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Preface

This text attempts to provide a clear and straightforward
account of the biochemistry underlying the physiological
functions of different cells, tissues or organs essential
for human life. The approach highlights the contribution
that functional biochemistry makes to health and, when it
is disturbed, to ill health and disease. It attempts to link
biochemistry, medical education and clinical practice.
Structural biochemistry and molecular biology are kept
to a minimum in favour of a focus on the dynamic
aspects of biochemistry and its immediate importance for
health.

Unfortunately, in many medical or biomedical pro-
grammes, biochemical education has been reduced to the
presentation of basic facts. It is the aim of this book to
provide the link between these facts and medical practice
to achieve a more complete biochemical education. Each
topic is presented in one complete section or one chapter,
which can be studies independently, unencumbered by
extraneous material. Nonetheless, cross-references between
topics are emphasised to help the student appreciate the
common biochemical principles underlying health and
disease.

Both authors and the editorial assistant have collabo-
rated on each chapter; there have been no other contribu-
tors. Since the authors are not expert in all areas, much
research in journals, reviews and books has been under-
taken. The challenge faced has therefore been the same as
that faced by every student entering a field for the first time
and for this reason the authors hope to have been better
placed to clarify the biochemistry which underlies physiol-
ogy and pathology.

Background material necessary to tackle the core of
each topic is provided in the introduction to each section
or chapter. Students, including graduates, who are entering
courses in medicine or the biomedical sciences, and who
have limited knowledge of biochemistry, physiology or
pathology, should find these introductions of particular
value. Our approach should also help students who are

taking courses which involve problem-based learning or
who are preparing seminars. We hope, too, that it might
be of use to physicians, surgeons and academics in under-
standing the biochemical background of illness and disease
and help them to prepare lectures, reports and grant
applications.

The manner in which biochemical and physiological
knowledge and ideas are presented should help the student
to develop the skills of critical analysis, debate issues and
even challenge some of the dogmas in biomedicine. Such
opportunities are not always available when there is over-
dependence on electronic sources of information.

The topics covered in this book are presented in five
Sections:

* Introduction

 Essential topics in dynamic biochemistry
» Essential metabolism

 Essential processes of life

 Serious diseases

Problems of ill health are discussed in most of these Sec-
tions, including fatigue, allergies, nutritional deficiencies,
AIDS, chronic fatigue syndrome, Creutzfeldt-Jacob
disease, malaria, neurological and eating disorders, tuber-
culosis, cancer and the deadly trio: atherosclerosis, hyper-
tension and heart attack. The conditions of obesity, diabetes
mellitus and disorders of fat metabolism are included in
the on-line Appendices to allow full discussion and the
clarification (and correction) of important aspects. The
Appendices can be found on the companion website
for the book - visit www.wiley.com/go/newsholme/
biochemistry The reader will also find here a compilation
of the book’s figures and a full list of the References
referred to throughout the text.

Eric A. Newsholme
Tony R. Leech
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1

The Structural and Biochemical
Hierarchy of a Cell and a Human

There is no magician’s mantle to compare with skin in its diverse roles of waterproof overcoat,
sunshade, suit of armor and refrigerator, sensitive to the touch of a feather, to temperature and to
pain, withstanding wear and tear of three score years and ten, and executing its own running

repairs.

It is conventional to describe the structure of an organism
in hierarchical terms: organelles make cells; cells make
tissues; tissues make organs; organs make people. It is also
possible to consider biochemistry in the same way. The
biochemistry in the organelles contributes to that of the
cell, which contributes to that of the tissues and organs and,
eventually, they all contribute to the biochemistry and
physiology that constitute the processes of life of a human.
Indeed, the normal functioning of this hierarchy provides
the basis for health and, when any component fails, the
basis of disease.

