferredoxin (oxidized and reduced
forms)

FIGLU formiminoglutamic acid

FLKS fatty liver and kidney syndrome

FMN flavin mononucleotide (oxidized)

FMNH, flavin mononucleotide (reduced)

FPP farnesyl pyrophosphate

FW fresh weight

GA gibberellic acid

GDP guanosine diphosphate

GH growth hormone

GMP guanosine-5-monophosphate

GOGAT glutamate synthase

GTP guanosine triphosphate

GS glutamine synthetase

HMG-CoA hydroxymethylglutaryl
coenzyme A

hnRNA heterogeneous nuclear ribonucleic
acid

HPLC high performance liquid chromatog-
raphy

IAA indole-3-acetic acid

IBA indole butyric acid

IGF-1 insulin-like growth factor-1
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IGF-II insulin-like growth factor-2

IGFs insulin-like growth factors

IMP  inosine monophosphate

IPP isopentenyl pyrophosphate

kDa kilodaltons

k] kilojoule (joule x 10%)

K Michaelis constant

LHC light-harvesting complex

Met methionine

MGDG monogalactosyldiacylglycerol

M] megajoule (joule x 109

mRNA messenger ribonucleic acid

NAA o-naphthalene acetic acid

NAD* nicotine adenine dinucleotide (oxi-
dized)

NADH nicotine adenine dinucleotide
(reduced)

NADP nicotine adenine dinucleotide phos-
phate (oxidized)

NADPH nicotine adenine dinucleotide
phosphate (reduced)

NEFA non-esterified fatty acid

NPN non-protein nitrogen

OxAc oxaloacetate

P P, reaction centres of photosystem Il
and photosystem I, respectively

PA phosphatidic acid

PABA p-aminobenzoic acid

PAL phenylalanine ammonia lyase

PC phosphatidylcholine

Pc plastocyanin

PCR polymerase chain reaction

PDH pyruvate dehydrogenase

PE phosphatidylethanolamine

PEM polioencephalomalacia

PEP phosphoenolpyruvate

PES prostaglandin endoperoxide synthetase

PFK1 phosphofructokinase 1

PFK2 phosphofructokinase 2

PG phosphatidylglycerol

PGE, prostaglandin E,

PGF, prostaglandin F,

PGR plant growth regulator

P, orthophosphate

PI phosphatidylinositol

PME pectin methylesterase

PMF proton motive force

PP, pyrophosphate

Pq plastoquinone

Pr/Pfr phytochrome (red and far-red absorb-
ing forms)

PRPP phosphoribosyl pyrophosphate

PS phosphatidylserine

PSE pale soft exudative (of pig meat)

PSI  photosystem 1

PSII photosystem 2

PSS porcine stress syndrome

PUFA polyunsaturated fatty acid

PV  peroxide value

RET resonance energy transfer

RFLP restriction-fragment length polymor-
phism

RNA ribonucleic acid

rRNA ribosomal ribonucleic acid

Rubisco ribulose-1,5-bisphosphate carboxy-
lase/oxygenase

S Svedberg

SAM S-adenosylmethionine

SMCO S-methyl cysteine sulphoxide

snRNP small nuclear ribonuclear particle

SRP signal recognition particle

TCA cycle tricarboxylic acid cycle

TPP thiamin pyrophosphate

tRNA transfer ribonucleic acid

UDP uridine diphosphate

UDPG uridine diphosphate glucose

UMP uridine monophosphate

UTP wuridine triphosphate

UV ultraviolet

VFA volatile fatty acid

VLDL very low density lipoprotein
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1.1 INTRODUCTION

The cell is the unit from which living organ-
isms are built. Despite the wide diversity of
organisms, the cells of which they are com-
posed have many common features and most
carry out very similar biochemical processes.

The cell consists of a plasma membrane sur-
rounding the cytoplasm, in which a variety of
structures may be present. Some of these
structures may themselves be bounded by
membranes. In certain cells the plasma mem-
brane may be enclosed by a cell wall
Depending on the complexity of the internal
structure, cells have been classified into two
basic types — prokaryotic and eukaryotic cells.

Cells that have no internal, membrane-
bounded structures and no clearly defined
nucleus are defined as prokaryotic cells.
Bacteria and blue-green algae are examples of
prokaryotic cells. Although such cells have no
intracellular architecture, they contain all of
the metabolic machinery necessary to allow
them to grow and multiply.

Eukaryotic cells are much more complex
than those of prokaryotes. Cells that contain a
nucleus surrounded by a membrane, the

nuclear envelope, are defined as eukaryotic.
Brown, red and green algae, protozoa, fungi
and multicellular plants and animals consist of
eukaryotic cells. They have developed an
internal system of membranes that separates
the cell into distinct areas, called organelles,
which have specific biochemical functions
(Table 1.1) and allow more ordered and direct-
ed metabolism to occur. In addition, multicel-
lular eukaryotic organisms have evolved cells
with very specialized functions and structures
which are often associated in large numbers to
form clearly identifiable tissues. The structure
of typical animal and plant cells is shown in
Figure 1.1.

1.2 COMPONENTS OF CELLS
1.2.1 PLASMA MEMBRANE

The boundary of the cell is the plasma mem-
brane. The composition, structure and func-
tion of plasma membranes are described in
Chapter 22. The plasma membrane isolates the
internal contents of the cell from its environ-
ment, and thus the cell is able to maintain a
relatively ordered and constant environment
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Table 1.1 Function of cell structures

Cell structure

Function/pathway

Cell membrane

Cytoplasm

Smooth endoplasmic reticulum
Ribosomes

Chloroplast

Mitochondria — matrix
Inner mitochondrial membrane

Nucleus
Golgi bodies

Peroxisomes
Glyoxysomes
Lysosomes

Plant vacuoles
Cytoskeleton

Flagella and cilia

Transport of nutrients; hormone/receptor interactions; cell recogni-
tion; permeability barrier

Glycolysis; gluconeogenesis; pentose phosphate pathway; polysac-
charide breakdown; complex lipid breakdown; fatty acid synthesis;
protein breakdown; amino acid synthesis

Fatty acid elongation and desaturation; complex lipid synthesis;
detoxification reactions

Protein synthesis (proteins destined for storage or secretion are syn-
thesized by ribosomes attached to the endoplasmic reticulum)
Photosynthesis; fatty acid synthesis; complex lipid synthesis; synthe-
sis of some amino acids; synthesis of organelle proteins; Calvin cycle
(stroma); light reactions (thylakoids); reduction of nitrate and sul-
phate, part of photorespiration

TCA cycle; fatty acid oxidation; amino acid oxidation; gluconeogene-
sis; synthesis of organelle proteins

Electron transport chain; oxidative phosphorylation; metabolite
transport

DNA synthesis; RNA synthesis; processing of RNA

Carbohydrate synthesis (e.g. lactose); glycoprotein synthesis (addition
of sugar residues to existing proteins); packaging of cell products
fatty acid oxidation; amino acid oxidation; photorespiration
Glyoxylate pathway; fatty acid oxidation; amino acid oxidation
Lipoprotein breakdown; recycling of cellular constituents; destruc-
tion of foreign bodies

Maintenance of turgor; storage of toxic and waste products
Cytoplasmic streaming; movement of subcellular organelles; mainte-
nance of cell shape

Movement

despite large changes in the composition of
the medium in which it lives and grows. This
is possible because the plasma membrane of all
organisms is a selectively permeable barrier
that controls the movement of molecules into
and out of the cell. Essential nutrients required
for growth and metabolism are allowed to
cross the plasma membrane into the cell, often
by tightly controlled, energy-dependent trans-
port processes. Waste products produced by
the cell, which if allowed to accumulate would
be toxic, are excreted by similar mechanisms.
Although the plasma membranes of cells have
adapted with time to have specialized func-
tions, their essential feature is the presence of
a lipid bilayer, composed mainly of phospho-
lipid and protein. This bilayer forms a

hydrophobic barrier that prevents the passage
of most polar molecules such as inorganic ions,
sugars and proteins. Some of the proteins
within the membranes have specific functions.
They may act as transport proteins, enzymes,
or recognition proteins such as receptors.
These are discussed in more detail in later
chapters.

1.2.2 CYTOPLASM

Inside the plasma membrane is the cytoplasm.
This is composed of the cytosol, and the struc-
tures contained within it. The cytosol is an
aqueous solution in which are dissolved many
organic compounds such as sugars, amino
acids, proteins and inorganic materials. In
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6 Cell structure and function

addition, the cytoplasm may contain insoluble
particles and organelles. In the cells of higher
organisms these structures can be numerous
and complex, but in bacteria the intracellular
structure is quite simple.

1.2.3 THE NUCLEOID AND NUCLEUS

The DNA in bacteria is in the form of a single
circular strand, tightly folded with protein to
form the nucleoid. Some bacteria also contain
circular DNA in the cytoplasm, referred to as
plasmids.

The most noticeable feature of eukaryotic
cells is the presence of a nucleus surrounded
by a double membrane known as the nuclear
envelope. This envelope has holes or pores
that allow communication and controlled
exchange of material between the cytoplasm
and the nuclear contents. For example, the
messenger and ribosomal RNA synthesized in
the nucleus is transferred to the cytoplasm
where protein synthesis takes place. DNA con-
tained in the nucleus forms a complex with
proteins to give chromatin. The part of the
DNA required for the production of ribosomes
is located in a dense area within the nucleus
known as the nucleolus.

1.2.4 CELL WALLS

The cells of plants and most prokaryotes are
surrounded by a cell wall which is outside the
cell membrane.

There are essentially two different types of
bacterial cell wall. One type consists of a thin
layer of peptidoglycan, a complex polymer of
sugars and amino acids which is surrounded
by an outer membrane, similar in structure to
the plasma membrane, but with a somewhat
different composition. This type of cell wall
prevents the uptake of the dye Gentian violet,
first used by Gram as a means of identifying
bacteria (bacteria with this type of wall struc-
ture are referred to as Gram-negative bacteria).
The other type of cell wall is composed of a
much thicker layer of peptidoglycan and has

no outer membrane. Bacteria with this type of
wall are stained by Gentian violet and are
referred to as Gram positive.

Plant cell walls consist mainly of cellulose
and other complex sugars. Because plants
have no skeleton, the rigidity provided by the
wall is important in providing support and
protection to the plant and in enabling it to
grow upright and to reach a considerable
height.

1.2.5 RIBOSOMES

Ribosomes are responsible for the synthesis of
proteins. They are composed of two subunits,
both of which contain RNA and protein. The
subunits of prokaryotic ribosomes are classi-
fied as 50S and 30S in size and these combine
to form a 70S ribosome. Eukaryotic ribosomes
consist of 60S and 40S subunits which combine
to form 80S ribosomes. An explanation of these
terms is given in Chapter 21. In eukaryotes
some ribosomes may be attached to the mem-
branes of the endoplasmic reticulum.

1.2.6 ENDOPLASMIC RETICULUM

In eukaryotes the nuclear envelope is continu-
ous with a system of membranes in the cyto-
plasm called the endoplasmic reticulum (ER),
which is effectively a network of membrane-
bounded tubes. There are two types of ER,
rough and smooth.

The rough ER is the site of synthesis of pro-
teins destined to be secreted from the cell
(such as secretion of digestive enzymes or of
casein granules by the mammary tissue), or
which will become confined within lysosomes
or targeted to the nucleus. These proteins are
synthesized on ribosomes attached to the ER
membranes and are secreted into the lumen of
the ER where they can be directed to their spe-
cific destinations. The 'rough’ appearance of
this part of the ER is due to the presence of
ribosomes required for this process.

The smooth ER is devoid of ribosomes but
is continuous with the rough ER. It is here



that the enzymes involved in complex lipid
synthesis are located. In addition, the
enzymes involved in detoxification of poten-
tially harmful compounds are also found in
the smooth ER.

When cells are disrupted in the laboratory
in order to study the biochemical activity of
their subcellular components, the structure of
the ER is lost. The continuous membrane
structure is broken into many small segments
which form small vesicles referred to as micro-
somes. These vesicles contain many of the
enzymes associated with the ER; these are
often referred to as microsomal enzymes, indi-
cating that they originated from the ER.

Eukaryotic cells contain specialized areas of
endoplasmic reticulum called Golgi bodies
(also called Golgi apparatus or dictyosomes).
Under the microscope the Golgi bodies appear
to consist of layers of smooth ER stacked one
on top of another. Each layer is referred to as a
cisternum. The ends of the cisternae give rise
to small vesicles which act as transport vesicles
and contain the products of biosynthetic
processes which take place in the Golgi bodies.
These organelles are particularly numerous in
secretory cells and it is clear that they are a
major site of packaging, modification and sort-
ing of cellular products. Many proteins are
modified in the Golgi bodies, for example by
the addition of sugar residues to form glyco-
proteins.

Secretory vesicles produced by the Golgi
bodies move to the cell membrane, where the
membrane surrounding the vesicle merges
with the cell membrane to discharge its con-
tents outside the cell. This process is called
exocytosis or reverse pinocytosis.

1.2.7 VACUOLES AND SPECIALIZED VESICLES

Plant cells contain vacuoles which are bound-
ed by a single membrane known as the tono-
plast. In the young growing plant cell, several
vacuoles may be found. These merge to form a
larger vacuole as the cell matures. The move-
ment of water to and from the vacuole causes
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changes in the turgor of the cell, altering the
rigidity of plant tissues. The vacuole also
serves as a site where materials may be stored,
separated from the main biochemical process-
es of the cell. Thus pigments and toxic and
waste materials may accumulate in the vac-
uole. The presence of a vacuole also reduces
the amount of cytoplasm required by plant
cells and allows them to reach a larger size
than most animal cells.

Lysosomes are spherical membrane-bound-
ed vesicles found in the cytoplasm of animal
cells. They are specialized types of vesicles
produced by the Golgi bodies. Lysosomes con-
tain hydrolytic enzymes such as the cathepsin
proteases, lipases, nucleases and carbohy-
drate-degrading enzymes. The contents of the
lysosome are more acidic than the cytoplasm,
pH 5.0 as compared to pH 7.0. The function of
the lysosome is to act as a focus for the recy-
cling of redundant cellular components and in
the digestion of foreign material, e.g. bacteria
brought into the cell by phagocytosis. The pri-
mary lysosome, produced by the Golgi bodies,
fuses with a vesicle containing a foreign body
or cell component (phagocytic or autophagic
vesicles) allowing the hydrolytic enzymes to
degrade the contents to simple compounds
such as amino acids, sugars and fatty acids
which are released into the cell for re-use.

Several other types of vesicles are found in
animal and plant cells. Peroxisomes are the
site of specialized amino acid and fatty acid
degradation, which involves the production of
hydrogen peroxide and free radicals. Both of
these chemical species are highly reactive and
if released into the cytoplasm could cause
extensive damage. To prevent this happening
several antioxidant mechanisms are found in
peroxisomes. The first is the presence of the
enzyme catalase which degrades hydrogen
peroxide to water and oxygen. The second is
the presence of the antioxidant vitamin E in
the peroxisomal membrane which reacts with
free radicals to produce stable, less-reactive
compounds. Glyoxysomes are found only in
the cells of certain plants. They contain the
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enzymes of the glyoxylate cycle (Chapter 11), a
specialized adaptation of the TCA cycle which
allows some plants to convert stored lipid into
carbohydrate. They are usually found in seeds
where significant quantities of fat can be
stored. Their numbers increase during seed
germination when the stored fat is mobilized
for sugar production.

1.2.8 MITOCHONDRIA

Both plant and animal cells contain mitochon-
dria. These subcellular organelles make up the
powerhouse of the cell. They are major sites of
ATP synthesis and oxidative metabolism
(Chapters 11-13). In shape and dimensions
they are similar to bacteria, and it is generally
agreed that mitochondria have evolved from
bacteria which developed a symbiotic relation-
ship with early eukaryotic cells. In support of
this view is the observation that mitochondria
contain DNA, RNA and ribosomes which
resemble those in bacteria. Some mitochondri-
al proteins are synthesized in situ in the mito-
chondrial matrix, whereas others are pro-
duced in the cytoplasm from nuclear DNA
(Chapter 21).

Mitochondria have a double membrane
structure. The outer membrane is relatively
simple and unfolded, whereas the inner
membrane is highly folded forming cristae
which project into the centre of the mito-
chondria. The outer membrane has limited
biochemical activity and is permeable to most
molecular species. Thus, the composition of
the cytoplasm and the contents of the mito-
chondrial intermembrane space is similar.
The inner mitochondrial membrane has
many important biochemical functions, and
this is reflected in its composition which is
approximately 75% protein and 25% lipid. It
is the site of the mitochondrial electron trans-
port chain and the synthesis of ATP by oxida-
tive phosphorylation (Chapter 12). The cen-
tral compartment of the mitochondrion is
called the matrix. This is a concentrated aque-
ous solution containing many enzymes, for

example those of the TCA cycle and fatty acid
oxidation. The number of mitochondria in
cells varies greatly. White adipose tissue, for
example, contains few mitochondria, where-
as brown adipose tissue owes its colour to the
large number of mitochondria it contains.
Liver and muscle tissue contain many hun-
dreds of mitochondria per cell.

1.2.9 CHLOROPLASTS

Chloroplasts are found in plant cells and share
some common features with mitochondria.
They are also organelles with a double mem-
brane structure and are involved in the trap-
ping of energy in the form of ATP. However,
they are adapted to converting the energy in
sunlight into ATP, in contrast to mitochondria,
which use the chemical energy released dur-
ing the oxidation of organic compounds
(Chapter 17). The inner membrane of chloro-
plasts is highly folded to form numerous
stacks of membrane called thylakoids. Each
fold, referred to as a thylakoid disc, contains
the units which carry out photosynthesis. The
ability to trap solar energy is conferred by the
presence of specialized pigments, mainly
chlorophylls a and b, in the inner membrane
of the chloroplast. The aqueous contents of the
chloroplast are called the stroma. It is believed
that chloroplasts may have evolved from an
early form of cyanobacter which developed an
endosymbiotic relationship with progenitor
eukaryotic cell lines.

Photosynthetic prokaryotes lack chloro-
plasts but are able to carry out photosynthesis
because they have pigments embedded in
other specialized membranes.

1.2.10 CYTOSKELETON

Many free-living cells are able to move in their
growth medium. In the case of bacteria and
protozoa this is due to the presence of special-
ized protein fibres called flagella which rotate
to propel the cell forwards. Other organisms
such as amoeba are able to move without fla-



gella and this movement is attributed to cyto-
plasmic streaming.

Many eukaryotic cells, from simple unicel-
lular organisms to complex multicellular high-
er plants and animals, contain a cytoskeleton.
This is a system of protein filaments and
tubules distributed around the cell, which acts
not only as a mechanism for cell movement
but also as a framework for the organisation,
positioning and relocation of subcellular
organelles, and provides strengthening to sta-
bilize cell shape. Although the nature of the
cytoskeleton of eukaryotic cells is complex and
diverse, three principal components have
been identified: actin filaments, microtubules
and intermediate fibres.

Actin filaments are composed of thousands
of units of the protein actin, which can poly-
merize and depolymerize as the cell’s require-
ments change. Another protein, myosin, can
bind to actin, and in the presence of ATP
myosin is able to move along the actin fila-
ment. Both actin and myosin are also compo-
nents of muscle cells and are involved in mus-
cle contraction (Chapter 32). In the context of
the cytoskeleton it is thought that myosin can
attach to subcellular organelles and move
them around the cell along the framework of
actin filaments. This may be one mechanism
by which cytoplasmic streaming is achieved.

Microtubules are hollow tubular structures
composed of two protein components, o and -
tubulin. Associated with these microtubules are
two other proteins, kinesin and dynein, which
are thought to act on actin filaments in a similar
way to myosin: they may be anchored to sub-
cellular organelles and, in the presence of ATP,
can move along the microtubules. Microtubules
become prominent during mitosis when cell
division requires that the replicated DNA is
separated into the two new cells. They also
appear to be important in giving support and
movement to cilia and flagella.

Intermediate filaments are composed of
keratins, proteins commonly found in hair,
hoof and nails. They are thought to provide a
framework under the cytoplasmic membrane
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which confers the strength to hold a particular
shape and allows positioning of subcellular
organelles.

1.3 CELL SPECIALIZATION AND
INTERACTION

The size which individual cells can reach is
limited mainly by the ratio of their surface area
to volume. As cells become larger their volume
increases in relation to their surface area, so
that the speed with which nutrients and gases
diffuse from the cell membrane into all regions
of the cell becomes limiting. Large cells usual-
ly have some adaptation which allows them to
cope with this situation. In many large plant
cells, for example, the cytoplasm is restricted
to a narrow layer inside the plasma membrane
and they may have specialized structures to
increase cytoplasmic streaming. This also
reduces the energy-requiring need to synthe-
size cytoplasm as much of the remainder of
the cell is occupied by the vacuole. Another
adaptation which increases the surface area-
to-volume ratio includes changing shape: for
example, neurones of higher animals are very
long thin cells, and ganglia and kidney cells
have a highly convoluted cell membrane.
Cells in multicellular organisms may
become highly specialized in the processes
which they carry out. Thus the biochemical
processes described in this book do not have
equal prominence in all cells, and this is often
reflected in their structure. All cells must
carry out basic biochemical processes
required for growth and division. To do this
they must respire to produce energy, synthe-
size proteins and nucleic acids, and make
other cellular components as they grow. In
general, each prokaryotic cell carries out
these processes independently of other cells.
In complex multicellular organisms such as
higher animals and green plants, individual
cells have become restricted in their functions
and may make a specialized contribution to
the well-being of the organism as a whole.
Thus these organisms contain a variety of
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specialized cell types which are normally
organised into organs. This process of spe-
cialization of function in multicellular organ-
isms is called differentiation.

In animals and plants, therefore, individual
organs are specialized in carrying out specific
functions. Some of these, which will be
referred to frequently throughout the book,

The efficient operation of a multicellular
organism in which each part contributes to the
whole requires complex control mechanisms
by which the biochemical processes can be reg-
ulated, and efficient systems by which cells can
communicate with one another over both short
and long distances. These control systems pre-
sent opportunities for the manipulation of pro-

are presented in Table 1.2.

ductive processes in both animals and plants.

Table 1.2 Examples of tissue and organ specialization

Tissue/organ

Specialization

Animals
Brain and nervous tissue

Liver

Adipose tissue

Muscle
Kidney

Digestive tract

Mammary tissue

Bone

Plants
Seeds

Leaves and other green tissue
Roots

Tubers and storage organs
Fruits

Generation and transmission of nerve impulses requiring ion transport
across membranes by active transport — the ATP required is generated
by oxidation of glucose

Processing and redirection of tissue metabolites: glycogen synthesis,
gluconeogenesis, fatty acid synthesis (main site in birds and some non-
ruminants), lipoprotein synthesis, cholesterol synthesis, synthesis of bile
salts

Fat storage, triacylglycerol synthesis, lipolysis, fatty acid synthesis (main
site in ruminants), non-shivering thermogenesis (uncoupled fatty acid
oxidation in brown adipose tissue)

Glycogen synthesis and breakdown, movement ~the ATP required is
generated by oxidation of glucose

Excretion of waste products and resorption of minerals, gluconeogene-
sis (approx. 10% of total)

Secretion of digestive enzymes requires high rates of protein synthesis,
absorption of end products of digestion, often by active transport — the
ATP required is generated by oxidation of glucose

Synthesis of protein, lactose, fatty acids and triacylglycerols; secretion of
milk

Synthesis of collagen and formation of crystalline matrix of bone, provi-
sion of the rigid internal framework of the body, reserve of calcium and
phosphorus

Synthesis and breakdown of starch and triacylglycerols, synthesis of
sucrose, synthesis and oxidation of fatty acids, protein synthesis
Photosynthesis, photorespiration, protein synthesis, transpiration
Uptake of nutrients and water from the soil, assimilation of nitrate,
nitrogen fixation

Starch synthesis and remobilization

Synthesis and storage of sugars, respiration, cell wall degradation, syn-
theis and degradation of pigments, accumulation of fruit acids
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2.1 INTRODUCTION

As a chemical compound water is somewhat
unusual. It has a molecular weight of just 18.
Most chemical compounds of this size are not
liquids at normal temperatures and pressures.
For instance molecular oxygen, O,, has a mole-
cular weight of 32 and does not condense into
a liquid until the temperature reaches -183° C.
Hydrogen sulphide (H,S) with a molecular
weight of 34, nearly twice that of water, is a gas
at normal temperatures and pressures. Water
obviously has some peculiar properties, some-
times referred to as its anomalous properties.
The puzzle becomes even stranger when we
start to look at the way in which things dis-
solve in water, and at the nature of solutions.

The difference between a true gas and a lig-
uid is that in the gas the individual molecules
(or atoms in a few cases) are not attracted to
one another or are only weakly attracted, and
so can freely move throughout all the space
that is available to them. In a liquid there is
some attraction between individual molecules
and the whole quantity sticks together. On the
other hand, this process of adhesion is not
strong enough to force the liquid to cohere
into a definite shape and, for this reason, lig-
uids can flow.

Water is a compound of hydrogen and
oxygen, two atoms of hydrogen being joined
to each one of oxygen. The bonding in water
is covalent: each pair of electrons is not fixed
in place, but follows a complex three-dimen-
sional path which takes the electrons for part
of their time around the oxygen atom and the
rest of the time around the hydrogen. When
the electrons are situated near the oxygen
atom then all that is “visible’ of the hydrogen
is a positively charged nucleus. The part of
this orbital around the oxygen atom is much
bigger than the part around the hydrogen, so
the electrons spend more of their time associ-
ated with the oxygen than with the hydro-
gen. The result is that the hydrogen atoms, in
the temporary absence of their electrons, take
on a small positive charge and the oxygen
atom gains a slight negative one. The charges
are quite small, but are big enough to have
enormous effects on the properties of the
water. A hydrogen atom in one water mole-
cule will have an attraction for the oxygen in
another — this pattern of attraction of one
molecule for another has the effect of aggre-
gating the molecules. They are not free to
move as in a gas. Aggregation of molecules
caused by hydrogen atoms with small,
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unshielded, electrical charges is called hydro-
gen bonding and is very common in bio-
chemical systems.

2.2 THE IONIZATION OF WATER

Because water carries different amounts of
electrical charge in different parts of the mole-
cule it is known as a polar chemical com-
pound. Another interesting property of water
is that in a small proportion of water mole-
cules the bond that holds one of the hydrogen
atoms breaks, this comes away from the rest of
the molecule but minus its electron. The only
part of a hydrogen atom that is left is the
nucleus, which is a single positively charged
particle called a proton or hydrogen ion, H*.
(A tiny proportion of hydrogen atoms also
have a neutron in the nucleus but this can be
ignored for most purposes.)

Once the hydrogen ion has departed, the
part of the water that is left has an extra elec-
tron which gives it a negative charge, this is
the hydroxyl ion, OH. For every proton that
is formed there must be a hydroxyl ion,
which means that overall the electrical charge
in the water is balanced. In pure water only
one water molecule in ten million is split in
this way. In most liquids any ion that drifted
away from the rest of a molecule would soon
be recaptured. The difference is that in water,
hydrogen bonding again comes into play. As
soon as a hydrogen ion comes into existence
it is immediately surrounded by a layer of
water molecules all arranged with their nega-
tive charges (the ones on the oxygen atom)
pointing towards the positive charge of the
free hydrogen (Figure 2.1). The same thing
happens to the free hydroxyl ion, although in
this case the water molecules of the sur-
rounding layer are aligned so that their posi-
tively charged hydrogen atoms point
towards the negative ion (Figure 2.1). These
layers stabilize the ions so that they can exist
separately.

2.2.1 THE PH OF WATER

Water dissociates into hydrogen and hydroxyl
ions according to the equation:

H,0 = H* + OH

For every chemical reaction that comes to
an equilibrium point we can calculate an equi-
librium constant; for the equation above this is
given as:

_[H]on]
[H.0]

Note that the figures in square brackets are
the concentrations.

Because the concentration of the water in
the form of H,O is massive in comparison to
the amounts of ionized water, we can neglect
any changes in its concentration. A new con-
stant can be defined which is called the ionic
product of the water:

K, = [H*][OH]

At 25° C the concentration of H* is 1 X
10”M. In pure water the concentration of OH-
ions must be exactly the same. We can there-
fore calculate K , as:

K,=(1Xx107) x (1 x 107)
K,=1x10"

At any one temperature this figure is a con-
stant, so that if for any reason the concentra-
tion of H* ions increases then the concentra-
tion of OH- ions will have to decrease.

The concentration of H* ions is a measure
of the acidity of a solution. Unfortunately a
scale that uses figures such as 107 is not very
useful in practice, so acidity is expressed as
pH, which is related to the hydrogen ion con-
centration by the formula:

pH = -log, [H"]

When the hydrogen ion concentration is
exactly the same as the hydroxyl ion concen-
tration ([H*] = [OH"] = 1077), the pH equals 7,
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Figure 2.1 Hydroxyl (OH") ions and hydrogen (H*) ions are stabilized by being surrounded by a layer of

water molecules held in place by electrical charges.

and this is referred to as a neutral solution.
Where the pH is lower than 7 there is an
excess of hydrogen ions and the solution is
said to be acid. If the pH is greater than 7 the
solution is alkaline.

Water is a very good solvent for a2 whole
range of chemicals (solutes). It dissolves
solids such as common salt and sugar
extremely well and it mixes freely with a
number of other liquids such as alcohol
(ethanol). On the other hand there are many
substances that do not dissolve at all well in
water: fats and oils are obvious examples.
Liquids such as kerosene or petroleum are
not miscible with water although they will
dissolve fats, oils and grease. In general,
materials that dissolve in water are them-
selves polar compounds, whereas those that
are insoluble are non-polar.

Many of the compounds that dissolve in
water dissociate into ions in the water. The ions
that are formed are stabilized by hydration
using hydrogen bonds. Some compounds are
completely dissociated when they are in solu-
tion. For example common salt, NaCl, breaks
down into the positively charged Na* (a cation)
and a negatively charged CI ion (an anion).
Other compounds dissociate only partially.

The organic acid, acetic acid, is a very good
example of a compound which is soluble in
water but which is only partially dissociated in
solution:

CH,.COOH = CH,.COO- + H*

In a pure solution in water, only about one
molecule in 250 would be dissociated. Acetic
acid is a weak acid because it does not supply
as many H* ions as a strong acid such as HCl,
which is completely dissociated. Organic acids
such as acetic acid are usually present in bio-
logical solutions in the form of their salts and
in this case would be completely dissociated.
The formula for the acetate anion is CH,COO-
but in this book the formula CH,COOH is fre-
quently used for simplicity.

A similar situation exists with alkaline com-
pounds. These supply hydroxyl, OH-, ions
and consequently reduce the concentration of
hydrogen ions in the solution. Some alkalis
dissociate completely, good examples being
the hydroxides of sodium or potassium.

NaOH = Na* + OH-

These are the strong alkalis or strong bases.
On the other hand, weak alkalis or weak bases
such as ammonium hydroxide are only par-
tially dissociated in solution.
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NH,OH = NH,* + OH-

For any compound that is only partially dis-
sociated into ions we can define a constant
that describes the proportion that is dissociat-
ed.

For acetic acid:

. - [CH,.COO™|[H"|
*~ [CH,.COOH]

For ammonium hydroxide:
_[nH,Jor ]
* [NH,OH]

Where K, and K, are the dissociation con-
stants.

2.3 WHAT ARE ACIDS AND BASES?

So far we have used the terms acid and base
without defining them. As we move into bio-
chemistry, it will be necessary to have a very
clear idea of what acids and bases are. One of
the simplest and best working definitions is:

® an acid is a hydrogen ion (or proton) donor
® abase is a hydrogen ion (or proton) acceptor.

If we look again at the equation for the dis-
sociation of acetic acid:

CH,.COOH = CH,.COO- + H*

Acid
(donates a proton)

Base
(can accept a proton)

By this definition; water itself is an acid
because it can donate a proton and the
hydroxyl ion is a base because it accepts one.

H,0 = H* + OH-

2.4 BIOLOGICAL SYSTEMS, IONIC
STRENGTH AND PH

As we shall see in the chapter on enzymes
(Chapter 6), it is extremely important that the
pH.of biological environments.is.maintained
within very close limits. Any large changes in

ionic strength or pH will lead to damage of the
very sensitive molecules that are responsible for
the metabolism of cells. In agriculture, animals
and plants manage to survive under conditions
which are not always helpful to maintaining
constantly favourable conditions. Crop plants
often suffer from periodic loss of water, and
even under mild drought conditions some still
manage to survive. Animals too can suffer from
water deprivation. Cattle in the hot tropics may
only have access to water every 3 days or so. In
the interim they will lose large amounts of
water both by excretion and by the evaporation
necessary for them to keep cool. Some breeds of
cattle are capable of losing up to 25% of their
body weight in this way and of making good
the losses within a few minutes when drinking
water becomes available. The changes in the
amounts of water lead to enormous variations
in the strength of solutions both inside and out-
side cells. Despite all these changes, animals
and plants manage to survive them on a regu-
lar basis and even to thrive. Within biological
systems there must be some way in which the
properties of solutions are stabilized so as not to
damage the other constituents of cells. Much of
the stabilization comes from a process of buffer-
ing whereby some of the compounds in cells
are able to cushion the changes. The pH values
for a number of biological materials are shown
in Table 2.1.

2.4.1 STABILIZATION OF PH BY BUFFERS

Solutions of weak acids and their salts can act
to stabilize pH over a given range and are
therefore known as buffers. If small amounts

Table 2.1 pH values for some common biological
systems

Material pH
Blood plasma 7.4
Milk (fresh) 6.9
Egg white 8
Grass silage 3.8438
Tomato juice 4.3

Soils (note extreme variability) 3-11




of either OH: ions (from an alkali) or H* ions
(from an acid) are added to these solutions
there will be only a small change in pH. In the
absence of the weak acid and its salt the
change in pH would have been much greater.

If we return to the dissociation of acetic
acid:

[CH,.COO |H"]

* |CH,.COOH]

(This is known to have a value of 1.75 x 10-
at 25° C))
We can rewrite the equation so that:

[CH,.COO"|
(] =k, 2 ]
[CH;.COOH]

This can be converted to an equation for pH

by taking the negative logarithms (base 10) for
both sides:

[CH,.CcO0O"]
pH=pK, X+—r—r——=
[CH;.COOH]

Note that pKa = -log,,(K).

Example: if we have a solution which is half
molar with respect to sodium acetate and to
acetic acid then in solution we have:

CH,COONa — CH,COO- + Na* (1)
CH,COOH = CH,COO- + H* (2)

The dissociation of the salt, sodium acetate,
will be complete in solution so that we can say
that the concentration of acetate (CH,COO-)
from Equation 1 will be 0.5 M. On the other
hand, the extent of dissociation of the acid is
very small so that the concentration of
CH,COOH will be very little different from
0.5 M. In other words:

[CH,.COO| o5
[CH,.COOH] 05

and the log.. of this must be zero.
Therefore:
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pH = pK,
pK, = -log (1.75 X 10
pH = pK, = 4.76

Acetic acid is a good example to use in the
chemical laboratory but it is not commonly
used by biochemical systems. In practice, in
cells there is a whole range of compounds
which act as buffers and are able to stabilize
the pH close to neutral. Some of their K, and
pK, values are shown in Table 2.2.

One place where pH is very important is in
the rumen of animals such as the cow. This is
the first compartment of the ‘stomach’ and is
extremely important in the digestion of plant
material which is the main source of nutrition
for these animals. If the pH in the rumen
drops too low then digestion of food will be
halted and there may be serious effects on the
health of the animal. Dairy cows are often fed
on diets containing large amounts of grain,
and these can lead to very low pH values in
the rumen. Work in many countries has
shown that the addition of buffers to the diet
can maintain pH at normal levels and allow
animals to thrive on diets that would other-
wise damage their health. The commonest
buffer added under these circumstances is
sodium bicarbonate.

2.5 COLLIGATIVE PROPERTIES

There are a number of properties of solutions
that depend upon the strength of the solution
expressed in terms of the number of particles
dissolved in a given volume of solution (or sol-
vent). The word particles is used rather than
molecules, because many molecules such as
salts that dissolve in water will dissociate into
two or more particles. On the other hand,
sugar molecules which cannot dissociate will
contribute just one particle. Two of these
properties, the depression of freezing point
and osmotic pressure, are extremely important
in agriculture.
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Table 2.2 Dissociation constants and pK; values for common organic acids

Acid Formula Dissociation constant PK,
Formic acid HCOOH 1.77 x 10+ 3.75
Acetic acid CH,COOH 1.75 x 10° 476
Propionic acid ~ CH,CH,COOH 1.34 x 10° 4.87
Lactic acid CH,CH(OH)COOH 1.39 x 10* 3.86

2.5.1 DEPRESSION OF FREEZING POINT

It is well known that solutions have a lower
freezing point than their pure solvents. In cool
climates in winter, salt is routinely spread on
roads and paths to melt ice and snow, pre-
venting accidents to vehicles and pedestrians.
This property has more subtle applications in
that many plants can survive without being
frozen at temperatures below 0°C. The
depression in freezing point is about 1.86° C
for every mole of particle dissolved. This is
fairly simple for a sugar such as glucose (MW
180). A solution of 180 g glucose per litre will
have a freezing point of -1.86° C. For sodium
chloride (MW 58.5) a solution of 58.5 g 1! will
yield 1 mole of Cl- ion (particle weight 35.5)
and 1 mole of Na* ion (particle weight 23). The
depression of freezing point will therefore be
3.72°C (i.e. 2 x 1.86° C).

A practical application is to be found in the
standard testing of milk for adulteration with
water. Milk ought to have a freezing point of
between -0.54 and —0.59°C; if it freezes at
-0.52° C or higher then it is likely that the milk
has been diluted with water. Freezing point
depressions of other biological fluids are
shown in Table 2.3.

2.5.2 OSMOTIC PRESSURE

The osmotic pressure of different parts of
plants and animals is essential to maintaining
their function. The principle of the phenome-
non rests upon the fact that when solutions of
different concentrations are put together their
concentrations will tend to equalize. Thus, if
two solutions of differing strengths are care-
fully layered in a test tube, there will be a slow

intermingling of the layers until eventually all
of the contents of the test tube are at the same
concentration. If the solutions are of widely
different specific gravities the process may
take a long time but equilibrium will eventual-
ly be achieved.

If the two layers are separated by a solid
and impermeable partition then no mixing
can take place. A semipermeable barrier will
allow some small molecules to pass through it
whilst retaining larger ones. Many will only
let water through. Most semipermeable mate-
rials allow the passage of particles only when
they are formed into a very thin barrier. For
this reason they are often called semiperme-
able membranes.

The principles of osmotic pressure are illus-
trated by Figure 2.2. This shows two compart-
ments, one filled with water, the other filled
with a solution, and separated by a semiper-
meable membrane. Water molecules can pass
freely through the membrane in both direc-
tions. There is a tendency for the concentra-
tions of solute to equalize across the membrane
and so more molecules will pass from the pure
water side to the solution than in the opposite
direction, so that the solution increases in vol-
ume. As the volume grows so the pressure
increases, until it becomes so great that more
water molecules cannot pass through the
membrane and the flow ceases. In the system
shown in Figure 2.2, the extra pressure will
push water up the left-hand tube until there is
a difference in the height (k) of the columns of
water. The height of this column of water is the
osmotic pressure of the solution, and can be
expressed in any of the normal units of pres-
sure: atmospheres, mm of water, bar or Pascal.
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Figure 2.2 Osmosis: water molecules pass through
the semipermeable membrane in the direction of
the solution in an attempt to balance concentra-
tions on both sides of the membrane. The pressure
in the solution compartment increases until it
reaches a point (height i) where it prevents fur-
ther water from passing through the membrane.

The value of the osmotic pressure for an
ideal solution (one in which the individual
molecules of solute have no effect on one
another) is given by the equation:

B = MRT

Where B (the osmotic pressure in atmos-
pheres) is determined by M (the total molarity
of the solution), R (the gas law constant) and T
(the absolute temperature in degrees Kelvin).
In these units, R = 0.0821.

The depression of freezing point of a solu-
tion can be used to calculate its osmotic pres-
sure using the equation:

B = 0.0441T.AT

where AT is the depression of freezing point.
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Measuring osmotic pressure in this way is a
useful concept in chemistry, but in practice the
solutions that are met in biological systems are
so complex that the equations do not have
much meaning. For instance, much of the
osmotic pressure of biological fluids comes
from proteins, and it is almost impossible to
determine how many of the charged groups
on the protein will be ionized at any one time
and to what extent. This means that we cannot
calculate M with any degree of accuracy.

For biological systems we use a unit called
osmolarity, which is the molarity of an ideal
solution which exerts the same osmotic pres-
sure as the test solution. Osmolarity is mea-
sured in Osmoles (osm) or, more commonly,
in the smaller milliosmoles (mosm). One inter-
esting finding is that, in most mammalian sys-
tems, body fluids exert more or less the same
osmotic pressure (Table 2.3).

Cell membranes are semipermeable and the
cytoplasm inside has an osmotic pressure. If
cells are surrounded by a fluid of a different
osmotic pressure there will be a flow of water
from the region of low osmotic pressure to
that of high pressure. This is easily demon-
strated by putting red blood cells into water:
so much water flows into the cells that they
simply burst. On the other hand, if the cells
are placed in strong salt solutions, water flows
out of the cells so that they shrivel. Solutions
that have the same osmotic pressure as blood
are said to be isotonic.

2.5.3 SEMIPERMEABLE MEMBRANES THAT
ALLOW SOME SOLUTES TO PASS

In looking at osmotic pressure we have
assumed that the only thing that could pass
through the membrane was water. In real bio-
logical systems, cell membranes do not behave
like this — they allow some solutes (usually
small molecules or ions) to pass, but others are
retained (see Chapter 22). The problem may be
further complicated by the fact that the cell
itself is able selectively to modify and regulate
the permeability of its plasma membrane.
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Table 2.3 Colligative properties, depression of freezing point
and osmotic pressure in some biological fluids

Fluid Depression of freezing ~ Osmotic pressure
point (°C) (mosm)

Blood -0.54 302

Cerebrospinal fluid -0.57 306

Milk -0.56 304

Semen -0.57 296

Consider Figure 2.3a: two compartments of
the same volume are separated by a semiper-
meable membrane that can allow the passage
of both K* and CI-. If water is placed in one
side and 0.2 M KCl on the other, there will be
a flow of ions from one side to the other so as
to equalize the concentration. At equilibrium
there will be a 0.1 M solution of KCl on each
side. But if we place a solution that consists of
0.1 M KClI on either side but in addition one
has 0.05 M KR as well (where R’ is a cation too
big to pass through the membrane) the system
cannot come to equilibrium with the same
concentrations on each side of the membrane
(Figure 2.3b).

On either side of the membrane, the K+
ions must balance the total of negative ions. In
the system described we will finish up with
the conditions shown in Table 2.4.

This means that the concentration of K+ and
Cl is different on each side of the membrane; it
also means that the total electrical charges are
not the same on the two sides (Figure 2.3b).
This situation is an example of what is known

Table 2.4 Concentrations of solutes after equi-
librium is attained

Element Left-hand side Right-hand side
K+ 0.139 0.111

Cr 0.089 0.111

R- 0.05 0

ClI + R- 0.139 0.111

as the Donnan equilibrium, and it has big
implications for the behaviour of cells.

(@)

Figure 2.3 Donnan equilibrium. (a) The membrane
is freely permeable to both K* and CI- ions and the
concentration of each will equalize across the
membrane. (b) The membrane is not permeable to
R ions and thus an imbalance of concentration
and charge will result.
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3.1 INTRODUCTION simple sugars were all found to have the

The carbohydrates are a group of organic
compounds that includes sugars and related
compounds. The sugars are compounds with
between 3 and 7 carbon atoms having many
hydroxyl (alcohol) groups and either a ketone
group or an aldehyde group. Typically, each
carbon atom that does not bear an aldehyde
or ketone group (collectively called carbonyl
groups) will have a hydroxyl group. Simple
sugars may be strung together in chains to
form long polymers. When they were first
carefully investigated, in the 19th century, the

empirical formula C H, O,, and for this rea-
son they were assumed to have arisen by
some form of hydration of carbon (ie. C, +
nH,0). The name carbohydrates has stayed
with them long after their real structures were
discovered.

Cells of all types use sugars as a convenient
source of energy and as the raw materials for
many chemical syntheses. The biochemical
pathways for making sugars are relatively sim-
ple, and many cells, both in animals and
plants, make huge quantities of them. They
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are water soluble and are therefore easily
transported either in blood or phloem.

3.2 STRUCTURES OF SUGARS

The simplest sugars contain just three carbon
atoms. Two different formulae are possible
(Figure 3.1a) depending upon whether the
sugar has a ketone or an aldehyde group.
Although these are the simplest of all the sug-
ars, they are not commonly found in these
forms but occur as their phosphate esters, as
intermediates in metabolic pathways. The
structure of the one with the ketone group,
dihydroxyacetone, is unique but when we
look at the aldehyde sugar, glyceraldehyde, a
new level of complexity emerges in the form
of optical isomers.

3.2.1 OPTICAL ISOMERS

Chemically the element carbon is known as
tetravalent, which means that each carbon
atom is joined to neighbouring atoms by four
bonds. If all of are these are single bonds then
they are arranged around the carbon atomin a
three-dimensional tetrahedral shape. A
strange thing happens if one particular carbon
atom is joined to four atoms or groups which
are themselves different: it becomes possible
to arrange the surrounding atoms or groups in
either of two different ways (Figure 3.2). On
paper they look similar but in biological terms
they may be quite different. Take for example
the simplest of the aldehyde sugars, glycer-
aldehyde. The two carbons at the end of the
chain do not have a chance to show this prop-
erty; one has two identical hydrogen atoms
attached and the other has two of its bonds as
a double bond attached to the same oxygen
atom. The middle carbon atom (marked with
an asterisk) is attached to four different
groups; -H, -OH, CH,OH and -CHO. The two
compounds in Figure 3.2 are actually mirror
images of one another. Their solutions in
water also differ in the effect that they have on
polarized light as it passes through: one will

deviate the beam of polarized light to the left
and the other to the right. They have the same
formula so they are isomers, and because they
differ in the effect that they have on light they
are known as optical isomers. The carbon atom
that can be bonded in either of two ways is
called the optical centre and is said to be opti-
cally active or asymmetric.

Although the structural formulae appear
very similar on paper, in real biological sys-
tems these two compounds will behave quite
differently. Almost all carbohydrates exist as
structural and optical isomers, which leads to a
fascinating diversity in the properties of these
compounds.

3.3 NAMING OF SUGARS

The chemical names of the sugars and many of
the more complex carbohydrates end with the
suffix -ose. They are also named on a basis of
the number of carbon atoms that they contain;
tri- for three, and tetra-, pent-, hex-, and hept-
for 4, 5, 6, and 7, respectively. The type of car-
bonyl group is denoted by the prefix of aldo-
for an aldehyde and keto- for a ketone. For
example, glyceraldehyde is an aldo-triose.

3.4 SUGARS WITH FOUR CARBON ATOMS,
THE TETROSES

Four different aldo-tetroses are possible
because there are two different asymmetric
carbons in the chain (see Figure 3.1b). In the
natural world, the tetroses are quite rare in
their free form although several do appear as
intermediates in metabolic processes.

The carbon at the bottom of each structure
is, by convention, the one with the highest
number — in this case, 4. This carbon atom is
always a CH,OH group. Note that two of the
sugars are referred to as ‘L’ sugars and two are
‘D’. All sugars (with the exception of dihy-
droxyacetone) are divided into these two
groups depending upon the particular optical
isomerization at the carbon next to the CH,OH
group. By convention the hydrogen atom on
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Figure 3.1 Structures of some sugars with three, four or five carbon atoms. (a) Trioses: glyceraldehyde

exists as two different optical isomers (see Figure 3.2).

(b) Tetroses: the tetroses shown are all aldo sugars,

the difference between them lies in the optical isomerization at positions 2 and 3. (c) Pentoses: these can
exist as straight chain sugars or in rings made by the formation of hemiacetal bonds. These are three of
the commonest pentoses found in agricultural materials.

this penultimate carbon is drawn pointing to
the left on an L sugar and to the right on a D
sugar. Almost all of the natural sugars are D

a. b.
HO\C P HO\c P
1, 1.

CHOH HO CH OH

2 2
Figure 3.2 The two optical isomers of glyceralde-
hyde are mirror images of one another. The car-
bon atom marked % is asymmetrical.

isomers, the only L sugar normally encoun-
tered is L-arabinose, one of the components of
some complex structural carbohydrates in
plants.

3.5 SUGARS WITH FIVE CARBON ATOMS,
THE PENTOSES

Both ketoses and aldoses can be extended by
the addition of a further carbon atom and
hydroxyl group to give pentoses. This intro-
duces yet another asymmetric carbon atom
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into each type of sugar and thus multiplies the
number of possible isomers by two. Hence
there are four possible keto-pentoses and eight
aldo-pentoses. The aldo-pentoses are much
more common in nature than the keto ones.
Before looking at the individual pentoses it is
necessary to understand some of the chem-
istry of these compounds, because the added
chain length brings with it the possibility of
the straight chain looping round on itself to
form a ring.

3.5.1 RING FORMATION IN SUGARS

As described above, sugars contain both alco-
hol and carbonyl (aldehyde and ketone)
groups. Many of the properties of the carbo-
hydrates depend on addition reactions
between these groups. The reactions can take
place between any alcohol and any carbonyl
group. Figure 3.3 shows an alcohol reacting
with the carbonyl carbon atom of an aldehyde
to form a new compound called a hemiacetal.
This reaction is easily reversed and, if an alde-
hyde and alcohol are both dissolved in water,
the solution will usually contain a mixture of
free aldehyde and alcohol molecules together
with hemiacetals. A similar reaction takes
place between ketones and alcohols to form
hemiketals. In the sugars, hemiacetals (or
hemiketals) are formed within the same mole-

cule between the carbonyl group and one of
the alcohol groups further down the chain.
This results in the straight chain of the sugar
being bent round on itself to form a ring which
also includes an oxygen atom (for instance, see
Figure 3.1c).