In 1665, Robert Hooke examined thin slices of cork
under his very simple microscope and discovered small,
box-like spaces which he named cells. A few years later the
Italian anatomist Marcello Malpighi described similar
structures in animal tissues, which he called vesicles or
utricles and, in 1672, the English botanist Nehemiah Grew
published two extensively illustrated volumes greatly
extending Hooke’s findings. The concept of the cell as a
unit of structure in the plant and animal kingdoms was
launched, but it was two centuries later before scientists
generally accepted the idea of

the cell as the fundamental
structural unit of living organ-
isms. The ‘cell theory’ attrib-
uted to Matthias Schleiden &
Theodor Schwann, was pro-
posed in 1838: the cell is the
smallest component of life that
can exist independently. All
living organisms are composed

Most human cells have
diameters in the range 10—

20 um. A spherical cell of
diameter 15 um would have a
volume of 1.8 X 10 mL and
contain around 2.5 x 10°
molecules of protein and 4.5 X
10" molecules of water. A
single drop of blood (0.05 mL)
contains around 2.25 x 10® red
blood cells.

(Lockhart et al., 1959)

of cells and, as concluded by Rudolf Virchow in 1855,
cells can arise only from pre-existing cells. Multicellular
organisms develop from one cell (a fertilised egg), which
differentiates into many different cell types. The number of
cells in a multicellular organism varies greatly from one
organism to another. The average human comprises
approximately 100 million million (10') cells.

Cell structure

The detailed knowledge of the structure and function of
cells is largely due to the introduction of the electron
microscope in the 1940s and the subsequent development
of biochemical and cell biological techniques.

All cells are surrounded by a thin lipid membrane. This
is a selective barrier, allowing some substances to pass
across it and excluding others in order to maintain a rela-
tively constant internal environment. Some of the different
proteins that are embedded in the cell membrane transport
compounds and ions across the membrane, whereas others
act as receptors that respond to factors in the external
environment and initiate responses within the cell, and still
others provide a mechanism for cells to interact and com-
municate with each other.

Subcellular structures (organelles) are present in the
cell. Each one has its own characteristic activities and
properties that work together to maintain the cell and
its functions. The remainder of the cell is the gel-like
cytoplasm, known as cytosol (Figure 1.1). The largest
organelle in the cell is the nucleus: it contains the genetic

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech

© 2010 John Wiley & Sons Ltd
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Cytosol —~\— Mitochondrion
(+ free ribosomes) | Rough endoplasmic
Nucleolus reticulum

e Nuclear pore
Centrioles —~ Nucleus

(containing chromatin)
Plasma membrane .
I Peroxisome

Golgi apparatus ————— :
. —— Lysosome

Figure 1.1 Diagrammatic representation of cell organelles as seen
under an electron microscope.

Extracellular fluid

Glycoprotein

Receptor Phospholipids

(integral)
erlpheral (intrinsic)
Transr:loeig?rk])rane (extrinsic) proteins
p protein
Cytosol

Figure 1.2 Diagrammatic representation of the plasma mem-
brane. Arrangement of integral and peripheral membrane pro-
teins with the molecular layer of phospholipids is shown.

material, deoxyribonucleic acid (DNA). Through the infor-
mation contained in a coded form within its chemical
structure, DNA determines to a large extent, but not
completely, the specific morphological and biochemical
characteristics of each type of cell.

Plasma membrane

Every cell possesses a plasma (or cell) membrane which
isolates its contents from its surroundings. This membrane
consists of a double layer of phospholipid molecules with
proteins attached or dispersed within. The uneven distribu-
tion of proteins and their ability to move in the plane of
the membrane led to the description of this structure as a
fluid mosaic (Figure 1.2) (Chapter 5). Some of these pro-
teins facilitate the transport of molecules and ions through
the membrane, while others are receptors for extracellular
molecules which provide information about conditions in
adjacent cells, blood and elsewhere in the body. Physical
or chemical damage to these membranes can render them
leaky so that, for example, Na* and Ca’" ions, the concen-
trations of which are much higher in the extracellular fluid,
can enter the cell causing damage. On the outer surface of

the membrane are short chains of sugars, which are attached
to both phospholipids and proteins. They form a carbohy-
drate sheath known as the glycocalyx. This provides pro-
tection for the membrane, a site for attachment of proteins
and an identity for the cell, enabling it to be identified as
‘self” and not foreign by the immune system.