Once a hemiacetal has been formed, it can
react with a further alcohol group to form an
acetal. During this reaction, water is given off (it
is therefore called a condensation reaction) and
the process is not easily reversed. In the sugars
the formation of acetals involves a reaction
between the hemiacetal group on one sugar
molecule and an alcohol from another. In this
way two sugar molecules are linked together to
form new and more complex carbohydrates.

There is another consequence of the forma-
tion of hemiacetals: the carbon of an aldehyde
is not asymmetric but that of a hemiacetal is, so
that there are two possible optical isomers of
each sugar hemiacetal.

3.5.2 FIVE- AND SIX-MEMBERED RINGS

Three examples of aldo pentoses are illustrated
in Figure 3.1c. Arabinose, ribose and xylose are
quite common constituents of carbohydrates.
All have five carbon atoms including the alde-
hyde group but the orientation (optical isomer-
ization) of the carbon in the middle of the
chain is different, which means that the

H OH
ROH + R-C=0 — R-C-H
any any O-R
alcohol aldehyde a hemiacetal
OH O-R 2
R-C-H — R-C-H
- + ! 1 +
R-OH O-R on  M2°
alcohol hemiacetal an acetal

Figure 3.3 The formation of hemiacetals (1) and of acetals (2). These reactions occur between aldehyde

and alcohol groups within the same sugar molecule.



hydroxyls on these carbons stick out in oppo-
site directions. These small differences affect
the way in which each of these molecules is
formed into a ring. In arabinose and ribose the
hydroxyl of carbon 4 reacts with carbon 1 (the
aldehyde) to form a five-membered ring.
Carbon 5 sticks out from the ring. The five-
membered ring is called furan. In the case of
xylose the hydroxyl on carbon 5 reacts with the
aldehyde to give a six-membered, pyran, ring.

3.5.3 RING FORMATION IS NOT PERMANENT

When sugars are in water solution, part will be
in the straight-chain form and the rest in the
ring form. If some process removes all the
straight-chained sugar molecules from the
solution then some of the ring structures will
open in order to replace the lost straight
chains and to restore the balance.

3.6 SUGARS WITH SIX CARBON ATOMS, THE
HEXOSES

These sugars are the most common, indeed
their polymers probably account for a large
proportion of the solid carbon in the earth’s
biosphere. They have one more asymmetric
carbon atom than the pentoses and thus eight
keto-hexoses and 16 aldo-hexoses are possible.
Luckily there are only a few which are very
common in nature, and of these one aldose
(glucose) and one ketose (fructose) are partic-
ularly abundant. Like the pentoses, they form
either internal hemiacetals or hemiketals as
appropriate. Theoretically, these can be
formed between the carbonyl group and any
of the alcohol groups, but in practice they only
form between carbons 1 and 5 in the case of
the aldo-hexoses, and between carbons 2 and
5 in the case of the keto-hexoses. The forma-
tion of an internal hemiacetal or hemiketal
makes the whole molecule of the sugar bend
into the ring shape. In the case of glucose, the
ring which is formed is six-membered (pyran)
whereas in the case of fructose it is five-mem-
bered (furan).
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3.6.1 GLUCOSE

The formation of the ring in glucose links
together carbons 1 and 5 of glucose through
the atom of oxygen and in doing so makes
carbon 1 asymmetric (Figure 3.4). The two
different compounds are denoted as a- and
B-glucose. In the straight-chain form of glu-
cose, carbon 1 is not asymmetric because it
has two of its bonds attached by a double
bond to an atom of oxygen. In ring-shaped
glucose, this carbon is effectively joined to
four different groups. The important differ-
ence to notice is that for a-glucose we draw
the hydroxyl group on carbon 1 as pointing
downwards, whereas in the B form it points
up. These two versions of glucose are actual-
ly quite different compounds which do not
even have the same melting point. When glu-
cose is dissolved in water there is a rapid
equilibrium between the three forms:

B-D-glucose = Straight chain glucose =
a-D-glucose

In solution at any one time, most of the glu-
cose is in the a form (65%) with smaller
amounts as B-ring (32%) and straight-chain
(3%) forms.

3.6.2 FRUCTOSE

This is probably the commonest keto-sugar
found (Figure 3.4). The commonest natural
source of free fructose is honey, and this
accounts for its very sweet flavour. Fructose is
quite commonly encountered as a component
of more complex carbohydrates, and it accounts
for half of the commercial sugar, sucrose.

3.6.3 OTHER HEXOSES

The ring forms for several other common
hexoses are shown in Figure 3.5. Many of
these do not commonly occur as pure com-
pounds but are to be found in combination
with other sugars. Figure 3.5 also shows the
structures of the related sugar acids, galactur-
onic acid and glucuronic acid, which occur in
complex carbohydrates.
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Figure 3.4 The structures of glucose and fructose. In addition to the straight-chain form, each of these
sugars can exist in either of two ring structures, differing in the orientation of the carbonyl carbon (car-
bon 1 in glucose, carbon 2 in fructose) when the ring is formed.

3.7 REDUCING AND NON-REDUCING
SUGARS

True sugars all contain a carbonyl group,
either an aldehyde or a ketone. Both of these
are capable of being oxidized. In the case of
aldehyde groups, the product of oxidation is
the corresponding carboxylic acid. The
ketones are not as reactive and yield a whole
series of compounds. These sugars are there-
fore reducing agents. Many of the chemical
methods used for detecting and measuring
sugars depend on their reducing properties. In
alkaline solution, copper (II} sulphate will oxi-
dize an aldehyde to its corresponding car-
boxylic acid leading to the formation of copper
(I) oxide. The liquid changes from a bright blue
solution to a suspension of a dark red precipi-
tate. This provides the standard method for
measuring sugars in fruits.

Sugars can act as reducing agents only
whilst the carbonyl carbon atom is not firmly
linked to any other molecule. In sugars the
open-chain form has a free carbonyl group. If
this is oxidized then any hemiacetal or
hemiketal rings can open to yield more of the

open-chain version of the sugar ready to take
part in oxidation/reduction reactions.

3.8 FORMATION OF SUGAR ACETALS

Acetals can be formed between any hemiacetal
and any alcohol group. Wherever there are
sugars there are plenty of ‘spare’ alcohol
groups, but in fact natural sugar acetals tend to
be very specific. In the aldo-hexoses such as
glucose, the hemiacetal is always formed at the
number 1 carbon atom so that this is always
involved in acetal formation. The free hydrox-
yl group used in acetal formation is almost
always the one on either carbon 4 or carbon 6
of another sugar molecule.

Once an acetal has been formed it is quite
difficult to break it. As long as this acetal bond
remains intact then the hemiacetal formed at
carbon number 1 cannot be disrupted.

Once an acetal has been formed the ring
structure of the sugar is ‘locked’ - the ring can-
not be opened and must remain in either its o
or B form. This locking of the carbonyl group
of one of the sugars means that the group is
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H,C -C-0
Galacturonic Glucuronic
. . N-acetyl-
acid acid

glucosamine

Figure 3.5 Some common hexose sugars and related compounds: glucose, galactose, mannose, galactur-
onic acid, glucuronic acid, N-acetylglucosamine. The acid and N-acetyl derivatives are found in complex

carbohydrates.

unable to take part in any oxidation/reduction
reactions.

3.8.1 FORMATION OF DISACCHARIDES

Two molecules of a simple sugar linked
together as an acetal are known as a disaccha-
ride. The disaccharide with a bond between
the 1 carbon of an a-glucose and the 4 carbon
of another a-glucose is called maltose (Figure
3.6a). The bond is called an a-1,4 glycosidic
link. If the left-hand sugar had been in the B
form before linking then the compound
would be a B-linked disaccharide. The com-
pound of this sort which is comparable to mal-
tose is called cellobiose. Lactose, the sugar
found in milk, resembles cellobiose but the
left-hand sugar is galactose instead of glucose.
All these disaccharides are formed between
the hemiacetal carbon of the left-hand sugar
and the 4 carbon of the right-hand one. Thus,
whilst the ring shape of the left-hand sugar is

fixed, the right-hand one is free to open to the
straight-chain form.

This means that in maltose, cellobiose and
lactose the aldehyde group of the left-hand
glucose is unable to take part in any oxida-
tion/reduction reactions. However, the right-
hand glucose group can react in this way, so
these disaccharides still have reducing proper-
ties.

The monosaccharide components of carbo-
hydrates are sometimes distinguished by
referring to them as the non-reducing or the
reducing end of the chain. Thus in the dia-
grams all of the left-hand glucose groups are
non-reducing, and the right-hand ones
reducing.

3.8.2 SUCROSE

The commonest disaccharide of commerce is
sucrose, a compound of glucose (in the a ori-
entation) and fructose (in the B form).
Unusually, it is an acetal formed between the
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d. Sucrose

Figure 3.6 Common disaccharides: maltose, cel-
lobiose, lactose, sucrose. With the exception of
sucrose, the ring of the right-hand glucose unit can
open exposing a free aldehyde group and giving
reducing properties to the sugar.

hemiacetal carbon of glucose and the hydrox-
yl group of the hemiacetal in fructose. This
means that neither of the rings in sucrose can
open to the straight-chain form and therefore
it is a non-reducing sugar. Huge quantities of
this sugar are produced either from sugarcane
in tropical and semi-tropical areas or from
sugar beet in temperate zones.

3.9 POLYSACCHARIDES

Looking at the structures of maltose or cel-
lobiose, it is quite clear that the right-hand glu-

cose unit of this new compound is free to join
with a further glucose unit, in which case it
would form a trisaccharide. The process can be
repeated many times to form long chains of
the simple sugars, the polysaccharides. In
most polysaccharide chains only the single
sugar group at one end of the molecule is free
to open and express chemical reducing prop-
erties. The chains of a polysaccharide thus
carry both reducing and non-reducing ends.

Glucose is the commonest sugar in poly-
saccharides and it forms two main families of
carbohydrates which differ simply in
whether the units from which they are made
are in the o or B form. In general, those that
are made up of B-glucose units are physically
much stronger, are less soluble in water and
are much more difficult for animals to digest.
Many of the common polysaccharides con-
tain only one type of sugar group and are
termed homopolysaccharides. Those with
two or more different sugars are het-
eropolysaccharides.

Almost all of the carbohydrates that are
commonly found in agriculture come from
plants, and here polysaccharides have two
main functions: storage and structure.

3.9.1 THE STORAGE CARBOHYDRATES -
STARCH AND GLYCOGEN

Plants, and to a lesser extent animals, use car-
bohydrates as a way of storing nutrients for
future need. During the normal processes of
growth and regeneration, the plant stores
materials in both seeds and roots to cover peri-
ods when its ability to supply nutrients from
photosynthesis is inadequate. As these materi-
als have to be broken down by the plant they
are not physically strong, nor do they have to
be water-resistant. They are mainly polysac-
charides made up of glucose units in the o
form. The commonest examples are the starch-
es and starch-like materials that come from
seeds such as corn, and tubers such as pota-
toes, yams and cassava. Unlike the structural
polysaccharides, animals digest them very eas-



ily and they form the staple ingredient of the
human diet in most parts of the world.

Starch

Starch consists of a mixture of two different
types of molecules: amylose, which is a long
chain of glucose atoms joined by «-1,4 link-
ages; and amylopectin, which consists of a
mixture of a-1,4 links with occasional a-1,6
branches. The branches occur after about 25
straight «-1,4 bonds (Figure 3.7). Starches
from different sources vary in the ratio of
amylose and amylopectin, in the size of the
individual molecules, and in the degree of
cross-linking in the amylopectin molecule. In
general, amylopectin accounts for about 70%
of starch.
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The long chains of amylose roll themselves
into a stable helix shape which is held in place
by hydrogen bonding (Figure 3.8). The helix is
a tube into which other molecules or atoms
can fit. One example of this is the fact that
iodine can fit inside the helix and form a blue-
coloured complex with the amylose, a reaction
which is often used to detect the presence of
either starch or iodine.

Glycogen

Animals also make use of an a-linked polysac-
charide for storage of energy, although the
amount of material stored is very small. The
compound used is called glycogen and is very
similar in structure to amylopectin although
the molecules are larger and the cross-linkages

Figure 3.7 The structure of amylopectin, one of the components of starch. Chains of glucose groups,
linked a-1,4, contain occasional a-1,6 bonds that provide branching points. In native starches the branch-
ing points occur approximately every 25 glucose residues.
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more frequent (once every 15 or so straight
bonds).

3.9.2 STRUCTURAL POLYSACCHARIDES IN
PLANTS

In agriculture the non-starch polysaccha-
rides can be viewed in two distinct ways. To
the crop scientist they are the materials from
which plants fashion much of the physical
components of their structures. The basic units
of the plant are its cells, and their structural
integrity comes from the materials that make
up the cell wall. On the other hand, the animal
scientist regards non-starch polysaccharides as
the materials that form the fibre components
of the diets eaten by livestock. This has led to
the development of a number of different
terms for what are essentially the same materi-
als: fibre carbohydrates, structural carbohy-
drates and cell-wall carbohydrates.

At least 90% of the structural material of cell
walls of all higher plants is polysaccharide.
The remaining 10% is made up of protein
which, like some structural proteins of animal
cells, is rich in hydroxyproline.

The main polysaccharides are cellulose,
hemicellulose and pectin. Originally these
terms referred to their relative solubilities in
strong acids and alkalis, however they are
now used to describe their molecular struc-
tures as carbohydrates. In addition to the car-
bohydrates, phenolic materials called lignins
are also present in some cell walls.

Cellulose

Cellulose fibres make up the main structure of
the cell wall and give the wall much of its
strength. The wall consists of cellulose rods or
microfibrils embedded in an amorphous
matrix of non-cellulose polysaccharides (hemi-
celluloses and pectins). Chemically the cellu-
lose consists of long, linear chains of glucose
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residues covalently linked by B-1,4-glycosidic
bonds. Long, linear chains of pure glucose are
termed glucans (Figure 3.9). Between 2000 and
6000 residues are polymerized in each glucan
chain of the primary wall. A single cellulose
fibre of 3.5-4 nm in diameter contains 3040
glucan chains held together by a very large
number of hydrogen bonds. Within the fibre,
individual glucan chains are very much short-
er than the length of the fibre; they overlap at
random and probably all have the same polar-
ity, i.e. the reducing groups are all at the same
end.

Hemicellulose

In dicotyledonous plants the main hemicellu-
loses are xyloglucans, mixed polysaccharides
principally of glucose and xylose. Some xylan,
a pure polymer of xylose, is also present. In
addition to the major components of xylose
and glucose, xyloglucan also contains fucose,
galactose and small amounts of arabinose. The
xyloglucan has a B-glucan backbone very like
that of cellulose and this can probably interact
very strongly with cellulose by hydrogen
bonding (Figure 3.10a). Fixed to about 75% of
the glucose units of the glucan backbone are
side chains of a-xylose. The xylose is a-1,6
linked. A minority of the xylose units may also
bear another sugar such as galactose attached
by a-1,4 bonds.

In monocotyledons and in legume leaves
and stems, the main hemicelluloses are arabi-
noxylans which consist of 3-1,4-linked xylose
residues with side chains at various points, but
some xyloglucan is also present (see Figure
3.10b). Single arabinose units are the most
common but arabino-xylose and arabino-xylo-
galactose side chains are also found. The poly-
meric xylan backbone serves the same func-
tion as the xyloglucan in dicotyledons, in that
it can attach itself to cellulose through hydro-
gen bonds.
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Figure 3.10 Structures of hemicelluloses and pectins. (a) The xyloglucans of dicotyledonous plants have a
backbone of glucose units with side chains of xylose. (b) Monocotyledons and legumes possess arabi-
noxylans which have a principal chain of xylose residues substituted with arabinose and other sugars. (c)
Galactosan pectins have a spine of -1,4-linked galactose units with arabinose branches. (d) The rhamno-
galactonuran pectins have chains of galacturonic acid, broken every 10 or so residues by a rhamnose

group.
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Pectins

The main feature of the pectins is the presence
of linear chains of galacturonic acid residues
(polygalacturonans), some of which are pre-
sent in the form of methyl esters. The poly-
galacturonans also usually contain other sug-
ars, e.g. rhamnose (rhamnogalacturonans).
Pectins are generally the most soluble of the
cell wall components. They are easily extract-
ed using hot water and they have physical
properties which make them important in the
food industry.

The polygalacturonans may also be associ-
ated by covalent bonds to neutral pectic poly-
saccharides such as the arabinans, galactans
and arabinogalactans.

The most common types of pectic polysac-
charides are indicated below.

Galactans and arabinogalactans

These arabinose- and galactose-containing
neutral pectic polysaccharides are thought to
consist of homo-f-1,4-linked galactose units
with few side chains linked to an arabinose
polymer with more arabinose branches (Figure
3.10c). Pectin occurs in the primary and sec-
ondary cell walls and in the middle lamella.

Rhamnogualacturonans

Pure polygalacturonans are quite rare — usual-
ly chains of polygalacturonic acid residues are
broken by neutral rhamnose residues (Figure
3.10d). In general, they contain about one
rhamnose for each 10 galacturonic acid units.
Galacturonic acid chains may be linked to both
2 and 4 positions of the rhamnose unit and this
results in a zig-zag chain. The pectin in prima-
ry and secondary walls is called protopectin
and has more COOH groups esterified than in
the middle lamella. In the middle lamella the
COO- groups of the polygalacturonan are held
together by Ca?* cross links. The degree of
cross linking and hence the strength of
cell-cell adhesion may be regulated by the

degree of methylation of the COOH groups in
the pectin.

The commercial importance of pectins
results from their ability to form gels. Aqueous
solutions of pectin, heated with sugar under
acidic conditions (pH 2-3.5) solidifies to a clear
gel on cooling and this forms the basis of jam-
making.

3.9.3 OTHER POLYSACCHARIDES AND
RELATED COMPOUNDS

Saponins

Many forage legumes grown in temperate cli-
mates contain saponins. These are glycosides
consisting of a non-polar aglycone and a polar
sugar group. The non-polar group is either a
steroid or a similar polycyclic compound. They
therefore have strong detergent properties.
Saponins in alfalfa (lucerne) have been studied
in detail. They are bitter and reduce intake
when alfalfa is added to diets for non-rumi-
nant animals.

Saponins form complexes with cholesterol
and can reduce serum cholesterol levels
because they prevent readsorption from bile.

Glucosinolates

Oilseed rape (canola) is widely grown as a
source of oil and the residue may be used as a
feed component. However it contains types of
compound which restrict its use: the glucosi-
nolates and erucic acid (see Chapter 4). The
glucosinolates (Figure 3.11a) are glycosides of
B-D-thioglucose with aglycones which yield
toxic isothiocyanate, thiocyanates, nitriles or
oxazolidone derivatives such as goitrin under
the influence of the enzyme glucosinolase
(myrosinase) which is released when the plant
is crushed. Swelling of the thyroid (goitre) is a
common symptom of glucosinolate poisoning.
Modern varieties have much lower levels of
glucosinolates than earlier ones and the meal
obtained from these varieties is therefore of
higher value.
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Figure 3.11 Sugars conjugated with other types of compound are quite commonly found in agricultural
materials. (a) Glucosinolates are found in some brassicas (e.g. rape) and may limit their usefulness as
crops. (b) The cyanogenic glucosides can be hydrolysed to yield toxic quantities of cyanide. (c) Sialic acid

is found in some cell membrane carbohydrates.

Cyanogenic glucosides

These are glycosides of a sugar and a cyanide-
containing aglycone. The most important
cyanogens are amygdalin and prunasin (wild
cherries, almond, apricot, peach, apple ker-
nels), dhurrin (sorghum) and linamarin (white
clover, cassava, linseed and lima beans) which
have the general structure shown in Figure
3.11b.

Cyanogens can be broken down by the
action of glucosidases and hydroxynitrile lyas-
es to release HCN, which is extremely toxic
because it inhibits cytochrome oxidase which
catalyses the final step in the electron trans-
port chain (see Chapter 12).

Normally the glucosides are found in the
vacuoles of plants whilst the enzymes which
degrade them are located in the cytoplasm, so
negligible breakdown occurs. However, wilt-
ing, frost or mechanical treatments bring the
two together and cause degradation. The
enzymes are also produced by rumen bacteria,
so ruminants are particularly sensitive to these
compounds.

Exposure to these compounds affects live-
stock which browse on the leaves of plants
such as chokecherry (Prunus virginiana) and
Saskatoon serviceberry (Amelanchiar alnifolia).
Some varieties of cassava also contain
cyanogens which are poisonous to humans
who eat it. Traditional methods of preparation
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minimize the risk of poisoning and involve
either grating and soaking to remove the
HCN, or cooking to destroy the enzymes and
prevent cyanide production.

Lectins and their action

Lectins are proteins which are able to recog-
nise and bind to specific sugar sequences.
They may therefore agglutinate cells which
bear carbohydrates on the outside of their
walls, or precipitate glycoproteins (proteins
that contain one or more carbohydrate
groups bound to them). Many lectins of
plant origin are known. Thus concanavalin A
from jack bean (Canavalia ensiformis) recog-
nises oligomannosyl N-linked sugars, wheat-
germ agglutinin binds sialic acid (Figure
3.11c) and N-acetylglucosamine, and ricin
from castor bean bind galactose. These com-
pounds are of interest to science as probes of
carbohydrate structure and function, espe-
cially in relation to membrane structure, but
at a more practical level many of them are
toxic constituents of feeds. Within the organ-
ism they have important functions in cellular
recognition. One example of this is in devel-
opment of self-incompatibility in plants: ger-
mination of pollen grains is prevented in
many types of plants if lectins in the pollen
recognise the stigma as being from the same
plant. It is also now recognised that animals

contain similar proteins which may serve
similar functions.

Many mammalian cell membranes have pro-
jecting carbohydrate groups on their surfaces,
and it is through these carbohydrates that
many of the processes of cell recognition take
place. For instance, red cells from individuals
with A-, B- or O-type blood groups differ in the
nature of the carbohydrate groups exposed at
the cell surface. The cells of the intestinal wall
also bear carbohydrate side chains, many of
them mannose polysaccharides (mannans). On
their outer cell membranes, the infecting bacte-
ria carry lectins which are able to recognise and
bind to the specific sequences of carbohydrates
in the tissues that they are about to invade. The
extent of bacterial invasion can be reduced in
animals fed high levels of dietary mannans.
This has the effect of occupying all of the lectin-
binding sites so that they are unable to lock
onto the intestinal polysaccharides.

Promising results have been obtained in
feeding complex polysaccharides of glucose
and mannose (glucomannans) extracted from
the cell walls of cultivated yeasts. Reductions
in the incidence of infectious respiratory and
enteric illness have been demonstrated in
poultry, pigs and pre-ruminant calves. The
advantages for animal health are expected to
be confined to non-ruminant animals which
do not have the capability to break down glu-
comannans in the gut.
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4.1 INTRODUCTION

The term lipids is used to describe a chemical-
ly heterogeneous group of organic com-
pounds which have in common the general
property that they are insoluble in water but
are soluble in organic solvents such as hydro-
carbons (e.g. hexane and toluene), chloroform
and alcohols. In its widest sense the term
encompasses natural products such as the fat-
soluble vitamins, carotenoids, steroids, ter-
penes, bile salts, fatty acids and their ester and
amine derivatives. Commonly it is used more
narrowly to include only fatty acids and their
derivatives, waxes, steroids and steroid esters.

Several other terms in common use need to
be defined more precisely for the purposes of
this book. ‘Fat’ is often used in a very general
sense to mean any substance that is fatty in
texture. Similarly, in common usage ‘oil’ is a
term used to describe liquids as different as
cooking oil and engine oil. In the context of
this chapter, and for most nutritional and bio-
chemical applications, fats and oils refer to tri-
acylglycerols (triglycerides in older texts) in
which a fatty acid is esterified to each of the
hydroxyl groups of the trihydric alcohol glyc-
erol. It is generally accepted that, at room tem-
perature, fats are solids such as lard or drip-
ping whereas oils are liquids such as rapeseed
oil or olive oil. These different physical prop-

erties are determined by the type of fatty acids
incorporated into the triacylglycerols, as
described in more detail later in this chapter.

4.2 STRUCTURE AND OCCURRENCE OF
LIPIDS

4.2.1 FATTY ACIDS

Fatty acids are a group of aliphatic carboxylic
acids which can contain from two to 24 or
more carbon atoms. The most abundant types
of fatty acids are saturated and unsaturated
straight-chain fatty acids. Other types of fatty
acids, such as branched-chain fatty acids,
hydroxyl-substituted fatty acids and cyclic
fatty acids, are usually minor components of
lipids.

Saturated and unsaturated straight-chain
fatty acids

Saturated and unsaturated fatty acids usually
contain an even number of carbon atoms, typ-
ically between 10 and 24 carbon atoms in most
plant and animal tissues. Small amounts of
odd-numbered fatty acids (mainly 15 and 17
carbon atoms) are also found in plant and ani-
mal lipids. Unsaturated fatty acids contain
one or more double bonds. Fatty acids with
one double bond are called monounsaturated
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fatty acids, those with more than one double
bond are referred to as polyunsaturated fatty
acids or PUFAs. The double bonds may have
one of two configurations, cis or trans (Figure
4.1). As a general rule the double bonds in
most naturally occurring unsaturated fatty
acids have the cis configuration, although
fatty acids with trans double bonds are found
in bacterial lipids. PUFAs with a combination
of both cis and trans double bonds are pro-
duced from cis unsaturated fatty acids by
chemical hydrogenation of vegetable oils,
during the manufacture of margarines and
during biohydrogenation of dietary PUFAs in
the rumen of ruminant animals.

Fatty acids are named in a number of dif-
ferent ways. For the most commonly occurring
fatty acids trivial names are often used,
although a systematic naming convention can
be used for all fatty acids indicating the num-
ber of carbon atoms and the number, type and
position of double bonds and substituent
groups. Carbon atoms in a fatty acid are nor-
mally identified with respect to the carboxyl
carbon, which is carbon 1. The position of the
double bonds is identified by one of two nam-
ing conventions. In the first convention, dou-
ble bonds are numbered from the carboxyl car-
bon, and their position indicated by the nota-
tion A* (where x is the number of carbon atoms
between carbon 1 and the double bond). The
second convention uses the number of carbon
atoms between the methyl carbon and the
nearest double bond and uses the n- (n minus)
notation. This convention is particularly useful
for identifying families of fatty acids derived
from a common precursor fatty acid, as

H H H
| | I
—C— C—C—
H
trans cis

Figure 4.1 The configuration of trans and cis dou-
ble bonds.

described in Chapter 19. When using the A
notation it is usual to indicate the configura-
tion of the double bonds in the full systematic
name. Thus palmitic acid, a saturated fatty
acid with 16 carbon atoms, is the trivial name
for hexadecanoic acid which is also referred to
as C16:0 using a shorthand notation. Linoleic
acid is the trivial name for a fatty acid which
contains 18 carbon atoms and two cis double
bonds, one between carbons 9 and 10 and the
other between carbons 12 and 13. Its systemat-
ic name is all-cis A2 octadecadienoic acid
which in this book is represented in the short-
hand notation as A%12 C18:2 or C18:2n-6.

Prior to the introduction of the numbering
system, the Greek alphabet was used to label
fatty acid carbon atoms. The lettering system
did not label the carboxyl carbon, thus, the a-
carbon was equivalent to carbon 2. The methyl
carbon was always referred to as the w-carbon.
Although this lettering system is no longer in
use in modern texts it is closely linked with the
discovery of the pathways for the metabolism
of fatty acids, and it is for this reason that the
three pathways of fatty acid oxidation are still
referred to as a-, B- and w-oxidation (see
Chapter 13).

Table 4.1 contains a list of saturated and
unsaturated fatty acids commonly found in
plant and animal tissues, with their common
name, systematic name, shorthand notation
and chemical structure.

The presence of a cis double bond markedly
reduces the melting point of a fatty acid, as can
be seen from Table 4.2. This depression occurs
because the cis double bond introduces a bend
into the otherwise linear structure of a saturat-
ed fatty acid, preventing the molecules from
stacking closely together into a crystalline
structure as the temperature decreases. The
greater the number of double bonds in a fatty
acid of a given chain length, the lower its melt-
ing point. In contrast, a trans double bond does
not change the linear nature of a fatty acid and
has a much smaller effect on melting point.

Lauric and myristic acids are minor compo-
nents of most animal fats, but occur in signifi-
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Table 4.2 Melting point of commonly occurring fatty acids

Trivial name Shorthand notation ~ Melting point (°C)*
Palmitic acid C16:0 60.7
Palmitoleic acid cis-A°%-C16:1 1.0
Stearic acid C18:0 69.6
Oleic acid cis-A%-C18:1 16.0
Elaidic acid trans-A°-C18:1 44.0
Linoleic acid all cis-A%12-C18:2 -5.0
a-Linolenic acid all cis-A%1215.C18:3 -11.0
Arachidic acid C20:0 75.4
Gondoic acid cis-A1-C20:1 24.0
Erucic acid cis-A13-C20:1 24.0
Arachidonic acid all ¢is-A581114.C20:4 -49.5

*From Gurr, M.I. and Harwood, J.L. (1991) Lipid Biochemistry, An
Introduction, 4th edn, Chapman & Hall, London.

cant quantities in certain vegetable oils such as
coconut and palm-kernel oils. The properties
of these oils make them useful ingredients in
the food industry. Coconut oil is used exten-
sively as an ingredient of calf and lamb milk
replacer due to its high digestibility. When
included in ruminant feeds the lauric acid oils
can adversely affect rumen function. The
shorter-chain fatty acids (C4:0; C6:0; C8:0 and
C10:0) are characteristic of milk fats. Some
species of mammals produce milk which is
particularly rich in these acids. For example, in
fat from rabbit milk, C6:0 and C8:0 constitute
more than 40% of the total fatty acids, where-
as C8:0 and C10:0 make up more than 60% of
the fatty acids of elephant milk.

Palmitic acid is the major saturated fatty
acid found in most vegetable oils and is also
found in significant quantities (15-25%) in ani-
mal fats. Stearic acid is the predominant satu-
rated fatty acid in ruminant fats, accounting
for as much as 40-45% of the total fatty acids.
In pig and poultry fats it occurs in lower pro-
portions and it is often only a minor compo-
nent in fish and vegetable oils. Longer-chain
saturated fatty acids (C20:0, C22:0 and C24:0)
occur as only trace components in both animal
and vegetable lipids

Although many monounsaturated fatty
acids have been identified, by far the most
abundant is oleic acid, which is found in vary-
ing proportions in all animal and plant lipids. It
is the major fatty acid of olive and almond oils.
Other monoenoic fatty acids are gondoic acid
and erucic acid (A C20:1 and A" C22:1) which
are found in oils from seeds of the genus
Cruciferae. In certain varieties of rape and mus-
tard, erucic acid may constitute in excess of 50%
of the fatty acids. Because of the toxic properties
of this fatty acid, varieties of rape grown for
human and animal consumption have been
bred that are low in erucic acid (<5.0%).

PUFAs are found in both plant and animal
lipids. The C18 PUFAs, linoleic and a-linolenic
acids, are found in many vegetable oils. Rich
sources of linoleic acid are soyabean oil, maize
(corn) oil and safflower oil which contain typ-
ically 50-75%. These oils also contain lower
proportions of a-linolenic acid. The best-
known plant source of a-linolenic acid is lin-
seed (flax) oil. y-Linolenic acid is usually a
trace component of plant and animal fatty
acids, but it is found in significant quantities in
the seeds of the evening primrose, borage and
blackcurrant. Although its medicinal proper-
ties are not understood, consumption of oils



rich in this fatty acid appears to have beneficial
effects on sufferers of multiple sclerosis. In
general, plant lipids do not contain significant
amounts of PUFAs with more than 18 carbons.
However, examination of animal tissue lipids
reveals a more complex picture, with a range
of PUFAs with chain lengths from 18 to 22 car-
bon atoms. Fatty acids in fat depots (adipose
tissue) have a relatively simple fatty acid com-
position containing A*!2 C18:2 and some A%121
C18:3 as the main classes of PUFAs, whereas
other tissues such as liver and muscle tissue
contain a wider range including A%? C18:2;
A%1215 C18:3; A>81114 C20:4; A>8111417 C20:5 and
A*710131619 C22:6, plus many other minor com-
ponents. This complexity reflects the higher
proportion of membrane phospholipids found
in these tissues. Most marine oils contain sub-
stantial amounts of the longer-chain C20 and
C22 PUFAs, particularly; A8111417 (C20:5,
A710131619 C22:5 and A*710131619 (C22:6. Typical
fatty acid compositions of vegetable and ani-
mal lipids are given in Table 4.3.

Although saturated and unsaturated
straight-chain fatty acids make up by far the
greatest proportion of those found in plant
and animal tissue lipids, there are a number of
other important, minor types which can have
an impact on the properties of lipids and, in
some cases, their nutritional value.

Branched-chain fatty acids

This term is normally used to describe fatty
acids which contain one or more methyl (and
rarely ethyl) substituents along the carbon
chain. Many microorganisms contain
branched-chain fatty acids which are mainly
of the iso and anteiso type (Figure 4.2).

These fatty acids are typical of most Gram-
positive and some Gram-negative organisms.

CH;—CIJH-(CHz)n-COOH

CH,

Iso-branched fatty acids
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Trace quantities of iso and anteiso fatty acids
(0.1-0.3%) are found in ruminant animal fat
depots. They arise as a result of the digestion
and absorption of the lipids from rumen
microorganisms as they pass through the
small intestine. When certain unusual diets are
provided the proportion of branched-chain
fatty acids in sheep and goat fat can be greatly
increased (see Chapter 19).

Hydroxy and cyclic fatty acids

A number of hydroxy fatty acids are found in
bacterial lipids. These are mainly saturated in
nature, such as 3-hydroxymyristic acid, and are
found predominantly in the lipopolysaccharide
fraction of the cell membrane. The best known
example of a hydroxy fatty acid in plant lipids
is the occurrence of ricinoleic acid (12-hydroxy-
oleic acid) which constitutes between 80 and
95% of the fatty acids in castor oil.
Cyclopropane and cyclopropene fatty acids
are found in a number of plant species, particu-
larly the Malvaceae and Sterculaceae, e.g. mal-
valic acid and sterculic acid which is a minor
component of cottonseed oil (Figure 4.3).

4.2.2 TRIACYLGLYCEROLS AND OTHER
ACYLGLYCEROLS

Most purified fats and oils isolated from plant
and animal sources and used in human and
animal diets are triacylglycerols. The term tria-
cylglycerol encompasses a wide spectrum of
molecular species in which each of the three
hydroxyl groups of glycerol are esterified to a
fatty acid (Figure 4.4).

Because of the wide variety of fatty acids
that occur naturally, many thousands of mole-
cular species of triacylglycerols are possible.
Those which contain three identical fatty acids

CH;~CH;—CH~(CH,)n-COOH

CH,

Anteiso-branched fatty acids

Figure 4.2 The structure of iso=andanteiso=branched chain fatty acids.
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CH,

/ \
CH,~(CH,),~C==C-(CH,),-CODH

Sterculic acid

Figure 4.3 The structure of sterculic acid.

constitute a relatively small proportion of the
naturally occurring triacylglycerols; the vast
majority contain at least two different fatty
acids and are called mixed triacylglycerols.

The great economic importance of triacyl-
glycerols for industrial, pharmaceutical and
food use can be seen in Table 4.4.

The physical properties of triacylglycerols
are determined by the nature of the fatty acids

0
H,C—0-C—R,
0
R,—C—0—CH
B
H,C—0-C—R,

Triacylglycerol
where R,, R, and R; are usually
long chain saturated and unsaturated
fatty acids

Rz———

Rs
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they contain. Fats such as beef and pork tallow
(lard) contain a higher proportion of saturated
fatty acids than plant oils. The degree of unsat-
uration of fats and oils is often measured as the
iodine value (IV), a measure of the reaction of
iodine with the double bonds of unsaturated
fatty acids. High iodine values indicate a high
degree of unsaturation. The saponification
value (SV) of triacylglycerols gives compara-
tive information about the chain length of the
fatty acids they contain. It represents the yield
of fatty acid from one gram of triacylglycerol.
High values indicate the presence of signifi-
cant amounts of short- and medium-chain
length fatty acids (see Table 4.4).
Saponification is the process in which lipids
are hydrolysed by heating in dilute ethanolic
KOH. The fatty acids released form water-sol-

4 N

H2C-—OH
HO—CH
Hzc—-OH
Glycerol
backbone
Shorthand notation

for triacylglycerols

Figure 4.4 The outline structure of triacylglycerols (where R, R, and R, are usually long-chain saturated
and unsaturated fatty acids), showing the glycerol backbone and the shorthand notation used to repre-

sent triacylglycerols.
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Table 4.4 World production and physicochemical properties of fats and oils

Fat/oil Annual Melting s/u Saponification lodine value

production point ratio* value

(tonnes)#
Beef tallow } 40-50 0.85 190-200 32-47
Pig tallow }10.6 x 10° 2848 0.72 193-200 4666
Butter 6.3 x 10° 28-33 1.70 216-235 2645
Cod liver oil } 0.16 182-193 155-170
Menhaden oil } 1.4 x 10 0.41 189-193 160-180
Coconut oil 3.4 x 10° 23-26 13.29 251-264 7-10
Palm kernel oil 1.9 x 10 25-30 8.09 244-254 14-20
Palm oil 11.0 x 10¢ 3845 1.13 196202 48-56
Cottonseed oil 3.3 x 10° 0.46 191-196 100-112
Maize oil 0.4 x 10° 0.17 187-196 84-102
Olive oil 1.9 x 10° 0.19 187-196 117-130
Rapeseed oil? 7.8 X 10° 173-181 105-120
Soyabean oil 16.5 x 108 0.18 189-195 124-133
Sunflower oil 8.0 x 10° 0.09 186-194 127-136
Linseed oil 0.8 x 10¢ 0.11 188-195 180-185

# 1990 figures from Agra Europe (1993) No 1537. Agra Europe (London) Ltd, Tunbridge Wells.

* Ratio of saturated to unsaturated fatty acids.
¥ Low erucic acid rapeseed oil.

uble potassium salts (soaps), hence the term
saponification.

The distribution of fatty acids between the
three hydroxyl groups of glycerol is by no
means random. During the biosynthesis and
later modification of these molecules (dis-
cussed in more detail in Chapter 19), the type
of fatty acid esterified to each position (satu-
rated or unsaturated, long-chain or short-
chain) is determined by the specificity of the
enzymes which catalyse this addition. Thus, in
general, fatty acids found in position 1 are pre-
dominantly saturated and those found in posi-
tion 2 are unsaturated. The fatty acids in posi-
tion 3 appear to have a more variable nature,
although in mammals they tend to be rich in
PUFAs (e.g. AS8111417 C20:5, A4710131619 (C22:6).
In fish oils these fatty acids tend to occupy the
2 position. Milk fats which are synthesized in
the mammary tissue are characterized by the
presence of short- and medium-chain-length
fatty acids. These fatty acids are found mainly
in position 3.

Other acylglycerols, such as diacylglycerols
and monoacylglycerols, usually occur as
minor components of tissue lipids and are
important intermediates in both the synthesis
and breakdown of triacylglycerols.

Diacylglycerols contain only two fatty acids
and can exist in two forms, 1,2-diacylglycerols
and 1,3-diacylglycerols. The first species is the
initial breakdown product of triacylglycerols
during lipid digestion in the monogastric ani-
mal. Monoacylglycerols, which contain only
one fatty acid, can also exist in two forms, 1- or
2-monoacylglycerols. In practice 2-monoacyl-
glycerol occurs most commonly. It is a major
end product of monogastric lipid digestion
and the substrate for triacylglycerol resynthe-
sis in the intestinal mucosa (see Chapter 19).

4.2.3 GLYCEROPHOSPHOLIPIDS

Glycerophospholipids are found in all living
organisms. They are based on the structure of
glycerol and are important components of bio-
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HO—CH,~CH-NH,
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Figure 4.5 The outline structure of glycerophos-
pholipids. R, and R, are usually long-chain saturat-
ed or unsaturated fatty acids. The X group may be
one of a number of compounds, the structure of
some of which is shown: (a) choline —
phosphatidylcholine; (b) ethanolamine —
phosphatidylethanolamine; (c) serine —

phosphatidylserine; (d) inositol — phosphatidyli-
nositol.

logical membranes. Their structures can be
represented as shown in Figure 4.5.

Hydroxyl groups in the 1 and 2 positions of
the glycerol backbone are esterified to fatty
acids, usually long-chain fatty acids. In bacte-
ria and animals the distribution of fatty acids
between the 1 and 2 position is similar to that
of triacylglycerols, i.e. predominantly saturat-
ed fatty acids in position 1 and unsaturated
fatty acids in position 2. Plants, however, do
not show the same consistent pattern of fatty
acid distribution.

The hydroxyl group in the 3 position is
phosphorylated. In the simplest form of glyc-
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erophospholipid, phosphatidic acid, the phos-
phate group is not linked to any other sub-
stituent group. Phosphatidic acid is normally a
minor constituent of tissue phospholipids
although it is an important intermediate in
glycerophospholipid synthesis.

Most phospholipids contain a substituent
group linked to the phosphate in position 3.
These groups, a number of which are basic
compounds, are usually polar in nature, the
most common being choline, ethanolamine,
serine and inositol. The choline-containing
glycerophospholipid has traditionally been
called lecithin, and although this name is still
in use it is now more commonly referred to as
phosphatidylcholine. Similarly those glyc-
erophospholipids containing ethanolamine,
serine and inositol are known as phos-
phatidylethanolamine (old name cephalin),
phosphatidylserine and phosphatidylinositol,
respectively.

Because these molecules contain both
hydrophobic long-chain fatty acids and
hydrophilic phosphate and substituent groups,
they have physicochemical properties which
make them ideal building blocks for mem-
branes. They are often described as amphiphilic
molecules because of their ability to act as an
interface between a polar aqueous environ-
ment and a non-polar lipid environment.

In animals, in addition to fulfilling an impor-
tant structural role, membrane glycerophos-
pholipids have a role in inter- and intracellular
signalling by acting as a reservoir of PUFAs,
which are precursors for the synthesis of a
family of related compounds such as
prostaglandins, leukotrienes and thrombox-
anes. These compounds are powerful local reg-
ulators involved in processes as varied as the
inflammatory response, platelet aggregation,
smooth muscle contraction and ovulation.

4.2.4 GLYCOSYLGLYCERIDES

These glycerol-based lipids are characterized
by the presence of sugar residues. They are
found in small quantities in bacteria and ani-
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mals, but are most characteristic of photosyn-
thetic tissues in plants, algae and cyanobacte-
ria, particularly as components of chloroplast
membranes (Figure 4.6).

In plants the most commonly occurring
species are the mono- and digalactosyl diacyl-
glycerols. These contain either a single galac-
tose residue or two galactose residues (linked
together by an a-1,6 glycosidic bond) esterified
to the 3 position of the glycerol backbone. In
plants galactose is almost exclusively the sugar
found in glycosylglycerides, but in algae and
bacteria diglycosyldiacylglycerols are found
which contain other sugars, mainly two glu-
cose or two mannose residues which may be
linked o-1,2 or B-1,6.

R,
Re H,0H
0 O OH
HO
(a) OH
R,

R H,OH
2 CH;——O (o] OH
HO

OH

(b) OH

R1
R —
2 H,S0;

0o O OH

HO

() OH

Figure 4.6 The outline structure of (a) monogalac-
tosyldiacylglycerol, (b) digalactosyldiacylglycerol
and (c) sulphoquinovosyldiacylglycerol (plant
sulpholipid).

The glycosylglyceride fraction from chloro-
plasts is also characterized by the presence of
sulphoquinovosyldiacylglycerol, so-called
plant sulpholipid, which contains a sulphate
group on the 6 carbon of the sugar residue. A
number of other sulpholipids are found as
minor constituents of algae and bacteria.

Glycosylglycerides have a high content of
polyunsaturated fatty acids, particularly A%
C18:2 and A%1215 C18:3 and in some cases, such
as spinach chloroplast monogalactosyldiacyl-
glycerol, the unusual fatty acid A7013 C16:3.
These lipids form the major source of dietary
fatty acids in grazing animals.

4.2.5 SPHINGOLIPIDS

Sphingolipids are structural lipids found
mainly in membranes. They are based on the
structure of the long-chain amino alcohol

sphingosine (Figure 4.7).
OH
CHy(CHy),;CH=CHCH-CHCH,OH
(@) NH,
OH
CHy(CHy);CH=CHCH.CHCH, OH
NH
¢=o
(b) R
OH
CHy(CH,);,CH=CHCH.CHCH,-0-(Sugann
NH
=0
© R
oH .
CH,(CH;),,CH=CHCHCHCH,0-P-O-CH;CH,NCHy),
NH O
(d) R

Figure 4.7 The outline structure of sphingolipids.
(a) Sphingosine. (b) Ceramide (N-acyl-sphingenin
- R s a long-chain saturated or unsaturated fatty
acid. (c) Cerebrosides and gangliosides — (cerebro-
sides may contain a number of sugar residues,
gangliosides are characterized by the presence on
one or more residues of sialic acid (N-acetylneu-
raminic acid). (d) Sphingomyelin.



The attachment of a fatty acid to the amino
group of sphingosine produces N-acylsphin-
gosine, or ceramide. Various other substituent
groups can be esterified via the primary alco-
hol group. In sphingomyelin the substituent
group is phosphocholine and this lipid may,
therefore, also be classified as a phospholipid.
Most other types of sphingolipids contain one
or more sugar residues linked to N-acylsphin-
gosine. The most commonly occurring sugars
are glucose, galactose and N-acetylglu-
cosamine, usually linked by 8-1,4 or B-1,3 gly-
cosidic bonds to form mono-, di-, tri- and
tetraglycosylceramides. These sphingolipids
are classified under the generic name cerebro-
sides. Gangliosides are a further type of sphin-
golipid similar to cerebrosides but containing
one or more residues of sialic acid (N-acetyl-
neuraminic acid) normally linked B-2,3 to a
galactose residue. The names of sphingolipids
reflect their association with nervous tissue
and particularly brain lipids, however they are
widely distributed in other animal tissues and
are found in small quantities in plants,
although gangliosides appear to be unique to
the animal kingdom.

4.2.6 TERPENES AND STEROIDS

Terpenes and sterols are related compounds
which are constructed from the five-carbon
building block isoprene (Figure 4.8).

Terpenes containing two isoprene units are
called monoterpenes, those containing three
isoprene units are called sesquiterpenes, and
those containing four, six and eight isoprene
units are called diterpenes, triterpenes, and
tetraterpenes, respectively. Terpenes may be
linear or cyclic molecules and some terpenes
contain structures of both types.

A large number of terpenes have been dis-
covered in plants and many of these com-
pounds have characteristic smells or flavours,
and are major components of the essential oils
derived from such plants. The monoterpenes
geraniol, limonene, menthol, pinene, camphor
and carvone are major components of gerani-
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um oil, lemon oil, mint oil, turpentine, cam-
phor oil and caraway oil, respectively.

An example of a sesquiterpene commonly
found in essential oils is farnesol. Perhaps one
of the most commonly occurring diterpenes is
the phytol component of chlorophyll
Squalene is probably the most abundant linear
triterpene (Figure 4.9).

Other higher terpenes in plants include the
carotenoids such as B-carotene (Figure 4.10f),
and the xanthophylls such as lutein. These
compounds are strongly coloured and are
often used as colorants in foods. For example,
the synthetic xanthophyll, carophyll yellow, is
added to poultry diets to intensify the yellow
colour of egg yolk, and astaxanthin is added to
commercial salmon diets to reproduce the
pink flesh found in wild salmon. Flowers are a
rich source of pigments and marigolds are
grown in large quantities for the carotenoids
and xanthophylls they contain.

Among the most important terpenes in the
animal kingdom are three fat-soluble vitamins,
A, E and K (Figure 4.10). In addition, the other
fat-soluble vitamin, vitamin D, is related to the
terpenes as it is synthesized from sterols.

Another important group of terpenoid
compounds function as coenzymes in a num-
ber of oxidation-reduction reactions in nearly
all living organisms. This is the ubiquinone
coenzyme Q (CoQ), family of compounds. In
higher organisms these are located mainly in
the mitochondria and are components of the
electron transport chain (see Chapter 12).
These compounds contain a substituted
quinone ring which can be reduced and reoxi-
dized, and a long isoprenoid side chain. The
length of the side chain differs from organism
to organism. Similar compounds called plasto-
quinones occur in plant chloroplasts and are
involved in photosynthesis (Figure 4.10).

Yet another important class of terpenes is the
polyprenols. These compounds are long-chain
linear polyisoprenes with a terminal alcohol
group. Certain polyprenols have an important
role to play in the synthesis of cell walls in bac-
teria and plants, and in the synthesis of cell-sur-
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Figure 4.8 The structures of (a) isoprene, the basic five-carbon building block of terpenes, and some natu-
rally occurring monoterpenes in plant oils: (b) a-pinene, (c) geraniol, (d) limonene, (€) camphor, (f) men-

thol and (g) carvone.

face lipopolysaccharides, peptidoglycans and
glycopolysaccharides. Compounds such as bac-
toprenol are found mainly in bacteria and plant
tissues. The dolichols, found mainly in animal
plasma membranes, are involved in the trans-
port of glycopeptides across the cell membrane.
They are thought to act as carriers for the gly-
copeptides, transporting them to their site of

incorporation into macromolecules such as gly-
coproteins.

A number of important plant hormones are
also terpenoids, for example abscisic acid and
the gibberellins. These are discussed in more
detail in Chapter 27.

A number of terpenoid compounds occur in
insects. For example, compounds known as
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Figure 4.9 The structures of farnesol, phytol and squalene.

the juvenile hormones control the complicated
post-embryonic development of insects. In
addition, a group of compounds known as the
ecdysones, found in insects and arthropods,
control moulting. It is interesting to note that
ecdysones are also found in plants, and it has
been suggested that production of these com-
pounds by plants is a defence mechanism
which interferes with the development of
insect predators.

A variety of steroids are found in eukary-
otic organisms but few are found in bacteria
and other prokaryotes. The basic building
block of steroids, which are derived from
squalene, is a fused, four-membered ring
structure, sometimes called the steroid nucle-
us. The four most commonly occurring
steroids in plants and animals are shown in
Figure 4.11. These compounds have a
hydroxyl group on carbon number 3 and are
therefore steroid alcohols or sterols.

Steroid esters can be formed by reaction of
a long-chain fatty acid with this hydroxyl
group. Alternatively they can form glycosidic
links with sugars to give steroid glycosides.

In plants the most abundant sterol is sitos-
terol. In addition, there are smaller amounts
of stigmasterol, campesterol and cholesterol,
all of which occur as free sterols, steroid
esters and steroid glycosides in varying pro-

portions, depending on the plant species and
tissue.

In animals the principal sterol is cholesterol.
In its free form and in the ester form it is a
component of membranes and appears to play
an important role in the modulation of mem-
brane fluidity. Cholesterol is the precursor for
the synthesis of a family of steroid hormones
found in animal tissues.

4.2.7 WAXES

The strict chemical definition of a wax is an
ester formed between a long-chain alcohol
and a long-chain fatty acid. However, the term
is used more widely for plants and animals to
describe the surface lipids of stems and leaves
and the sebaceous secretions associated with
skin, hair and feathers. The main components
of waxes are long-chain alkanes, acids, alco-
hols and aldehydes and their esters.

In plants these compounds form complex
polymers and constitute a significant propor-
tion of suberin and cutin, the structural layers
of the cuticle. It has been observed that the
alkane composition of plants can be used as a
‘fingerprint’ to identify plant species. Because
these alkanes are not absorbed in the digestive
tract, analysis of alkanes in faeces can be used
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Figure 4.11 The structures of the most common sterols found in plants and animals: cholesterol; campes-
terol; sitosterol; stigmasterol.

to establish the quantity and types of plants store, for example in some marine animals, in

eaten by grazing animals. zooplankton and in certain oil seeds, jojoba
In certain plant and animal species, waxes being the most often quoted.

may be used as an alternative form of energy
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5.1 INTRODUCTION

Amino acids are small molecules containing
both -NH, (amino) and -COOH (carboxylic
acid) groups. They are found in all types of
cells. Most of the amino acid molecules are
found linked together to form proteins.
Proteins have vital functions including acting
as enzymes, as structural components of the
cell and in molecular recognition. It is through
the production of specific proteins that the

genetic information carried in the DNA is able
to control the activities of the cell. Thus the syn-
thesis of proteins is a vital process in all cells,
and this requires adequate supplies of all of the
amino acids of which they are composed.
Although amino acids occur most common-
ly as components of proteins, some free amino
acids are also found in cells. The concentra-
tions of these are normally relatively low but
when plants are subjected to water or salt
stress, protein synthesis is slowed down and
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some free amino acids, especially proline, may
accumulate and reach quite high concentra-
tions.

5.2 AMINO ACIDS
5.2.1 STRUCTURE OF AMINO ACIDS

There are approximately 20 different amino
acids which occur in proteins. They all have
the basic structure shown in Figure 5.1a.

In all of the amino acids except glycine the
a-carbon atom is an asymmetric centre, so all
amino acids except glycine are optically
active. All amino acids found in proteins are
the L-isomers. Although they are referred to
as amino acids, proline and hydroxyproline
do not contain a true amino group. Instead
the nitrogen atom forms part of a five-mem-
bered ring.

In solution all free amino acids exist in the
form of zwitterions (doubly charged ions) as
shown in Figure 5.1b.

The amino acids can be divided into several
classes. Depending on the nature of the R
group amino acids are classified as aliphatic,
hydroxy, sulphur-containing, aromatic, basic,
acidic and imino acids. The structures of the
amino acids commonly found in proteins are
shown in Figure 5.2. The side chain (R) can
also carry charges and its nature is important
in determining whether the amino acid is
hydrophobic or hydrophilic, as well as deter-
mining the properties of any proteins in which
it is found.

a-carbon
H atom
|
NH,—C-CO,H
|
R

5.3 NON-PROTEIN AMINO ACIDS AND
RELATED COMPOUNDS

In addition to the amino acids which are
found in proteins, there are also a large num-
ber of other, non-protein amino acids which
exist in the free form, especially in plants.
Several hundred non-protein amino acids
have been extracted from plants and they are
particularly widespread in legumes. Some of
them are toxic, or have physiological effects on
animals and may be important components of
animal feeds. Some examples are given in
Figure 5.3.

5.3.1 CANAVANINE

The non-protein amino acid canavanine is pre-
sent in jack bean (Canavalia ensiformis) seeds.
This amino acid resembles arginine in struc-
ture, and interferes with the metabolism of
arginine and its incorporation into proteins in
animals which eat the seeds.

5.3.2 SELENIUM-CONTAINING AMINO ACIDS

Some plants growing on soils which are rich in
the element selenium may accumulate high
levels of selenium-containing amino acids, in
which selenium replaces the sulphur atom
which normally forms part of their structure.
Thus they may contain amino acids such as Se-
methylselenomethionine or Se-methylseleno-
cysteine (Figure 5.3). Such plants are toxic to
livestock eating them and may cause ‘alkali

H a~carbon

| atom
NH;'-C-CO;’

|

R

Figure 5.1 The structure of an amino acid in (a) the un-ionized form and (b) the zwitterion form.
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Figure 5.3 The structures of some non-protein amino acids: canavanine; Se-methylselenocysteine; mimo-
sine; B-aminopropionitrile; S-methyl cysteine sulphoxide (SMCO); 8-cyanoalanine.

disease’ or ‘blind staggers’. These amino acids
are toxic to animals because they are incorpo-
rated into proteins in place of the normal sul-
phur-containing amino acids, but the proteins
which are produced are inactive. The plants
which accumulate the amino acids have
adapted to avoid these effects. Low levels of
selenium-containing amino acids, particularly
seleno-methionine, may be used in animal
feeds as a selenium supplement for livestock.
Sometimes this is achieved by persuading
yeasts to form proteins containing selenium
amino acids and then incorporating the killed
yeasts in commercial feedstuffs.

5.3.3 MIMOSINE

Mimosine is a toxic amino acid present in
leaves and seeds of the tropical legume
Leucaena leucocephala (Figure 5.3). Although the
plant is potentially of high nutritional quality,
its uses are limited by the presence of this
amino acid. Some of the toxic effects may be
due to mimosine, but others are caused by a
product of its breakdown in the rumen, dihy-
roxypyridine (DHP). Leucaena is not toxic to
ruminants from Hawaii because their rumen
microorganisms further degrade DHP to non-
toxic products. Introduction of Hawaiian



rumen bacteria into Australian animals pro-
tects them against mimosine poisoning,.

5.3.4 LATHYROGENS

Lathyrism is a disease which is caused by eat-
ing seeds of the genus Lathyrus, including
Lathyrus sativus, the chickpea and Lathyrus
odoratus, the annual sweet pea. The chickpea is
mainly consumed by humans and causes neu-
rolathyrism, whilst sweet peas cause osteo-
lathyrism in livestock, especially horses.

Symptoms of osteolathyrism are skeletal
deformity and rupture of the aorta. It is caused
mainly by B-aminopropionitrile (Figure 5.3)
which interferes with cross-linking of lysine
residues in collagen.

Neurolathyrism is caused by compounds
such as B-N-oxalyl o,B-diaminopropionic acid
which is found in chickpea, and B-cyanoala-
nine in common vetch (Figure 5.3). These
compounds attack nerve cells and lead to
weakness and eventual paralysis of the legs.
The effects are most common in man and are
rarely seen in animals.

5.3.5 S-METHYL CYSTEINE SULPHOXIDE
(SMCO)

Brassicas contain SMCO (Figure 5.3) as well as
glucosinolates (see Chapter 3). SMCO appears
to be the cause of severe anaemia in ruminants.
In brassicas, garlic and onion this amino acid
makes up 4-6% of dry matter. The most likely
cause of the toxicity is not SMCO itself but
dimethyl disulphide, which is produced from
itin the rumen. This compound may react with
reduced glutathione, preventing it from pro-
tecting haemoglobin against oxidation.

5.3.6 ALKALOIDS

Alkaloids are nitrogen-containing, basic com-
pounds which are found in many plants. The
nitrogen normally forms part of heterocyclic
rings. Several thousand alkaloids have been
identified but their functions in the plants
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which make them are uncertain, although
they may confer some resistance to animal or
insect attack.

Some alkaloids have dramatic physiological
effects on man and animals and many, includ-
ing morphine and nicotine (Figure 5.4), have
pharmaceutical and medicinal uses and may
be of great commercial and sociological impor-
tance. The presence of alkaloids renders some
plants toxic to man and to livestock, as
described below.

The pyrrolizidine alkaloids (Figure 5.4)
occur in Senecio species, and are the cause of
poisoning by S. jacobea (ragwort) and other
species. Although ragwort is not very palat-
able it may be consumed when there is no
other forage or when it has been dried, as in
hay. Pyrrolizidine alkaloids are toxic as a result
of conversion in the liver into toxic metabolites
such as pyrroles. Liver function is seriously
impaired, the liver is reduced in size and other
organs may also be affected. Cattle and horses
are susceptible to this type of poisoning but
sheep are relatively very resistant, possibly
because their liver is less able to convert the
alkaloids to pyrroles. Some pyrrolizidine alka-
loids have also been shown to be carcinogenic
to livestock.

Indole alkaloids include the ergot alka-
loids, produced by fungi, which grow on the
seed of some grasses and cereals. These alka-
loids are based on lysergic acid (Figure 5.4)
and may cause convulsions, numbness, gan-
grene of extremities and reproductive defects
in humans and livestock. Ergot is the name
commonly used for fungi of Claviceps species,
and a condition resulting from consumption
of ergot-infected grain is known as ergotism.
Rye is particularly susceptible to attack by C.
purpurea, and infected rye caused many epi-
demics of ergotism in Europe in the Middle
Ages.

Quinolizidine alkaloids (Figure 5.4) occur in
lupins (Lupinus spp.) and laburnum.
Cultivated lupins have been selected to have
low levels of these compounds, but wild
species have caused great losses of sheep as a
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result of respiratory paralysis, especially in the
USA.

Steroid alkaloids are present in plants of the
genus Solanum such as potatoes, tomatoes and
nightshades, and are therefore known as
solanum alkaloids. The glycoalkaloid solanine
(consisting of the aglycone solanidine and a
side chain of sugars — Figure 5.4) is present in
potatoes and can cause poisoning of both
humans and livestock. Concentrations of alka-
loids are highest in green sprouts and green
tubers. Solanum alkaloids cause irritation of
the gastro-intestinal tract, neurological impair-
ment (they inhibit acetylcholinesterase) and
have been suggested to be teratogenic.

Larkspurs (Delphinium spp.) have probably
been responsible for greater losses of cattle in
the USA than any other plant. Their toxicity is
due to the presence of polycyclic diterpenoid
alkaloids which cause respiratory paralysis.

5.4 PHENOLICS

Phenolics are compounds containing aromatic
rings substituted with -OH groups. They are
not amino acids, but as they contain phenyl
rings which are synthesized in the same way
as the phenyl rings of the aromatic amino
acids, it is convenient to discuss them here.

Animals are unable to synthesize aromatic
compounds but plants can and may contain a
wide range of them. The structure of some
typical phenolic compounds is shown in
Figure 5.5. These are often found as compo-
nents of more complex molecules such as
phytoalexins, coumarins, anthocycanins, tan-
nins or lignins.

The production of a number of phenolic
compounds appears to be related to disease
resistance in plants. Thus protocatechuic acid
is present in onions which are resistant to the
smudge fungus Colletotrichum circinans but
absent from those which are susceptible, and
chlorogenic acid may be oxidized to fungistat-
ic quinones in resistant plants. Ferulic acid is
found in suberin which protects the under-
ground parts of plants and which is formed in
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scar tissue after wounding or abscission of
leaves.

5.4.1 LIGNIN

Lignin is a component of the plant cell wall
but is found in only small quantities in prima-
ry cell walls. Extensive lignification is restrict-
ed to tissues such as xylem and phloem and
takes place only after growth has stopped.

Lignins are formed by polymerization of
coniferyl alcohol, sinapyl alcohol and p-
hydroxycinnamyl alcohol through a free radi-
cal mechanism which results in random for-
mation of bonds and forms a very complex
structure (Figure 5.6).

Whilst the gymnosperms (and pterido-
phytes) have lignin which contains almost
exclusively coniferyl alcohol, hardwood trees
and dicotyledonous and monocotyledonous
crops contain comparable quantities of
coniferyl and sinapyl alcohols (Table 5.1). In
addition, monocots contain appreciable quan-
tities of p-hydroxyphenyl residues.

Lignin is extremely resistant to either chem-
ical or enzymatic attack. Materials with a high
lignin content are therefore durable structural
materials and have low digestibility when
they are part of the diet.

5.4.2 TANNINS

Tannins are polyphenolic materials which are
able to precipitate proteins from solution. The
name is derived from the use of extracts con-
taining such compounds to tan leather, mak-
ing it more resistant to microbial attack, heat
and abrasion. Tannins contain o-dihydroxy-
phenol groups which allow them to form
hydrogen bonds and hydrophobic bonds with
proteins such as collagen in animal skins.
Precipitation of proteins by plant extracts is
significant to animals. It reduces the digestion
of proteins in feeds, both by inhibiting diges-
tive enzymes and by precipitating (and there-
fore making unavailable) protein in the feed.
Precipitation of proteins in the mouth is
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Figure 5.5 The structures of some phenolic compounds commonly found in plants: cinnamic acid; p-

coumaric acid; ferulic acid.

responsible for the astringent (bitter) taste of
fruits such as persimmon in their unripe state.
This has a major effect on palatability of feeds
and provides protection against herbivores.
Inhibition of enzymes also confers resistance
to attack by insects, bacteria etc., rendering
wood more durable. Tannins in forage
legumes reduce the incidence of bloat by pre-
cipitating bloat-inducing proteins.

The presence of tannins in crops such as
sorghum reduces the palatability and
digestibility of the protein and reduces value,
especially for feeding of non-ruminants.
Sorghum tannins inhibit amylase and trypsin
in the digestive tract. High-tannin lines are
generally more resistant to birds and normally
have pigmented seed coats.

Tannins may be divided into the condensed
tannins (proanthocyanidins), which are com-
plex and not readily hydrolysed, and the
hydrolysable tannins which consist of simple

phenolics, such as gallic acid, condensed with
glucose (Figure 5.7).

5.4.3 FLAVONOIDS

Flavonoids are 15-carbon compounds which
are widely distributed in plants. Their struc-
ture is based on the flavonoid ring system
(Figure 5.8).

The most important groups of flavonoids
are the anthocyanins and the flavones.

Anthocyanins

These are coloured compounds that commonly
occur in flowers and in certain types of fruits,
stems, leaves and even roots. In flowers, they
facilitate pollination and aid dispersal of seeds
in coloured fruits. The red, purple and blue
colours of most flowers, and red colours of most
fruits and autumn leaves, are due to antho-

Table 5.1 Percentage composition of lignin from different sources

Source Coniferyl alcohol Sinapyl alcohol p-Hydroxycinnamyl
(quaiacyl group)  (syringyl group) alcohol

Softwoods 80 6 14

Hardwoods 56 40 4

Grasses 44 34 22
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Figure 5.6 The structure of lignin precursors and typical components of lignin: coniferyl alcohol; sinapyl
alcohol; p-hydroxycinnamyl alcohol.

59



60 Amino acids and proteins

COOH

HO~ OH

OH

gallic acid

OH

OH

OH

OH

example of condensed tannin from
sorghum

Figure 5.7 The structure of gallic acid and a con-
densed tannin from sorghum.

cyanins. (Yellow and orange colours as in toma-
toes and some yellow flowers tend to be due to
carotenoids.) In the cell anthocyanins are con-
centrated in the vacuoles (not in the plastids as
carotenoids are). Chemically the anthocyanins

are B-glucosides of anthocyanidins. The com-
monest are indicated in Table 5.2.

A sugar is normally present at the 3 and
sometimes the 5 position, and some of these
may be di- or trisaccharides. The colour is
influenced by the chemical structure — gener-
ally methylating OH groups and glycosylation
have a reddening effect. pH also has a strong
effect on colour: pelargonidin is red in acid
solution but blue in alkaline. The colour is also
altered by the presence of co-pigments such as
flavone-glucosides and hydrolysable tannins,
which intensify the colour and shift it towards
the blue. The presence of metal ions such as
Fe?* or AP* also influence colour. Thus the
colour of both blue cornflowers and red roses
is due to cyanidin derivatives, but in corn-
flower these are complexed with iron and
flavones.

Flavones

These exist as glycosides of flavones and
flavonols which are mostly yellow and cream.
The basic structure of flavones and flavonols is
shown in Figure 5.8. They may contribute
body to white or cream flower colours and act
as co-pigments. They absorb light strongly in
the UV which may help them attract insects
and prevents damage to the photosynthetic
apparatus from excess light.

5.5 PEPTIDE BONDS

During the formation of proteins, amino
acids are joined together by condensation
reactions to form long chains (polymers).

Table 5.2 Properties of some anthocyanins

Anthocyanin Colour Typical source R, R,
Pelargonidin Red Geranium H H
Delphinidin Blue Delphinium OH OH
Cyanidin Red or blue Ripe apples, cornflower OH H
Petunidin Purple Petunia OCH, OH
Peonidin Reddish Peony OCH, H
Malvidin Mauve Mallows OCH, OCH,
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Anthocyanin ring structure

OH
o

a flavonol

a flavone

Figure 5.8 The structure of some flavonoids: anthocyanin ring structure; a flavonol; a flavone.
Substitution of various groups at R, and R, in the anthocyanin ring gives rise to pigments with a wide

range of colours (see Table 5.2).

These chains of amino acids are known as
peptides and the bonds that join them are
peptide bonds. The structure of a peptide
bond is shown in Figure 5.9.

The groups marked R, and R, are the side
chains of the amino acids. This compound is
an example of a dipeptide: it consists of two
amino acids, but other amino acids can be
added to extend the chain. Some small pep-
tides are very important compounds in their
own right and have strong biological activity.

H i H H
BN
NH, —C + C =N+ C-CO,H
| |
R\ O

peptide
bond

Figure 5.9 The structure of a peptide bond
between two amino acids.

An example is the pentapeptide enkephalin
which is produced and used in the brain as a
natural pain-killer.

5.6 PROTEIN FUNCTION AND STRUCTURE

Proteins are polymers of amino acids linked
together in straight chains to form polypep-
tides. They consist of between approximately
100 and 3000 amino acid residues. As the aver-
age molecular weight of an amino acid is
about 110, protein molecular weights vary
between about 10 000 and 300 000.

The functions of proteins are very varied.
They may act as enzymes, as means of storing
nitrogen in a biologically accessible form, as
structural components of cells, etc. The unique
property that makes them particularly impor-
tant is their ability to fold into well-defined
three-dimensional shapes or conformations so
that they can bind very strongly to other mol-
ecules. This gives them the ability to ‘recog-
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nise’ other molecules in an extremely specific
way. Thus enzymes can recognise their sub-
strates, antibodies can recognise the corre-
sponding antigen, etc. Even very small
changes in the shape of proteins usually pre-
vent them from carrying out their normal
functions correctly.

The structure of proteins can be described
at several levels, as summarized in Table 5.3.

5.6.1 PRIMARY PROTEIN STRUCTURE

This is the sequence in which amino acids are
linked to one another by peptide bonds. As we
shall see when we come to look at the way in
which a protein is synthesized, the order of
the amino acids is ‘written down’ in the genet-
ic material of the cell.

At one end of the chain there is a free amino
group (N-terminal) and at the other a carboxyl
group (C-terminal). These groups normally
carry a positive and negative charge, respec-
tively. Some of the side chains (or R groups)
also carry positive or negative charges. These
features of the primary structure of a typical
protein are shown in Figure 5.10.

There is a further type of covalent bond that
occurs in proteins. This is the disulphide
bridge formed between cysteine side chains
on the same or neighbouring chains. The
cross-linked, double amino acid formed in this
way is called cystine. Figure 5.11 shows the

structure of a very simple protein, bovine
insulin. This has two polypeptide chains
which are linked together by three disulphide
bridges. Of these bridges one (A) is within a
single chain whereas the others, (B) and (C),
link the two chains.

5.6.2 SECONDARY PROTEIN STRUCTURE

Each of the peptide bonds in a peptide chain
can rotate so that a long chain would have a
very flexible and bendable structure. It
achieves a fairly rigid structure because of the
formation of hydrogen bonds between atoms
within the chains. In a hydrogen bond, a
hydrogen atom essentially becomes shared
between two other atoms, e.g. the H of an NH,
can be shared between its own N atom and the
O atom of a C=0 group. Although individual
hydrogen bonds are really quite weak, there
are so many of them that they hold the
polypeptide chain very firmly in shape.
Examples of the formation of such hydrogen
bonds are shown in Figure 5.12.

A number of distinct arrangements of the
polypeptide chain occur commonly in pro-
teins. In some cases hydrogen bonding takes
place between groups which are close togeth-
er in the same polypeptide chain, resulting in
the chain being twisted into a helix, which is
usually called the o-helix. In this structure
there are 3.6 amino acids for each turn of the

Table 5.3 Levels of organization in the structure of a protein

Protein structure

Organization

The sequence of amino acids in the polypeptide chain or chains. The chemical bonds

which maintain the primary structure are covalent ones (peptide bonds).

Repeating structures recognizable within the 3-D structure of the polypeptide chains.

There are several types of secondary structure: a-helix; 8-pleated sheet; triple helix, etc.
Secondary structure is maintained largely by hydrogen bonds formed between the

The overall 3-D shape of the polypeptide chain describing its bending, twisting and

meandering in space. This is maintained by large numbers of weak bonds, e.g. hydro-
gen bonds, hydrophobic bonds, ionic bonds, together with covalent disulphide

Primary
Secondary
atoms of different peptide bonds.
Tertiary
bridges.
Quaternary

The way in which a number of polypeptide chains, each with its own tertiary struc-

ture, come together, perhaps with other molecules, to form the final, active protein.
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Figure 5.10 The primary structure of a protein. The chain has an amino (N-terminal) end and a carboxyl
(C-terminal) end, and normally contains 100 or more amino acids.

helix and each turn occupies about 0.54 nm
along the length of the chain. The hydrogen
bonds between peptide groups lie parallel to
the peptide chain (Figure 5.13).

Some proteins such as a-keratin, found in
hair, wool and hooves, consist almost entirely
of amino acids arranged in the form of an a-
helix. Helical chains may aggregate to form
long, twisted fibres which give the structures
their great strength. In most globular proteins,
however, only parts of the peptide chain exist
as a-helix whilst others have different confor-
mations.

Another type of secondary protein struc-
ture is called the B-pleated sheet. In this struc-
ture several individual peptide chains, laid
side-by-side, are held together by hydrogen
bonds between the peptide groups. This
results in a very strong structure, rather like
corrugated cardboard. The peptide chains
involved may run in the same direction (paral-
lel pleated sheet) or in opposite directions
(anti-parallel pleated sheet) and they may be
part of the same, or different, polypeptides
(Figure 5.13). Silk is an example of a material
consisting of proteins composed mainly of
antiparallel B-pleated sheets. Most globular
proteins contain some regions where the pep-
tide chains form a B-pleated sheet as well as
some which form an a-helix. The difference
between a-helix and B-pleated sheet may be of
great biological significance in prions, which
are described in section 5.8.

5.6.3 TERTIARY STRUCTURE

The tertiary structure describes how the
polypeptide backbone of the protein is bent
and twisted. Much of this is determined by the
nature of the amino-acid side chains and
whether they are hydrophilic or hydrophobic.
In biological systems most proteins exist in
solution or suspension in water, and the pres-
ence of this water has a great influence on the
shape of the protein. The protein chain will
arrange itself so that as many hydrophobic
groups as possible point towards the middie of
the protein structure, whilst the hydrophilic
ones point towards the surrounding water.
This is a stable structure as in the middle of the
molecules the non-polar groups can interact
with one another and are kept away from the
water, whilst the polar groups on the outside of
the molecule are stabilized by interaction with
water molecules. Any change in the nature of
the charges on the side chains (for instance by
changing the pH of the solution) will alter the
relationship between the water and the protein.
As its environment changes the protein will
change its shape to restore the most favourable
interactions between the water and the
hydrophilic and hydrophobic groups.
The tertiary structure is maintained by:

® hydrogen bonds formed between amino
acid side chains;

® jonic bonds formed between groups with
opposite charges;



64 Amino acids and proteins

A chain B chain
NH, ’i‘Hz
Gly PII1e
lle Val
Vlal Alsn
G:Iu G:ln
Gin His

l 1
C
l_ Ys B Ltleu

S CYs —S-—-S—Crs

A Alla Gly
Sler S?r

S Vlal Hlis
L— CYS L?u
Sfr Vlal

L?U Giu

Trr A:Ia

Gin Lclau

Leu Trr

Gllu L(Ieu

Asn Val

TI r c CI S

I _s—s—1

CYS Glly

Asn Glu

Alrg

Glly

Ptlie

PI:'Ie

Tyr

Tr\r

Lys

Ara

Figure 5.11 The primary structure of bovine
insulin. The protein consists of the A chain (21
amino acids) and the B chain (30 amino acids).
The chains are linked by two disulphide bridges,
and two cysteine residues in the A chain are
joined by a further disulphide bond.
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o e
e .
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Figure 5.12 Hydrogen bonds formed between
components of peptide bonds. Such bonds help to
stabilize the secondary structure of the protein.

® hydrophobic interactions between hydro-
phobic amino-acid side chains;

® covalent disulphide (-S-S-) bridges between
cysteine residues.

Although many of these bonds are individ-
ually quite weak, their large number stabilizes
the structure of the protein.

5.6.4 QUATERNARY STRUCTURE

Many proteins do not consist of a single
polypeptide chain; instead they may have sev-
eral chains or subunits, which may be identical
to or different from one another. In addition,
many proteins have prosthetic groups which
are not made of amino acids but are essential
for the activity of the protein. Prosthetic
groups may be complex carbohydrates, metal
ions or complex polycyclic compounds such as
haem in haemoglobin, myoglobin or
cytochromes. In the molecule of haemoglobin
(Figure 5.14) one haem group is associated
with each of the four subunits and can be
identified from its flat ring structure.

Also regions of the polypeptide where the
chain has taken up a-helix or B-pleated sheet
structures can be seen. These regions are inter-
spersed with other regions where no regular
structures can be seen.

Interactions between subunits are important
in maintaining protein structure. If the rela-
tionship between the subunits is changed then
the protein may alter its biological activity.
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Figure 5.14 The structure of haemoglobin. The four haem groups, each associated with one of the sub-
units, can be seen. (Reproduced with permission from Smith, C.A. and Wood, E.J. (1991) Biological

Molecules, 1st edn, Chapman & Hall, London, p. 54.)

Most commonly, biological activity is lost when
the subunits dissociate. Some enzymes consist
of several subunits, and changes in the interac-
tions between them are of great importance in
controlling the activity of the enzyme accord-
ing to the needs of the cell (see Chapter 6).

After their synthesis, many proteins are fur-
ther modified by the action of enzymes. The
amino acid hydroxyproline, for example, is
found in collagen and is involved in formation
of cross-links between adjacent molecules. The
amino acid is not incorporated into the protein
in this form. Instead proline is inserted and is
subsequently hydroxylated by the action of
the enzyme proline hydroxylase which
requires the presence of ascorbic acid (vitamin
C) for activity.

Carbohydrates are also added to many pro-
teins by covalent attachment, normally to the
O atom of serine or threonine residues or to

the N atom of asparagine side chains, and
these may play an important part in determin-
ing the protein’s functions.

5.7 PROPERTIES OF PROTEINS

Most proteins are soluble in water or in dilute
salt solutions but are denatured by organic sol-
vents. However, some proteins do dissolve in
organic solvents, and such differences in solu-
bility can be used to divide proteins into classes
which show broadly similar behaviour. A sys-
tem of classification of plant proteins based on
their solubility in different solvents has been
used for almost 100 years. In spite of its age this
system is still often used for the classification of
seed proteins and represents a useful way of
grouping other proteins as well (Table 5.4).
This classification is useful because the
glutelins and prolamins are deficient in some
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Table 5.4 Classification of proteins on the basis of their solubility

Type of protein Properties Functions
Albumins Soluble in water and in Mainly globular, metabolic
dilute salt solutions proteins; includes most of
the enzymes, etc.
Globulins Insoluble in water but Similar functions to the
soluble in dilute salt albumins, also main type of
solutions storage protein in legumes
and oats
Glutelins Insoluble in water or dilute salt ~ Insoluble enzymes,
but soluble in dilute ribosomal and membrane
acids and bases proteins etc., main storage
protein in rice seeds
Prolamins Insoluble in water, dilute salt Storage proteins in most

or dilute acids but soluble in

70-90% ethanol

cereal seeds except for rice
and oats

of the essential amino acids, which limits their
usefulness for feeding non-ruminant animals.
This point will be discussed in more detail in
Chapter 23.

The properties of albumins and globulins
are rather similar and the distinction between
them is often not very clear-cut. These types of
proteins have the widest distribution and they
have the properties which are normally
thought of as being typical. The remaining
parts of this section discuss the properties of
these groups. The solubility of most proteins is
influenced by a number of factors which are
discussed below.

5.7.1 IONIC STRENGTH AND PRESENCE OF
SPECIFIC IONS

Most proteins are not very soluble in pure
water but their solubility is usually increased
by the addition of small amounts of some inor-
ganic salts. However if larger amounts of these
salts are added then the solubility of the pro-
teins may be decreased again. These processes
are known respectively as ‘salting in” and ‘salt-
ing out’ (Figure 5.15a). The important factor
which determines the solubility of the protein
is the ionic strength of the solution rather than
the concentration of the salt.

Ionic strength is defined as:

K= ZCiZi

where ¢, = the concentration of the ith ion
and z; = the charge of the ith ion.

Thus salts containing multivalent ions have
a greater influence on the solubility of proteins
than those containing only monovalent ones.

Because of the effect of ionic strength on pro-
teins, they are usually studied when dissolved
in dilute salt solutions under conditions similar
to those which exist in the cell. Most enzymes
usually work best under these conditions.

Salting out is a very mild process and is
often employed to precipitate proteins from
solution without damaging them. This may be
used as a means of concentrating the protein
or when separating one protein from another.
Ammonium sulphate is often used as the salt
in these processes because of its high solubili-
ty in water and its ability to dissociate into
highly charged ions.

Proteins carry charges in solution and, at
alkaline pHs, they have a net negative charge
and therefore behave as anions. In the pres-
ence of many metal ions, particularly those
with valencies greater than one, proteins will
coagulate. Heavy metal ions such as Cd*, Cu?*,
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Figure 5.15 (a) The effect of ionic strength on solubility of a typical protein. At low concentrations salts
normally increase the solubility (salting-in) but at higher concentrations they cause precipitation (salting-
out). (b) The effect of pH on the solubility of typical proteins. Minimum solubility occurs at the isoelectric

point.

Fe’t, Hg?*, Pb?* and Zn?* all cause proteins to
precipitate. This accounts for the toxic nature
of most of these metals if they enter the food
chain or are accidentally included in the diets
for animals. Some (e.g. Hg?* and Pb**) combine
specifically with -SH groups in the proteins,
which may be essential for enzyme activity.

At acidic pH levels, protein molecules carry
a net positive charge. Under these conditions
many anions will cause proteins to precipitate.
The anions from some acids are very effective
at this, for example trichloroacetic acid (TCA)
is frequently used in analysis to precipitate all
proteins before determination of some other
analyte. Under natural conditions tannins,
found in many plant materials, will precipitate
proteins. This phenomenon occurs naturally
in animal feeds which contain high levels of
tannins and it may reduce the availability of
proteins in the diet.

5.7.2 EFFECT OF pH

As the pH is altered the number of charges on
a protein molecule in solution changes. This
results from changes in the extent of ioniza-
tion of the N- and C-terminal groups at the
ends of the polypeptide and of groups in the

side chains. As the solution is made more
acidic the net charge becomes positive, and as
it is made more alkaline the net charge
becomes more negative. At some point the
number of negative charges on the protein
due to ionized acid groups (-COO") and the
number of positive charges on the basic amino
acid groups (-NH,* or =NH,*) are equal.
When this point, called the isoelectric point
(pl), is reached, the solubility of the protein is
at its lowest and many proteins precipitate
from solution under these conditions (Figure
5.15b). This is because repulsion between indi-
vidual protein molecules is minimized at this
pH so that they can aggregate and precipitate.
The effect is demonstrated very easily by
adding lemon juice to milk. The proteins will
precipitate as the pH falls to about 4 which is
the isoelectric point of casein, the most abun-
dant protein in milk. This process can be used
for the commercial preparation of casein and
occurs during the preparation of some milk
products such as cottage cheese.

5.7.3 DENATURATION

The addition of ammonium sulphate, or
adjusting the pH to the isoelectric point, usu-



ally results in precipitation of proteins.
However, removing the salt or adjusting the
pH again often allows the proteins to redis-
solve. Under some circumstances precipitation
is irreversible and the proteins become dena-
tured. Denaturation occurs when a protein
uncoils and loses its three-dimensional shape.
When this happens, the non-polar groups,
which are usually folded into the centre of the
protein molecule, are exposed to the water
surrounding it. This is an unstable arrange-
ment and it is usual for protein molecules to
coalesce so that the non-polar groups of one
can interact with those of another. Heating,
extremes of pH, addition of organic solvents or
addition of detergents may cause denatura-
tion.

5.7.4 EFFECT OF HEAT

Heating proteins usually has drastic effects on
their biological activity. As they are heated the
atoms vibrate more rapidly and the carefully
arranged secondary, tertiary and quaternary
structures are lost. The chains usually assume
more randomly arranged structures with
fewer charged groups to the outside of the
molecules, which greatly reduces their solubil-
ity. The effects of such denaturation can read-
ily be seen during cooking of protein-rich
foods such as eggs.

Denaturation is not always undesirable.
Cooking proteins may make them more sus-
ceptible to attack by enzymes and thus hasten
their digestion in animals. It can also be useful
to denature proteins which are potentially
harmful such as some enzyme inhibitors dis-
cussed in Chapter 28.

5.8 PRIONS

Evidence is accumulating for an important role
of some proteins in the determination of their
own three-dimensional structure. The disease
scrapie has been known for many years to
cause severe nervous disorders in sheep and,
more rarely, goats. It is a progressive disease
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marked in the early stages by intense itching
and trembling. As it develops over a period of
1.5-6 months, walking is impaired and in the
final stages the animal is unable to rise.
Microscopic examination of the brain tissue
showed a sponge-like structure with large
plaques of protein. Related conditions were
described in humans (Creutzfeld-Jacob
Syndrome and Gerstmann-Strussler
Syndrome) and in mink, deer and cats. The
conditions were however quite rare. The dis-
eases are known in general as transmissible
spongiform encephalopathies (TSEs).

In the 1980s, particularly in Britain, there
appeared a bovine version of the disease
(bovine spongiform encephalopathy - BSE,
sometimes called mad cow disease). From a
few sporadic cases in the earlier part of the
1980s, the incidence had risen to hundreds of
thousands of cases by the early 1990s. The
blame was laid on the practice of feeding meat
and bone meal to cattle and to a change in the
conditions used for its manufacture. Until the
early 1980s solvents were used to extract as
much fat as possible from the meal because
this was a high-value product. The last traces
of organic solvent were removed by using
superheated steam. With a drop in the world
price of oils and fats there was no longer any
incentive to remove it all from the meat and
bone meal, and this step was dropped from
the processing.

It has been known for many years that the
causative agent of scrapie was neither a bacteri-
um nor a virus, and a suggestion was made in
the 1960s that it was caused by a protein free of
nucleic acids. The protein was extremely resis-
tant to denaturation, surviving all but the most
extreme physical conditions. Similar proteins
were then shown to be associated with the
related degenerative conditions in man, mink
and deer. The name prions has been given to
these proteins. Further research has shown
them to be a modified form of a glycoprotein
that occurs as a normal component of nerve
membranes. It is rooted in the membrane
through a phosphoinositol group. These pro-
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teins are known as prion proteins (PrP), the one
which causes scrapie is known as PrP> where-
as the normal cellular one is PrP<. The two pro-
teins have the same polypeptide sequence
coded by the same DNA sequence of the gene.
In sheep the immune system fails to give any
protection against scrapie. This is explained by
the fact that the causative agent is actually a
variant of a quite normal protein that is not in
any way foreign to the animal. Their molecular
weights are identical at around 34 kDa. In both
cases there is a considerable degree of post-
translational modification of the polypeptide
by the addition of seemingly identical carbohy-
drate side chains fixed to an asparagine group
and a glycolipid which contains phosphoinosi-
tol near the C-terminal end of the chain.

Dimeric form

However, the two proteins differ from one
another in their sensitivity to proteolytic
enzymes, in the conformation of their
polypeptide chains (PrP¢ has 42% o-helix and
3% PB-pleated sheet, but PrP5 has 30% helix
and 43% pleated sheet) and in their stability in
the cell as well as in their capacity to transmit
spongiform encephalopathy.

The exact way in which the disease is
spread is not clear, however a suggested way
is shown in Figure 5.16. In this theory the
infective PrPS¢ protein reacts with a normal
molecule of PrP¢ to form a dimer. This induces
the PrP¢ to change shape so it is in the same
conformation as PrP%. The dimer now sepa-
rates to release two molecules of PrP> which
are free to transform more PrPC.

g

@ Prpscmseed
1
3 : -
&
PrpSe

Figure 5.16 Proposed means of multiplication of prion proteins. Interaction of infective PrP5 (mainly p-
pleated sheet) causes normal PrP< (mainly a-helix) to change its conformation to that of the infective form.
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6.1 INTRODUCTION

Enzymes are molecules which catalyse bio-
chemical reactions. They act on their sub-
strates and convert them into products.
Although a few examples of catalytic RNA
molecules are known these are quite unusual,
and the vast majority of biological catalysts are
proteins.

Enzymes have a number of particularly
interesting and important properties.

® They bring about changes in their sub-
strates without being changed themselves,
i.e. they are true catalysts.

® They increase the rates of reactions many
thousands or even millions of times.

® They change the speed of reactions, but
cannot make reactions occur which would
not otherwise take place. Thus they change
the rates but not the equilibrium constants
of reactions.

® They are highly specific. This means that
they will act only on substrates which have a
particular structure. They convert substrates
into products with almost 100% efficiency.

6.2 TYPES OF REACTIONS CATALYSED BY
ENZYMES

Although thousands of different reactions are
catalysed by enzymes they can be classified
into six basic types (Table 6.1). As we study
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metabolism we shall see examples of all of
these.

6.3 MODE OF ACTION OF ENZYMES

Enzymes function by lowering the activation
energy of reactions. They do this by providing
an easy route for the reaction. This usually
occurs because they allow a reaction to pro-
ceed via several small steps instead of one
large one.

When molecules react together they do so
by forming an unstable intermediate called a
transition state, which has a higher energy
content than the original reactants. The forma-
tion of this intermediate therefore represents
an energy barrier through which the mole-
cules must pass, and the rate of the reaction is
determined by the number of molecules with
sufficient energy to pass over the barrier. An
enzyme may function by lowering this activa-
tion energy barrier, as shown in Figure 6.1.
Notice that the overall free energy change for
the reaction (difference between the energy of
the reactants and products) is unaltered by the
presence of the enzyme.

The first step in any enzyme-catalysed reac-
tion is for the enzyme to bind its substrate or
substrates to form an enzyme-substrate com-
plex (ES). Groups of atoms on the surface of
the enzyme molecule interact with specific
parts of the substrate molecule. The part of the
enzyme at which the substrates are bound is
called the active site (Figure 6.2). Binding of
the substrate to the enzyme is accomplished
through a combination of many of the same
forces which are used to maintain the struc-

Table 6.1 Types of enzyme-catalysed reactions

ture of the proteins themselves — ionic bond-
ing, hydrophobic bonding, hydrogen bond-
ing, etc. (see Chapter 5). The binding of sub-
strate to the enzyme is a reversible process and
the substrate is free to dissociate from the
enzyme-substrate complex again.

Many enzymes do not use a single sub-
strate, but instead bring about a reaction
between two or more substrates, all of which
have, at some time, to bind to the enzyme. At
the active site reactions take place between the
substrates and they are converted into prod-
ucts which then dissociate from the enzyme,
freeing the enzyme to bind more substrate.

This may be represented in the following
way:

k3
ES - E+P

kl
E+S = Equation 6.1

k

2

The active site usually takes the form of a
cleft in the surface of the enzyme. This cleft is
lined by amino acids from different parts of
the polypeptide chain which has been folded
to form the site. It thus involves amino acids
which are distant from one another in the pri-
mary amino-acid sequence but which come
close together in space. For this reason
enzymes are very susceptible to conditions
which cause even small changes in their three-
dimensional structure, as this distorts the criti-
cal structure of the active site.

There are usually many points of attach-
ment between the substrate and the surface of
the enzyme protein. The substrate must fit the
active site very precisely if it is to interact with
all of these attachment sites. This is one of the

Enzyme Type of reaction

Oxidoreductases Catalyse oxidation and reduction reactions

Transferases Transfer groups from one molecule to another

Hydrolases Hydrolyse bonds by the ‘addition” of water

Lyases Catalyse the removal of groups from substrate molecules without hydrolysis
Isomerases Catalyse the interchange of optical or structural isomers

Ligases Catalyse the linking together of two or more molecules
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Energy

Reaction co-ordinate

Figure 6.1 Reaction profile for (a) uncatalysed and (b) catalysed reactions. The activation energy for the
catalysed reaction (AG")) is less that that for the uncatalysed reaction(AG”,). Hence more molecules can
cross the energy barrier and the reaction is accelerated. Note that the overall free energy change for the

reaction (AGY) is unchanged.

factors which allows enzymes to be so specific
in binding their substrates and even to distin-
guish between optical isomers of the same
compound.

Figure 6.2 The enzyme hexokinase and its sub-
strate glucose. The substrate is small in compari-
son with the enzyme, and binds to the enzyme at
the active site which lies in a cleft in the enzyme
surface. (Reproduced with permission from Smith,
C.A. and Wood, E.J. (1991) Biological Molecules, 1st
edn, Chapman & Hall, London, p. 109.)

The idea that the shape of an enzyme’s
active site is complementary to that of the sub-
strate is called the lock and key model and it is
a useful way of looking at the relationship
between enzymes and substrates. However in
many cases it seems that enzymes may actual-
ly fold themselves around their substrates
making an even better fit - this is called the
induced fit model.

6.4 FACTORS CONTRIBUTING TO ENZYME
ACTIVITY

Although each individual enzyme has its own
particular mechanism, the catalytic efficiency
of most enzymes is influenced by a number of
common factors.

6.4.1 PROXIMITY OF SUBSTRATES AT THE
ACTIVE SITE

Although it is common to talk about an
enzyme and its substrate, most enzymes actu-
ally catalyse the reaction between two or more
substrates. One of the functions of an enzyme



74 Enzymes

is to bind the substrates in such a way that the
groups which will react are close together and
have the correct orientation. This greatly
increases the rates at which they react and is
called the proximity effect.

6.4.2 ENVIRONMENT

The environment in the immediate vicinity of
the active site of many enzymes is very differ-
ent from that found in the aqueous solutions
surrounding the enzyme. For example the
active site is often lined by the side chains of
non-polar amino acids which may greatly
influence the rates at which many chemical
processes take place.

6.4.3 ACID-BASE CATALYSIS

Enzymes can make some atoms or functional
groups in their substrates more reactive by
adding a proton or removing a proton from
them. This is known as acid-base catalysis.
Usually this is the function of the side chain of
one specific amino acid at the active site.
Groups such as the side-chain carboxyl groups
of aspartic or glutamic acids, or the imidazole
ring of histidine, can function in this way.
Depending on the pH they may be able to
function as either acids or bases.

6.4.4 EFFECTS ON THE STABILITY OF
SUBSTRATES AND REACTION INTERMEDIATES

Binding of substrates to enzymes may create
strains in the bonds between atoms of the sub-
strates. This occurs because some distortion of
the substrate may take place as it binds to the
active site. In other enzymes, reaction interme-
diates or transition states may be stabilized by
spreading the charges on them as a result of
their interaction with the enzyme.
Destabilizing the substrate and stabilizing
reaction intermediates both decrease the acti-
vation energy barrier and accelerate conver-
sion of substrates into products.

6.4.5 FORMATION OF COVALENT
ENZYME-SUBSTRATE INTERMEDIATES

The side chains of some amino acids at the
active sites of enzymes can form covalent
bonds with groups within the bound sub-
strates. The CH,-OH group of serine is one
such group which is present at the active site of
a number of proteolytic (protein hydrolysing)
enzymes such as trypsin and chymotrypsin.
The CH,-OH group attacks the peptide bond
and the acyl group becomes covalently
attached to the CH,-O- group (Figure 6.3).
This intermediate then breaks down to release
the acid and regenerate enzyme.

Another series of enzymes, which includes
proteolytic plant enzymes such as papain and
bromelain, use the side chain of cysteine
(-CH,-SH) in a similar way. These enzymes
are called the cysteine proteases. In yet anoth-
er group of enzymes, using ATP as a substrate,
the side-chain carboxyl groups of aspartate or
glutamate take part in similar reactions.

Metal ions contained within enzymes may
destabilize substrates. In carboxypeptidase a
zinc atom polarizes the carbonyl group of the
peptide bond of the substrate and thereby ren-
ders the peptide bond more easily broken.

In many enzymes, several of these effects
may operate at once. For example in chy-
motrypsin and papain, not only does the serine
or cysteine group attack the substrate molecule,
but a nearby histidine residue also acts as an
acid-base catalyst. The presence of this histi-
dine results in the serine or cysteine residue at
the active site of these enzymes being very
much more reactive than similar residues
found in other parts of the protein.

The net result of all these processes taking
place at the active site is that substrates are
converted into products which then dissociate
from the enzyme, leaving it free to act on fur-
ther substrate molecules. The speed at which
products are formed varies enormously from
enzyme to enzyme. It can be represented by
the turnover number of the enzyme, which is
the maximum number of substrate molecules
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H-NHR'

Figure 6.3 Mechanism of chymotrypsin action. Chymotrypsin hydrolyses peptide bonds. The reaction
involves transfer of the acyl (R-CO) group of the substrate to a serine residue (at position 195 in the pri-
mary sequence) at the active site to form an acyl-enzyme intermediate which then breaks down to
release the acid and regenerate free enzyme. The aspartic acid residue (position 102) and histidine
residue (position 57), also at the active site, activate the serine and speed up both formation and break-
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acted on by one enzyme molecule each sec-
ond. This varies from about 0.5s for
lysozyme to about 4 X 107 s for catalase.

6.5 FACTORS AFFECTING THE RATES OF
ENZYME-CATALYSED REACTIONS

The rates at which enzymes convert their sub-
strates into products depend on many factors.
Their study is called enzyme kinetics and is
important because enzymes determine the
rates at which most vital processes occur in all
living organisms.

When a substrate is added to an enzyme,
the enzyme begins to convert it into products.
Enzymes also catalyse conversion of the prod-
ucts back into substrates. Eventually the reac-
tion will reach equilibrium when products are
converted back into substrates at the same
rate as they are formed. The position of the
equilibrium in these enzyme-catalysed reac-
tions is no different from that of the uncatal-
ysed reaction.

The rate at which product is formed when
an enzyme and substrate are first mixed
together is called the initial rate of the reac-
tion (v,) and it depends on many factors
including:

enzyme concentration
substrate concentration
temperature

pH

presence of inhibitors
presence of co-factors.

These will be considered in turn.

6.5.1 ENZYME CONCENTRATION

Under normal circumstances the initial rate of
reaction (v,) is directly proportional to the
concentration of enzyme present. This allows
enzyme activity to be determined by measur-
ing v,. This parameter is often used in the
diagnosis of human and animal diseases as a
measurement of enzyme activity in tissue or
blood samples.

6.5.2 SUBSTRATE CONCENTRATION

The dependence of v, on substrate concentra-
tion [S] for most enzymes is shown in Figure
6.4. As the substrate concentration is raised, v,
increases but the rate of increase becomes less
until increasing substrate concentration has no
further effect on v,. At low substrate concentra-
tions v_ is proportional to [S] but at high sub-
strate concentrations it is independent of [S].

The shape of this curve can be understood
by referring to Equation 6.1. At low substrate
concentrations, increasing [S] causes more
enzyme-substrate complex (ES) to form, and
the rate of formation of product (P) increases.
At high substrate concentrations the active
sites of the enzyme become saturated by sub-
strate molecules. This means that substrate is
bound to the active site of every enzyme mol-
ecule (in terms of Equation 6.1 all E is convert-
ed to ES). Under these conditions, adding
more substrate cannot increase the rate of the
reaction any further as there is no free enzyme
to which it can bind.

The shape of the plot of v, against [S] is a
hyperbola and it can be described mathemati-
cally by the following equation. This is the
Michaelis-Menten equation and K|, is the
Michaelis constant.

V,

v, = (K, /5+7) Equation 6.2

The terms V__ and K,, determine the
shape of the curve. V__ is the maximum rate
that the reaction can reach at high substrate
concentrations. Under these conditions the
enzyme is said to be saturated with substrate
and the active sites of all of the enzyme mol-
ecules are occupied by substrate. Adding
more substrate cannot increase the rate of the
reaction any further. V__ therefore tells us
something about k, (see Equation 6.1), i.e.
about how efficiently the enzyme converts ES
into P; the larger the value of V___ the more
rapidly the enzyme will convert substrates to
products.
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Figure 6.4 Dependence of rate of enzyme-catalysed reaction (v,) on substrate concentration [S]. At low
substrate concentrations v, is proportional to [S] but at high substrate concentrations v, becomes inde-
pendent of [S]. Under these conditions the enzyme is ‘saturated’ by substrate. The shape of the plot is

given by the Michaelis-Menten equation: v, = V

max

K, is defined as the substrate concentration
needed to achieve half of the maximum rate of
reaction and it thus has the same units as sub-
strate concentration. It can be shown to be
given by Equation 6.3.

(ky +k5)

1

Ky = Equation 6.3

where k,, k, and k, are rate constants for
each step as shown in Equation 6.1.

The binding of substrates to enzymes is a
reversible process. Once the substrate is
bound to the enzyme it may dissociate again
or it may be converted into products by the
enzyme. The attachment of substrate to the
active site and its dissociation again are usual-
ly very much faster than the rate at which ES
is converted into P. For many enzymes, there-
fore, k, and k, are much greater than k,. Under
these circumstances k, is very much smaller
than k, and can be ignored, thus K|, approxi-
mates to k,/k,. This is the dissociation constant
for the enzyme-substrate complex and indi-
cates how tightly the substrate is bound to the
enzyme. A low value for K|, generally means a

/ (K, /S+1).

strongly bound substrate, whilst a high value
denotes a weakly bound one.

It should be noted that not all enzymes
obey Michaelis-Menten kinetics. For some
complex, allosteric enzymes, the plot of v,
against [S] is not hyperbolic but sigmoid.

To determine K, and V__ in practice it is
necessary to measure the initial rates of an
enzyme-catalysed reaction (v,) at differing sub-
strate concentrations [S]. These should be cho-
sen so that they range from about 0.5-10 K. It
is also necessary to decide the way in which
the initial rates of reaction will be measured.
One way is to mix enzyme and substrate
together and, after fixed times, to stop the reac-
tion and determine the quantities of substrates
or products present. Any suitable method
(high-performance liquid chromatography
(HPLC), radiochemical methods, etc.) can be
used to analyse the mixture. However this
approach is slow and laborious, and it is much
more convenient to monitor the course of the
reaction continuously. For some reactions this
is very easy as conversion of substrate into
product may result in a change in a property,
such as the absorption of light, which can be
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measured easily and non-destructively. A par-
ticularly useful application of this type of
method follows the conversion of the coen-
zyme NAD* to NADH or vice versa, which is
described in more detail in Section 6.5.6.

Once the values of v_ at different values of
[S] have been measured they can be analysed
to determine K,, and V_, . This can be done
using commercial computer programs or by
transforming the data into reciprocal form and
analysing it in the form of Lineweaver-Burk or
Eadie-Hofstee plots (Figure 6.5).

025

(@)

Measurement of enzyme activity has many
direct, practical applications, for example in
diagnosis of disease in humans and farm ani-
mals, or in identification of plants for particu-
lar uses. Some enzymes are restricted to par-
ticular locations in normal healthy animals,
and only appear in other body parts in dis-
eases. Thus the transaminase enzymes are
normally restricted to liver and muscle tissues
and creatine kinase to muscle, and the appear-
ance of high levels of these in blood is an indi-
cation of some disorder. As blood analysis is

(b)

vo/s

Figure 6.5 Reciprocal plots are used to examine the dependence of v, on [S]. (a) Lineweaver—Burk plot:
1/v, is plotted against 1/S. The intercept on the x axis is 1/V_, and that on the y axis is -1/K,. (b)

Eadie-Hofstee plot: v, is plotted against v,/S. The intercept on the y axis is V,

and the line has a slope of

max

-K,, The Lineweaver-Burk plot gives a poor representation of experimental errors but is a convenient

way of examining the nature of enzyme inhibitors.
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easily performed it provides a convenient and
sensitive diagnostic tool in both human and
veterinary medicine. Other examples are
given in Table 6.2.

Measurement of enzyme activity is also
often required in the food industry. As exam-
ples, alkaline phosphatase activity has been
used for many years as a measure of the com-
pleteness of pasteurization of milk, and deter-
mination of the activity of specific enzymes in
feeds can be used as a measure of their quali-
ty. Soyabeans contain a protein which inhibits
the activity of digestive proteolytic enzymes,
and also contain the enzyme urease. Heating
the beans denatures both of these proteins.
Measurement of urease activity can therefore
be used to determine the effectiveness of heat-
ing in preparation of soyabean meal.

6.5.3 TEMPERATURE

The rate of chemical reactions increases as tem-
perature increases. The way in which this takes
place is described by the Arrhenius equation:

In(k)=constant - £ Equation 6.4
RT

where: k = rate constant; E = energy of acti-
vation; R = gas constant; T = temperature (°K).

The rate of a chemical reaction approximate-
ly doubles for each 10°C rise in temperature
and those catalysed by enzymes behave just
like any other. However, because they are pro-
teins, enzymes are denatured by high tempera-
tures. As the temperature of an enzyme is
raised, two opposing effects take place. The rate
is increased by the greater energy and more fre-

79

quent collisions of reactant molecules; but the
rate is also decreased due to enzyme denatura-
tion. In general, at low temperatures the former
is more important, so that the rate increases
until denaturation becomes more important,
when the rate decreases often in quite an
abrupt way. A temperature is seen at which the
enzyme appears to be working at its fastest.
This is sometimes called the optimum tempera-
ture of the enzyme. However it does not have a
unique value: increases in rate occur almost
instantaneously as the temperature is raised but
denaturation may be a relatively slow process.
Thus the optimum temperature measured
depends on the length of time that the enzyme
is held at the temperature before its activity is
measured. This is illustrated in Figure 6.6a.

In many instances it is found that enzymes
work best at the temperature of the environ-
ment in which the organism is usually found.
Thus in many warm-blooded animals the opti-
mum temperature of many enzymes is close to
the body temperature, whilst thermophilic
bacteria found in hot springs have enzymes
which retain activity above 90°.

6.5.4 pH

Most enzymes function best at a particular pH,
so that the plot of their activity against pH is a
bell-shaped curve. Some work well over only
very narrow ranges whilst others work over a
wide range of pHs. Enzymes also differ very
widely in the pHs at which they function best,
e.g. pepsin has a pH optimum of about 2, and
alkaline phosphatase about pH 10. Most
enzymes work most rapidly between pH 5
and 7 as shown in Figure 6.6b.

Table 6.2 Diagnostic uses for some enzymes

Enzyme Tissue for assay Disorder

a-amylase Serum and urine Pancreatitis

Creatine kinase Serum Disorders of skeletal and cardiac muscle
Alkaline phosphatase ~ Serum Bone diseases, obstructive jaundice
Acid phosphatase Serum Prostatic tumours

Transaminases Serum Liver and muscle diseases
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Figure 6.6 (a) Dependence of the rates of enzyme-catalysed reactions on temperature. The optimum
temperature is lower when the enzyme activity is measured after being held at the temperature for long
enough for significant denaturation to take place. (b) Dependence of the rates of enzyme-catalysed reac-
tions on pH. Both the optimum pH, and the pH range over which an enzyme is active, vary widely.

Changes in pH alter the number of charges
on both the substrate and the enzyme, which
alters the ability of groups on the enzyme and
substrate to interact with one another by ionic
and hydrogen bonding. Thus there is a pH at
which interaction of substrate with the active
site is most favourable. On either side of this
pH, binding of substrate is less favoured. The

ability of the enzyme to convert enzyme—sub-
strate complex to product may also change
with pH for the same reason. Within a certain
range of pH, on either side of the pH opti-
mum, the changes which take place are
reversible so that activity can be restored by
adjusting the pH back to the optimum.
However, towards extremes of pH the enzyme
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may become denatured, resulting in perma-
nent loss of catalytic activity.

6.5.5 PRESENCE OF INHIBITORS

Inhibitors are compounds which reduce the
activity of enzymes. Because the interaction of
substrates with the active site of enzymes is
very specific, it can be upset in a variety of
ways.

Enzyme inhibitors are divided into classes
depending on the way in which they work.
The main division is into reversible and irre-
versible inhibitors. In the former case removal
of the inhibitor from the enzyme restores
activity. In the latter case the inhibitor is so
tightly bound, sometimes by formation of
covalent bonds, that it cannot be removed.

Reversible inhibitors

These inhibitors become reversibly bound to
their enzymes as follows.

K

E+1 = EI Equation 6.5

Reversible inhibitors are divided into two

types.

Competitive inhibitors

Here the inhibitor binds to the active site of the
enzyme and, in doing this, prevents the sub-
strate from binding. The binding of these
inhibitors, however, like that of the substrate, is
reversible so that an equilibrium is established.
Either substrate or inhibitor, but not both, may
be bound at the active site at any one time. The
proportion of enzyme molecules with sub-
strate or inhibitor bound will depend on the
affinities of the enzyme for substrate and
inhibitor and on their relative concentrations
in the solution. Adding more substrate will dis-
place the inhibitor and overcome the inhibi-
tion. The structure of these inhibitors usually
resembles very closely that of the substrate
because they bind to the same part of the
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enzyme by similar interactions. Addition of an
excess of substrate can overcome the inhibi-
tion, so that V__ is unaltered but more sub-
strate is needed to achieve the maximum rate
than in the absence of inhibitor. Thus K|, is
increased.

Non-competitive inhibitors

Non-competitive inhibitors bind, not to the
active site of the enzyme but at other locations,
and their binding is unaffected by the pres-
ence of substrate. Binding of the inhibitor to
the enzyme distorts the active site so that sub-
strate is transformed less effectively by the
enzyme. Increasing the substrate concentra-
tion has no effect on binding of the inhibitor to
the enzyme. The structure of these inhibitors
may bear no resemblance to that of the sub-
strate as they bind to different parts of the
enzyme. Their presence can be detected by
measuring the rate of reaction in the presence
of increasing concentrations of inhibitor. V__
is decreased in the presence of this type of
inhibitor but K, is unchanged.

Irreversible inhibitors

These become very tightly bound to the
enzyme: usually covalent bonds are formed
with an amino acid in the protein or with a
tightly bound coenzyme. The point of attach-
ment is often, but not always, the active site of
the enzyme. They may prevent the substrate
from binding to the enzyme or prevent the
enzyme from converting enzyme-substrate
complex into product. Increasing the substrate
concentration cannot overcome the inhibition
because there is no competition between the
substrate and inhibitor for binding to the
enzyme.

Practical applications of enzyme inhibitors

Many enzyme inhibitors have very potent
effects on animals or plants. Some are highly
toxic and have undesirable effects on a wide
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range of organisms. Others are more selective
in their action and may be used very effective-
ly in the control of pests and diseases.

Insecticides

Insecticides have allowed many important dis-
eases of animals, plants and man to be con-
trolled. Some of the commonest interfere with
the function of insect nerves, in which they
selectively inhibit a particular enzyme
involved in the transmission of messages.
Nerves consist of long fibrous cells (axons)
along which electrical impulses are transmitted
by changes in the concentration of ions in the
cell. At the end of each axon the ‘message” has
to be passed on to the next cell and this is done
at synaptic junctions. The synapse at the end of
the nerve fibre produces a compound called
acetylcholine. This passes to the next nerve
cell, in which it induces changes in the internal
ionic concentration and initiates another nerve
impulse. The acetylcholine produced does not
enter the second cell, but binds to a protein on
the cell surface (Figure 6.7). Once the second
cell has responded the acetylcholine must be
rapidly destroyed by the initiating cell to stop
the second cell sending further impulses. The
enzyme that destroys acetylcholine is called
acetylcholine esterase. If it is inhibited then
acetylcholine levels increase and nerve impuls-
es flow in an uncontrolled way.

Organophosphorus insecticides function by
reacting with the active site of acetylcholine
esterase. They covalently attach a phosphate
group to the side chain of a serine residue at
the active site. This has the effect of perma-
nently and irreversibly inhibiting the enzyme
(Figure 6.8).

The carbamate insecticides have structures
which are quite similar to those of acetyl-
choline itself and they thus compete for the
binding sites and act as competitive inhibitors
of the esterase. Both these groups of com-
pounds stop the nervous system from exerting
control over muscles, and the symptoms of
insecticide poisoning of insects (tremors,
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Figure 6.7 Transfer of a nerve impulse across a
synaptic junction using acetylcholine. Acetylcholine
(®@0) is formed from acetyl-CoA (@) and choline
(O), and is released from the presynaptic membrane
in response to a nerve impulse. Acetyl-CoA stimu-
lates the postsynaptic membrane and initiates an
impulse before it is broken down by acetyl-
cholinesterase. Inhibition of this enzyme causes
nerve impulses to flow in an uncontrolled way.

hyperactivity, convulsions, paralysis and
death) reflect this fact.

Organophosphorus and carbamate com-
pounds are toxic to all types of animals, but by
careful selection examples can be found that
are much more harmful to insects than they
are to man. One use of these has been as com-
ponents of sheep dip. However, long-term
exposure of farm workers to these compounds
has resulted in serious health problems.

Some organophosphorus compounds
which are exceptionally toxic to man have
been made, and used, as nerve gases in chem-
ical warfare.
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Figure 6.8 Inhibition of acetylcholine esterase by diisopropy! fluorophosphate (DFP). DFP reacts with the
—OH group of a serine residue at the active site and becomes covalently attached to the enzyme, irre-

versibly inhibiting its activity.

Herbicides

A number of herbicides are enzyme inhibitors.
One of these is glyphosate, which acts on
enzymes of a biochemical pathway (the shikim-
ic acid pathway) that animals do not have
(Chapter 20). In plants and bacteria the aromat-
ic amino acids (tryptophan, phenylalanine and
tyrosine) are synthesized by this route. Without
these amino acids plants cannot synthesize pro-
teins and thus they die. Glyphosate has a struc-
ture that resembles phosphoenolpyruvate and
competes with it for binding sites on the EPSP
synthetase enzyme (Figure 6.9).

A number of other herbicides also act as
enzyme inhibitors. For example, several

groups of herbicides inhibit the enzyme ace-
toxy acid synthetase, which is required for the
synthesis of the branched-chain amino acids
(Chapter 20). Herbicides which act on this
enzyme include the sulphonylureas, imida-
zolinones and the triazolopyrimidines.

Like the aromatic amino acids, branched-
chain amino acids cannot be synthesized in
animals because they lack the enzymes
required to catalyse the steps in the biosyn-
thetic pathways. The targets on which the her-
bicides act are therefore not present in animals
and, unless they have other separate effects,
they are normally of low toxicity to man and to
animals.
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Figure 6.9 Some herbicides inhibit amino acid biosynthesis. Glyphosate resembles phosphoenolpyruvate
and inhibits the enzyme EPSP synthetase which uses phosphoenolpyruvate as a substrate.

Pharmaceuticals

Many very useful pharmaceuticals function by
inhibiting, often competitively, specific
enzymes in man and animals. Because com-
petitive inhibitors resemble the substrates for
an enzyme, once the specificity of an enzyme
is known it is possible to design and synthe-
size potential competitive inhibitors. It is
therefore possible to carry out rational design
of potential drugs.

PABA and the sulphonamides The com-
pound p-aminobenzoic acid (PABA) is a com-
ponent of the coenzyme folic acid. This is
required for the transfer of groups containing
single carbon atoms. Reactions of this type are
common and include one of the steps by which
the purine nucleotide IMP is synthesized. The
structure of the sulphonamide drugs closely
resembles that of PABA (Figure 6.10).

The sulphonamides competitively inhibit
the biosynthesis of folic acid at the step where
p-aminobenzoic acid is incorporated. Higher
animals cannot synthesize folic acid and
require it in their diet as a vitamin. Their
metabolism is therefore unaffected by the
sulphonamides. Bacteria however synthesize
their own folic acid and growth of these organ-
isms is selectively inhibited by sulphonamides.

Allopurinol A further example of a common-
ly used enzyme inhibitor is allopurinol. This
compound is used in the treatment of gout: a
condition which occurs in man and poultry

and results from excessive accumulation of
uric acid from the degradation of purines. The
uric acid crystallizes in joints, which become
extremely painful. It seems to occur because
the enzyme (xanthine oxidase) which converts
hypoxanthine into uric acid is particularly
active. Allopurinol closely resembles hypoxan-
thine and is used as a substrate by the enzyme
(Figure 6.10). The product however remains
tightly bound to the enzyme, inhibiting its
action and decreasing uric acid production.

6.5.6 PRESENCE OF COENZYMES

Some enzymes require the presence of small
molecules called coenzymes for activity. In
animals many of these are synthesized from
vitamins in the diet (see Chapter 8).

Redox coenzymes (NAD*, NADP+*, FMN
and FAD) and biological oxidations

The redox coenzymes have important func-
tions in biological oxidation and reduction
reactions. Biochemical oxidations usually take
place by removal of pairs of hydrogen atoms
from the molecules to be oxidized. A typical
example is the oxidation of malate in the TCA
cycle shown in Figure 6.11.

Although the reactions involving these
coenzymes are oxidations they do not in
themselves require oxygen. However the
reduced coenzymes may later be re-oxidized
in the electron transport chain, which does
require oxygen.



Factors affecting the rates of enzyme-catalysed reactions

H, O,H

p-aminobenzoic acid

o
HN | N>
LA

hypoxanthine

85

H,N O,NHR

a sulphonamide

HN
\
l\ | v

H

allopurinol

Figure 6.10 Many pharmaceuticals act as competitive inhibitors of enzymes because they resemble their
substrates. Sulphonamides resemble p-aminobenzoic acid and inhibit bacterial synthesis of folic acid.
Allopurinol is an analogue of hypoxanthine which is used in the treatment of gout.

When the pairs of hydrogen atoms are
removed they are transferred to a hydrogen
acceptor such as NAD*, NADP*, FMN or FAD.

NAD* (nicotinamide adenine dinucleotide)
and NADP* (nicotinamide adenine dinu-
cleotide phosphate) differ chemically only in
the fact that NADP* has an extra phosphate
group. Their structures are shown in Figure
6.12. Despite their chemical similarity, the
functions of NADH and NADPH are usually
quite different. NADH is almost invariably
reoxidized in the electron transport chain,

during which ATP is synthesized. It is there-
fore mainly involved in energy conservation.
On the other hand, NADPH is used as a reduc-
ing agent and serves as a source of hydrogen
atoms to be used in biosynthetic reactions.

NAD* and NADH act as normal substrates
for their enzymes and so are not attached per-
manently to any one enzyme molecule, but
are temporarily bound to the active site during
the reaction.

NADH strongly absorbs UV light at a wave-
length of 340 nm whereas NAD* absorbs only

CO,H COH
H
H, +NAD & —» é 2 + NADH + H'
H-C-OH =0
éOzH éOzH
Malate oxaloacetate

Figure 6.11 A typical redox reaction involving NAD*/NADH. NAD* accepts a pair of hydrogen atoms

from malate as it is oxidized to oxaloacetate.
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Figure 6.12 NAD*/NADH and FAD/FADH, are important redox coenzymes. Each may be converted from
oxidized to reduced form by accepting hydrogen atoms from a substrate which is oxidized.

weakly at this wavelength. The formation or
disappearance of NADH can therefore be fol-
lowed continuously in a spectrophotometer by
measuring the absorbance at this wavelength.
As many enzymes use either NAD* or NADH
as substrates, it is relatively easy to make kinet-
ic measurements of their reactions. In addition,

it is possible to couple reactions which do not
involve these coenzymes to others which do,
so that they can also be followed in this way.

Like NAD*, the flavin coenzymes (FAD and
FMN) also act as carriers of hydrogen atoms
during oxidation and reduction reactions but
their actions differ in several ways:
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® the flavin coenzyme is attached firmly to
the enzyme molecule, and for this reason it
is a prosthetic group;

® the flavin can accept either one hydrogen
atom (to form FADH or FMNH) or two
hydrogen atoms (to form FADH, or
FMNH,) - Figure 6.12.

Subsequently FADH, can be converted back
to FAD when the hydrogen atoms are passed
to the electron transport chain.

ATP and ADP

Adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) are also two very important
coenzymes. They are not vitamins, however, as
they can be synthesized by animals and plants.
Many of the reactions in biochemical pathways
(particularly those involving sugars) take place
using substrates that are linked to phosphate
groups, and it is mainly from the terminal (y)
phosphate group of ATP that these are derived
(Figure 6.13). In addition the conversion of ATP
into ADP is accompanied by the release of con-
siderable amounts of energy which can be used
to drive reactions.
All reactions reach an equilibrium:

aA + bB = cC +dD Equation 6.6

The equilibrium constant (K,,) is given by:

[]'[D)"

K= b
' [A]'[B]

Equation 6.7

Where A and B are reactants, C and D the
products. Some reactions however are essen-
tially irreversible and, for all practical purposes,
take place in one direction only. In these cases,
at equilibrium, the concentrations of the prod-
ucts [C] and [D] are much greater than those of
the reactants [A] and [B]. Thus, K, o is very large.

The free energy of a reaction is the energy
difference between products and reactants.
When this is measured under standard condi-
tions of concentration (1 M), temperature (25°
C) and pressure (1 atm) this is referred to as
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AG?, the standard free energy change. A solu-
tion with a 1M hydrogen ion concentration
has a pH of zero, but in biochemistry it is more
usual to discuss energy changes taking place
at pH 7, as these approximate more closely to
conditions in the cell. The standard free ener-
gy change taking place under these conditions
is called AG” and it is related to the equilibri-
um constant for a reaction by the equation:

AG” = -RTInK_/ Equation 6.8

where R is the gas constant and T is the
absolute temperature.

Values of AG” calculated from this equation
for different values of K’ are given in Table 6.3.

Thus irreversible reactions have large nega-
tive values of AG” (This is a rather simplified
view of energetics. An irreversible reaction
actually has a large negative value for AG, the
free energy change accompanying the reac-
tion under the actual conditions in the cell, not
AGY, which assumes that all reactants and
products are present at 1M concentrations.
However comparison of AG” values is suffi-
ciently rigorous for the purposes of this text.)

One very useful characteristic of phosphate
esters and other phosphate compounds is
their free energy of hydrolysis, i.e. the free
energy change which accompanies hydrolysis
of a mole of the compound. Some typical val-
ues are given in Table 6.4. These compounds
can be roughly divided into two groups:

® those with a normal free energy of hydroly-
sis between 0 and -20 k] mol-!

® high energy compounds, ie. AG”, more
negative than —20 k] mol'/(ATP and above
in Table 6.4).

Also AG” values are additive.

An especially useful feature of Table 6.4 is
that the energy released during a reaction
high up the table can be used to drive the
reversal of reactions lower down. Thus a phos-
phate group can effectively be transferred
from the high-energy compounds to other
molecules, to produce lower-energy phos-
phate esters. These points can be illustrated by
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Figure 6.13 The structure of ATP and its breakdown products. Hydrolysis of ATP normally produces
ADP and inorganic phosphate (P). The reaction releases a considerable amount of energy because of the

relative instability of ATP and stability of P,

the first step in glycolysis, the conversion of
glucose into glucose-6-phosphate, which will
be discussed in more detail in Chapter 10.

This reaction might occur by simple con-
densation of glucose with a molecule of inor-
ganic phosphate (P) as follows:

glucose + P, = glucose-6-phosphate + H,0O
AGY = + 13.8 k] mol?

However this reaction is unfavourable and
would not occur spontaneously because of the
size of the free energy change. At equilibrium
the reaction mixture would contain mainly
glucose and P, (K, ~0.01).

An alternative reaction for the production of
glucose-6-phosphate from glucose is as follows:

glucose + ATP = glucose-6-phosphate + ADP
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Table 6.3 Free energy changes and equilibrium constants

K AG

eq

(k] mol™") (kcal mol)

0.00001 28.5
0.001 171
0.1 57
1.0 0.0
10.0 -5.7
1000.0 -17.1
100 000.0 -28.5

6.82

4.09

1.36

0.00

-1.36

-4.09

-6.82 — IRREVERSIBLE

Table 6.4 Free energy of hydrolysis of phosphate esters

Reaction AGY

(k] mol?)
Phosphoenolpyruvate + H,O — pyruvate + P, -619
1,3 Diphosphoglycerate + H,0O — 3 phosphoglycerate + P, —-49.3
Creatine phosphate + H,O — creatine + P, —43.1
Acetyl phosphate + H,O — acetate + P, —42.2
ATP + H,0O —» ADP + P, -30.5
Glucose-1-phosphate + H,O — glucose + P, -20.9
Glucose-6-phosphate + H,O — glucose + P, -13.8
Glycerol-1-phosphate + H,O — glycerol + P, -9.2

This reaction can be considered in two parts
which can be summed to obtain the overall
equation:

glucose + P, = glucose-6-phosphate + H,O
AGY = +13.8 k] mol™

ATP + H,O = ADP + P,
AGY = -30.5 k] mol-!

glucose + ATP = glucose-6-phosphate + ADP
AGY = -16.7 k] mol! Equation 6.9

For this reaction K, ~1000 so the equilibri-
um position favours production of glucose-6-
phosphate, which takes place readily. A conse-
quence of this, however, is that the reverse
reaction is extremely unfavourable. Hence in
gluconeogenesis (see Chapter 18), glucose-6-
phosphate cannot be converted into glucose
by transferring its phosphate group to ADP.
This transformation is easily achieved by the

energetically favourable process of simple
hydrolysis as follows:

glucose-6-phosphate + H,O = glucose + P,
AG, = -13.8kJ mol?  Equation 6.10

This example illustrates the very general
point that reactions in pathways for the biosyn-
thesis and breakdown of biochemical com-
pounds usually differ from one another at key
points, as this allows the energetics of both
steps to be favourable. It also allows indepen-
dent control of the rate of both pathways. The
continuous synthesis of glucose-6-phosphate
from glucose and its subsequent hydrolysis back
to glucose by the reactions described above rep-
resents a ‘futile cycle’ in which ATP is wasteful-
ly hydrolysed. This can be prevented in the cell
by ensuring that only glucose-6-phosphate syn-
thesis or its breakdown takes place rapidly at
one time, which is achieved by regulating the
activity of enzymes catalysing the reactions.
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By far the commonest compound which
acts as the donor of phosphate groups, and
which therefore drives reactions in this way, is
ATP. The vital role of this compound in phos-
phate group transfer, and in providing the
chemical energy needed to make otherwise
energetically unfavourable reactions take
place, is determined by two main factors.

® The free energy of hydrolysis of ATP (-30.5
k] mol™) is high, so that when the conver-
sion of ATP into ADP occurs, sufficient
energy is made available to drive other
reactions by ensuring that the overall AG
value is negative.

® The free energy of hydrolysis of ATP is not
excessive. More energy could be provided
to drive reactions by one of the compounds
higher up Table 6.4, but towards the top of
the list the compounds become more and
more difficult to make because they require
a great deal of energy for their synthesis.

The particular value of ATP therefore is that
it is near the middle of the table and, although
a high-energy compound, is relatively easily
made by linking its synthesis to other reactions
releasing even more energy, such as conversion
of 1,3-diphosphoglycerate to 3-phosphoglycer-
ate, hydrolysis of phosphenol pyruvate, or
processes occurring during electron transport.

The free energy of hydrolysis is the differ-
ence in energy between the starting com-
pounds (ATP) and the products (ADP + P). In
the case of ATP, hydrolysis yields a consider-
able amount of energy (Figure 6.13) for the fol-
lowing reasons.

® ATP is unstable as a result of the four nega-
tive charges which it carries at normal pH,
which repel one another. This repulsion is
much reduced in ADP because there are
fewer charges.

® Phosphate is especially stable because of the
existence of resonance structures.

In most reactions in which ATP is involved,
the terminal (y) phosphate is transferred
either to water (hydrolysis) or to some other

compound. This is called orthophosphate
cleavage, but in some cases the two terminal
phosphates are removed together in the
process of pyrophosphate cleavage.

ATP = AMP + PP, AGY = -41.8 k] mol!

where AMP = adenosine monophosphate
and PP, = pyrophosphate. This can provide
more push for the reaction because AGY is
higher and because tissues contain pyrophos-
phatases which catalyse the hydrolysis of
pyrophosphate to two molecules of inorganic
phosphate. This irreversible process removes
the product of the first reaction and hence
pulls the equilibrium further to the right.

Reactions in which pyrophosphate cleav-
age of ATP occurs include:

® activation of fatty acids, which precedes B-
oxidation
RCO,H + ATP + CoASH — AMP + PP, +
R-CO-SCoA

® formation of amino acyl tRNAs in protein
synthesis
amino acid + tRNA + ATP — aminoacyl
tRNA + AMP + PP,

e formation of nucleoside diphosphate sug-
ars in di- and polysaccharide synthesis
ATP + G-1-P - ADP-glucose + PP,

6.6 ALLOSTERIC ENZYMES

The enzymes discussed so far are simple
enzymes which obey the Michaelis-Menten
kinetic equations. The derivation of these
equations assumes that each enzyme mole-
cule behaves independently of others.
However some enzymes, known as allosteric
enzymes, consist of a number of subunits,
each composed of one or more polypeptide
chains. The subunits are often identical in
structure but may be different. These sub-
units carry the active site, to which the sub-
strate binds, and one or more regulatory sites
which bind signal molecules (effectors). The
binding of substrate to an active site or the
binding of an effector to a regulatory site
induces a conformational change in the sub-



unit which may influence other active sites
and either increase or decrease their affinity
for the substrate. These effects can be trans-
mitted from one subunit to another so that
the active site and regulatory sites may be on
different subunits. Where the binding of sub-
strates affects other active sites the kinetics
are usually complex, and often a plot of v,
against [S] will not be a hyperbola but a sig-
moid curve (Figure 6.14). This interaction
between subunits is called co-operativity.
Where binding of an effector affects the
active site, complex patterns of either inhibi-
tion or activation may be seen as a result of
positive or negative co-operativity. Inhibition
of the activity of allosteric enzymes by the
end-product of metabolic pathways is partic-
ularly important in the control of many meta-
bolic pathways (see Chapter 22).

Models developed to describe the mecha-
nism of allosteric enzymes propose that the
enzyme subunits exist in two forms with
either low or high affinity for the substrate,
and that they may be switched between these
forms by binding of substrate or effector
(Figure 6.15).

Relative rate
3
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6.7 MOLECULAR RECOGNITION

One of the most characteristic and important
properties of proteins is their ability to bind or
‘recognise’ other molecules. The action and
specificity of enzymes depends on this proper-
ty, but many other proteins which are not
enzymes, such as receptors and antibodies,
also show specific binding.

6.7.1 RECEPTORS

A receptor is a molecule which binds, and
thereby detects the presence of, another mole-
cule. Thus for example the binding of a hor-
mone to its receptor may initiate a response
which will result in the changes which are
characteristic of that hormone. Binding to
receptors is analogous to binding of substrates
to enzymes and displays high affinity and
specificity. The nature of receptors for some
hormones is discussed further in Chapter 20.

6.7.2 ANTIBODIES

Antibodies are proteins which animals pro-
duce in response to materials (antigens), usu-

4 J
1
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]

Figure 6.14 Kinetics of an allosteric enzyme. Allosteric enzymes often show sigmoid kinetics because of
cooperation between the subunits of which they are composed.
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Figure 6.15 Structure of an allosteric enzyme showing its conversion from a low- to a high-activity form
by binding an effector (E). Binding of E to a regulatory site causes a conformation change, increasing the

affinity of the catalytic site for substrate (5).

ally from outside the body. Antibodies form
part of the defence mechanism of the immune
system. They may for example be produced in
response to bacteria or virus coat proteins.
Antibodies form a complex with antigens and
neutralize their effects as a precursor to their
destruction, thus protecting the animal.

Antibodies are extremely specific and can
differentiate not only between proteins from
different species but also between the same
protein from different individuals of the same
species.

Antibodies in general belong to a class of
proteins known as immunoglobulins. Within
this class there are five main groups known as
IgA, IgD, IgE, IgG and IgM. Each of these has
a well-defined role in combating the invasion
of foreign materials. IgG is the antibody which
circulates in the blood, whilst IgA acts in the
secretions of the digestive, urinary, respiratory
and reproductive tracts. The discussion in this
section will be limited to IgG.

Each antibody molecule is composed of a
number of individual protein chains which are
classified according to their molecular weight
as heavy or light. Each IgG molecule is made up
of two heavy chains and four light ones (Figure
6.16). The molecule has a characteristic Y shape
with two heavy chains forming the stalk of the
Y upon which are hinged the two pairs of light
chains that each form the arms. The two heavy
chains are held together with a pair of disul-
phide bridges. The light chains in each of the

arms are held together by a single bridge. The
part of the molecule which will recognise and
react with the antigen is contained in the light

Variable
domains

| — — — Heavy
- 1 _ — chains

-

Figure 6.16 The structure of an antibody.
Antibodies consist of light and heavy chains,
linked together through a ‘hinge’. The light chains
contain the part of the molecule which recognises
and reacts with the antigen.



chains. This area is similar in its binding and
specificity to the active site of an enzyme.

The means by which cells are able to syn-
thesize a different antibody in response to
almost any challenge encountered is a source
of much current debate. Basically the two
extreme possibilities are either that all cells
contain the genetic information to produce
each type of antigen protein; or that each anti-
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gen causes a change in the shape of a ‘univer-
sal’ antibody in such a way that it induces
complementarity in the antibody.

Recent discoveries concerning the roles of
proteins in the formation of the tertiary struc-
ture of other proteins, as is found in prions and
with the heat-shock proteins, add weight to the
possible roles of the antigens in determining
the form of their appropriate antibodies.
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7.1 INTRODUCTION

The properties of all proteins are determined
by the sequence of the 20 different amino acids
which they contain. Any errors in these
sequences usually prevent them from per-
forming their normal biological functions. The
order in which the amino acids are assembled
is determined by the structure of the DNA
(deoxyribonucleic acid) molecules in the cells.
DNA therefore acts as the ‘blueprint’” which
determines the nature and function of pro-
teins. DNA also has the vital function of trans-
mitting this information from one generation
to the next, as the information in the DNA can
be copied and handed on to daughter cells.

DNA is a type of nucleic acid. Although the
information required for the synthesis of pro-
teins is carried in DNA, another type of nucle-
ic acid called RNA (ribonucleic acid) is also
required for the translation of the information
in the DNA into the sequence of amino acids
in a protein.

Both DNA and RNA consist of a backbone
of alternating sugar and phosphate groups
forming very long chains. In the case of RNA

the sugar is ribose and in DNA it is deoxyri-
bose. Each of the sugars carries a purine or
pyrimidine base, and it is the sequence in
which these bases occur that provides the
information needed to code for the amino
acids in proteins.

7.2 PURINES AND PYRIMIDINES

Purines and pyrimidines are small, nitrogen-
containing, organic bases. Pyrimidines consist
of a single ring whilst purines contain two
fused rings. The purine and pyrimidine bases
are rarely found as free compounds; they are
normally attached to sugar groups to form
nucleosides, or to sugar phosphates (as in the
nucleic acids) to form nucleotides (Table 7.1).
The structures of the purine and pyrimidine
bases which are found in most RNA and DNA
are shown in Figure 7.1. In addition a number
of unusual bases are found in some specific
types of RNA. As well as their role in nucleic
acids, some purine and pyrimidine derivatives
(e.g. ATP, NADH) are important coenzymes
and are involved in energy metabolism.
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Figure 7.1 Structure of the purine and pyrimidine bases which are commonly found in RNA and DNA.
Pyrimidine bases: cytosine, uracil, thymine; purine bases: adenine, guanine.

7.3 DEOXYRIBONUCLEIC ACID (DNA)
7.3.1 CHEMICAL NATURE OF DNA

The basic structure of DNA is shown in Figure
7.2. The sugar in DNA is deoxyribose. Each
sugar carries a base attached to the 1’ position.

The base may be either a purine or a pyrimi-
dine. The purines are adenine (A) or guanine
(G), and the pyrimidines cytosine (C) or
thymine (T). DNA is mostly double stranded.
The two strands run alongside but in opposite
directions and are described as antiparallel.

Table 7.1 Some purine and pyrimidine bases, nucleosides and nucleotides

Base Nucleoside Nucleotide

Adenine Adenosine (A) AMP (Adenosine monophosphate)
Guanine Guanosine (G) GMP (Guanosine monophosphate)
Hypoxanthine Inosine (I) IMP (Inosine monophosphate)
Uracil Uridine (U) UMP (Uridine monophosphate)
Thymine Thymidine (T) TMP (Thymidine monophosphate)
Cytosine Cytidine (C) CMP (Cytidine monophosphate)
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Figure 7.2 Diagrammatic representation of the structure of DNA. Each chain consists of a backbone of
alternating deoxyribose sugar and phosphate groups. The sugars carry a purine or pyrimidine base
which forms hydrogen bonds with complementary bases in the second chain. The two chains run in

opposite directions and are therefore antiparallel.

The two chains are held together by hydro-
gen bonds formed between adenine and

thymine or between cytosine and guanine
(Figure 7.3).
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Figure 7.3 Hydrogen bonding between pairs of
bases in DNA. The bonding is very specific: two
bonds form between adenine and thymine and
three between cytosine and guanine. In each pair
one base is a purine and one a pyrimidine.

This hydrogen bonding (base pairing) is
extremely specific, always involving these
particular combinations of purine-pyrimi-
dine pairs. This means that in double-strand-
ed DNA there are always roughly equal
quantities of purines and pyrimidines. Three
hydrogen bonds can be formed between
cytosine and guanine but only two between
adenine and thymine. DNA containing a
high proportion of C and G is more stable to
heat than that containing a lower proportion.
The formation of these base pairs can only
occur when the chains are arranged in an
antiparallel formation. The two chains of the
DNA are said to be complementary, as the
bases of one are determined by, and are com-
plementary to, the other.

7.3.2 THE DNA DOUBLE HELIX

The structure of DNA forms a double helix in
which the two sugar phosphate chains make
up the backbone of the molecule and are twist-
ed around one another in a spiral. The bases,
which are paired together, point inwards
towards one another and lie perpendicular to
the axis of the helix. They thus resemble the
rungs on a spiral ladder. One turn of the helix
occurs roughly every ten nucleotides and
occupies about 3.4 nm of the length of the
chain. Two grooves, the narrow groove and
the wide groove, can be seen along the surface
of the helix and these provide possible posi-
tions for interaction of the DNA with other
molecules such as proteins (Figure 7.4). The
DNA helix itself may undergo a type of coiling
called supercoiling.

7.3.3 STRUCTURE OF DNA IN PROKARYOTES
AND EUKARYOTES

There are differences in the organisation of
DNA in prokaryotes and eukaryotes. In bacte-
ria such as Escherichia coli the DNA is circular
and found in the nucleoid region of the cyto-
plasm, where it is associated with small
amounts of proteins and folded to form about
100 supercoiled loops. In eukaryotes DNA
exists in the form of well-defined chromo-
somes within the nucleus. These chromo-
somes are made up of chromatin in which
DNA forms a complex with large quantities of
basic proteins including histones. The compo-
sition of chromatin is given in Table 7.2.

Histones are small, basic proteins of molec-
ular weight about 10-20 kDa containing a
large proportion of basic amino acids such as
arginine and lysine. They have large numbers
of positive charges and readily form complex-
es with negatively charged nucleic acids.
Lysine residues in the histones may be acety-
lated or methylated, and serines may be phos-
phorylated. Each of these changes reduces the
net positive charge and may reduce binding to
DNA.
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Figure 7.4 The DNA double helix. The two chains are held together by hydrogen bonds between their
complementary bases and are twisted into a helix. There are approximately 10 nucleotides to each turn
which occupies about 3.4 nm along the length of the chain. A wide and a narrow groove run along the

surface of the helix.

The non-histone proteins may play a role in
switching on and off genes in some parts of
the chromatin. They may do this for example
in response to hormones which activate spe-
cific genes.

Through the electron microscope, repeating
structures called nucleosomes can be identified

within the chromosomes. In a nucleosome,
DNA is wound around eight histone subunits
and these are themselves coiled around a hol-
low core so that in the chromosome the DNA
forms part of a coiled coil (Figure 7.5).
Nucleosomes themselves may occur in rela-
tively open or closely packed arrangements

Table 7.2 The composition of chromatin

Component Relative amount
(DNA=100)

DNA 100

Histones 114

Non-histone proteins 33

RNA 7
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Histone
subunit

Figure 7.5 Nucleosome structure. In eukaryotes,
nucleosomes are observed at at intervals along the
DNA. Each nucleosome consists of approximately
140 base pairs of DNA wrapped around eight his-
tone subunits. The region between nucleosomes is
called linker DNA and is between 20 and 100 base
pairs long, depending on the species. Nucleosomes
may themselves adopt a helical arrangement to
form fibres or solenoids.

and it is believed that in the latter genes can-
not be expressed, whilst in the former they
may be activated under some circumstances.

7.3.4 ORGANELLE DNA

In addition to the DNA found in the nucleus,
small quantities are also found in chloroplasts
and mitochondria. The information carried in
this DNA codes for some of the proteins of
these organelles. This DNA resembles
prokaryotic DNA. Organelle genomes are dis-
cussed in more detail in Chapter 21.

7.4 RIBONUCLEIC ACID (RNA)

Chemically RNA is very similar to DNA but
there are some important differences.

Like DNA, it consists of a backbone made
up of alternating sugar and phosphate groups,

but in this case the sugar is ribose not deoxyri-
bose. There is an OH group at the 2" position
of the ribose (Figure 7.6).

The bases also differ slightly from those
found in DNA. In particular, thymine is not
found in RNA, but the pyrimidine uracil
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Figure 7.6 Diagrammatic representation of the
structure of RNA. The backbone consists of alter-
nating ribose sugars and phosphate groups. Each
sugar carries either a purine or pyrimidine base.
RNA is normally single-stranded.



occurs instead. The bases found in most RNA
molecules are thus adenine, guanine, cytosine
and uracil.

Most RNA is single-stranded, but within its
structure short regions may be coiled to form
base-paired regions.

There are three distinct types of RNA:

® messenger RNA (mRNA)
o transfer RNA (tRNA)
® ribosomal RNA (rRNA).

These differ from one another in their size
and function as will be seen below, but chem-
ically they are very similar. The synthesis of all
three types is catalysed by enzymes called
RNA polymerases. Unlike DNA synthesis, the
formation of RNA is not restricted to times of
cell division but takes place throughout the life
of the cell.

The sequence in which bases are assembled
into RNA is determined by the order of bases
in DNA. Before RNA synthesis can occur the
strands of DNA must separate from one
another. RNA is synthesized on the template
strand of DNA which is therefore complemen-
tary to this strand. The other strand has the
same sequence of bases as the RNA produced,
except that T replaces U and thus is called the
coding strand. The bases in the template
strand of DNA and the complementary ones
inserted into RNA are noted in Table 7.3.

7.4.1 MESSENGER RNA (mRNA)

mRNA makes up about 2% of the total RNA. It
contains the sequence of bases needed to
determine the order in which amino acids will
be assembled into each type of protein. There

Table 7.3 Relationship between bases in DNA
and RNA

Template strand of DNA ~ Complementary RNA
Adenine Uracil

Thymine Adenine
Cytosine Guanine
Guanine Cytosine
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are several thousand types of mRNA in most
cells. In eukaryotes one type of mRNA mole-
cule corresponds to each type of protein, but
in prokaryotes some mRNA is polycistronic. In
this case a mRNA molecule may carry the code
for several different proteins. The molecular
weight of mRNA is thus very variable, particu-
larly in prokaryotes.

In prokaryotic cells mRNA is made on the
DNA within the nucleoid region of the cyto-
plasm and is then used immediately to code
for protein synthesis. In eukaryotes, however,
most mRNA is made in the nucleus, from
where it passes out through the nuclear enve-
lope to the cytoplasm. Before transfer to the
cytoplasm introns may be removed and 3’ or 5’
caps may be added (see Chapter 21).

In prokaryotes, mRNA molecules turn over
very rapidly. This means that each one is read
by a ribosome only a few times before it is
destroyed. This allows the cell to respond very
rapidly to the changing environment to which
itis exposed. On average each mRNA molecule
is broken down after only 2-3 minutes. In
eukaryotes the stability of different mRNA
molecules varies, but on the whole they are
much more stable than in prokaryotes. The
average half-life of eukaryotic mRNA is about
10 hours but some types persist much longer
than this. In reticulocytes, for example, haemo-
globin continues to be synthesized even after
the nucleus disappears because these cells con-
tain stable mRNA which codes for this protein.

Some mRNA is synthesized in the chloro-
plasts and the mitochondria as part of the
process of protein synthesis occurring in these
organelles.

7.4.2 TRANSFER RNA (tRNA)

tRNA makes up about 16% of the total RNA.
tRNA molecules are small and uniform in size,
having molecular weights in the range of
23-30 kDa. This corresponds to between 75
and 90 nucleotides.

The system for coupling amino acids
together to form proteins cannot recognise
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the different amino acids directly. Instead it
uses tRNA as an intermediate carrier. Each
molecule of tRNA has a site for attachment of
amino acids and another which is comple-
mentary to, and recognises, sections of
mRNA molecules. tRNA thus brings amino
acids to the ribosomes where they are assem-
bled into proteins. There is at least one type
of tRNA molecule for each of the 20 amino
acids which occur in proteins, and for some
amino acids there are several. There are about
50 different types of tRNA in any one cell, at
least one type for each amino acid found in
proteins.

In addition to the four major bases, tRNA
also contains up to 10% of unusual bases such
as pseudouridine, ribothymidine or dihy-
drouracil. Although the exact sequence of
bases varies from one type of tRNA to anoth-
er, each conforms to a common overall struc-
ture which can be drawn out as a clover leaf.
This has several important parts (Figure 7.7):

® an anticodon, consisting of three bases,
which can base pair with complementary
bases in mRNA;

® an amino acid attachment site, to which a
specific amino acid becomes attached
(Chapter 21);

® other arms which may help binding to the
ribosomes; the number of nucleotides in all
of the arms except the variable one is fixed
(Figure 7.7).

7.4.3 RIBOSOMAL RNA (rRNA)

rRNA makes up more than 80% of the total
RNA in the cell. It is a major component of the

ribosomes, the organelles on which protein
synthesis takes place.

Ribosomes consist of two subunits: a large
one and a small one. They contain about 65%
rRNA and 35% protein. The ribosomes in
prokaryotes differ in size from those in
eukaryotes. It is convenient to use their sedi-
mentation constant, which is measured in
Svedberg units (S), as a measure of their size.
This measures how rapidly they sediment in a
centrifuge when subjected to a particular grav-
itational force. Large particles have large S val-
ues. They are not additive, in other words join-
ing together a 60S particle with a 40S particle
in eukaryotic ribosomes produces an 80S
rather than a 100S particle.

70S ribosomes are characteristic of prokary-
otes and of the ribosomes found in the mito-
chondria and chloroplasts of eukaryotes, whilst
80S ribosomes are found in the cytoplasm of
eukaryotic organisms. Whatever their size,
ribosomes consist of several pieces of RNA and
a number of proteins. The composition of 70S
and 80S ribosomes is described in Figure 7.8.

The differences between 70S and 80S ribo-
somes are important because many antibiotics
inhibit bacterial protein synthesis on 70S ribo-
somes without affecting that taking place on
80S ribosomes. They thus selectively kill bacte-
ria and other prokaryotes. More information
about the effects of antibiotics on protein syn-
thesis can be found in Chapter 30.

rRNA is made in a specialized region of the
nucleus called the nucleolus. The rRNA for
one ribosome is made in one long piece. It
then complexes with proteins before being
split into several smaller pieces which make
up the ribosome.
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Figure 7.7 The clover-leaf structure of yeast alanine tRNA. Other tRNA molecules also adopt the clover-
leaf structure. The regions which are common to all tRNAs are indicated. The amino acid becomes
attached to the 3-OH group of the terminal adenosine residue, and the sequence of bases in the anti-
codon is unique to each type of tRNA.
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Figure 7.8 Composition of 80S ribosomes which are found in the cytoplasm of eukaryotes and 70S ribo-
somes found in prokaryotes and eukaryotic organelles. Both types consist of two subunits which contain
both RNA and proteins, but 80S ribosomes are generally more complex.
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8.1 VITAMINS IN BIOCHEMISTRY
8.1.1 INTRODUCTION

A detailed knowledge of the structure and the
biochemical and physiological roles of vita-
mins has been accumulated over the past 50
years. However, before this time diseases were
recognised which were related to diet. We
now know that many of these diseases were
caused by vitamin deficiencies.

In 1920, before the chemical composition of
vitamins was known, it was proposed that

they be identified simply by letters of the
alphabet. This system worked satisfactorily for
a number of years and eventually nine vita-
mins were discovered: A, B, C, D, E, F, G, H
and I. However, it was soon discovered that F
was not a true vitamin and that vitamin B was,
in fact, a mixture of several vitamins. As a
result the lettering system, though still in use,
is now disjointed and a number of vitamins
are referred to by their chemical names. In
addition, the vitamins can be classified into
two groups according to their solubility prop-
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erties. Thus the vitamins of the B complex and
vitamin C are known as the water-soluble vit-
amins, while the remainder are known as the
fat-soluble vitamins (Table 8.1).

In general, fat-soluble vitamins contain only
carbon, hydrogen and oxygen, whereas the
water-soluble vitamins may also contain vary-
ing proportions of nitrogen, sulphur or cobalt.
Fat-soluble vitamins can occur in plant tissue
in the form of provitamins: vitamin precursors
which can be converted into vitamins in the
animal body. No provitamins are known for
the water-soluble vitamins.

The body has little capacity to store water-
soluble vitamins and animals require a regu-
lar supply of small quantities of them.
Amounts consumed in excess of require-
ments are excreted, usually via the urine.
Thus, supranormal intakes of water-soluble
vitamins have little effect on long-term body
reserves. The body’s requirement for vita-
mins changes with age, physiological status
and during illness and infection. Under these

circumstances an increase in intake may be
beneficial. There is little evidence of toxicity
associated with excessive intake of water-sol-
uble vitamins.

In contrast, fat-soluble vitamins are stored
in body tissues. As their name suggests they
are found in the fat depots of the body, which
may act as a reserve for times of inadequate
intake. The liver is also rich in fat-soluble vita-
mins. Because the body has the ability to build
up reserves of these vitamins it is possible for
them to accumulate to toxic concentrations.

8.1.2 THIAMIN (VITAMIN B,)
Biochemical functions

In cells thiamin occurs largely as its active
coenzyme form, thiamin pyrophosphate (for-
merly cocarboxylase) (Figure 8.1). It acts as a
coenzyme for two types of enzyme-catalysed
reactions involved in carbohydrate metabo-
lism. The first is the decarboxylation of a-keto
acids. This type of reaction is important in the

Table 8.1 Vitamins, their coenzyme forms and main functions

Type Coenzyme or active form

Main Function

Water-soluble
Thiamine (B))

Thiamine pyrophosphate (TPP)

Aldehyde group transfer

Riboflavin (B,)

Nicotinic acid

Pantothenic acid

Flavin mononucleotide (FMN)

Flavin adenine dinucleotide (FAD)
Nicotinamide adenine dinucleotide
(NAD)

Nicotinamide adenine dinucleotide
phosphate (NADP)

Coenzyme A (CoA), acyl carrier protein
(ACP)

Pyridoxine (B,) Pyridoxal phosphate
Biotin Biocytin

Folic acid Tetrahydrofolic acid
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