Mitochondria

All mitochondria have an outer membrane, which is per-
meable to small molecules, and an inner membrane, which
is much less permeable and extensively folded to form
cristae that extend into the matrix (Figure 1.3).

The main function of mitochondria is the generation of
adenosine triphosphate (ATP) from adenosine diphosphate
(ADP) and phosphate, which is achieved by energy trans-
fer from oxidation of fuels. Some cells (e.g. hepatocytes)
contain several thousand mitochondria, whereas others,
such as erythrocytes, lack them entirely.

Endoplasmic reticulum

The endoplasmic reticulum, or ER, is an intricate system
of membranes that spreads throughout the cytosol. Part of
it is studded with ribosomes and is called the rough endo-
plasmic reticulum because of its appearance in the electron
microscope (Figure 1.4). It has four main functions:

Quter membrane

Inner
membrane

Cristae

Matrix

0.3um

Figure 1.3 Diagrammatic representation of a mitochondrion.

Ribosomes

Figure 1.4 Three-dimensional representation of a region of the
rough endoplasmic reticulum.
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* Synthesis of those proteins that are destined for incorpo-
ration into cellular membranes or for export from the
cell. Transport of those proteins that are destined for cell
membranes or for release from the cell is achieved
through vesicles that pinch off from the endoplasmic
reticulum and fuse with membranes of the Golgi (see
below).

* Synthesis of phospholipids and steroids.

» Hydroxylation (addition of an —OH group) of compounds
that are toxic or waste products, which renders them
more water soluble, hence they are more rapidly excreted.
These are known as detoxification reactions.

* Storage of Ca® ions at a concentration 10000 times
greater than in the cytosol (i.e. similar to that in the
extracellular fluid, about 10~ mol/L). It is the release of
some of these ions that acts as a signalling process in the
cell. For example, stimulation of contraction of muscle
by a nerve depends upon Ca** ion release from the reticu-
lum into the cytosol of the muscle cell.

The Golgi complex

This organelle is variously known as the Golgi complex,
the Golgi apparatus, the Golgi body or simply ‘the Golgi’.
It comprises a stack of smooth membranes that form
flattened sacs (Figure 1.5). It ‘directs’ proteins that have
been synthesised on the ribosomes and have then entered
the endoplasmic reticulum to various parts of the cell. The
cis-face of the Golgi complex faces towards the centre of
the cell and proteins reach this face inside vesicles that bud
off from the endoplasmic reticulum. Within the Golgi
these proteins can be modified, e.g. by removal of some
amino acids and addition of other compounds (e.g.

trans-
face

cis-

face
o

!‘ ;:'

Figure 1.5 Cis and trans faces of the Golgi. The Golgi consist of
four to six cisternae in a single stack but cells may contain more
than one stack or, in the case of cells which have a major secre-
tory function, larger stacks.

Primary
lysosome
O 5
— *
A
LN .
E—

%

Rough endoplasmic
reticulum

Plasma

Golgi complex membrane

Figure 1.6 Vesicular transport of proteins within the cell. Vesicles
from the endoplasmic reticulum [A] carry protein to the Golgi
complex, they are repackaged in the Golgi from which they leave
to form primary lysosomes [B] or fuse with the plasma mem-
brane; this is to add proteins or to be secreted from the cell
[C]. In the Golgi, new vesicles are formed to transport the
proteins to the plasma membrane (e.g. transport proteins or
proteins for export) or the lysosomes. This system transports,
safely, ‘dangerous’ hydrolytic enzyme to the lysosomes and it
also protects membrane proteins, or proteins for export, from
degradation in the cytosol.

sequences of sugars). Vesicles, containing these modified
proteins, bud from the frans-face of the Golgi and are then
transported to other parts of the cell to form another organ-
elle, e.g. the lysosome, or fuse with the plasma membrane
where the proteins remain on are secreted into the extracel-
lular space (Figure 1.6).

Lysosomes

Lysosomes are membrane-bound organelles that contain
hydrolytic enzymes to break down macromolecules and
other organelles taken up by the lysosomes. The pH within
this organelle is very low (about 5.0) and the catalytic
activities of the enzymes, within it, are highest at this pH.
The pH in the cytosol is about 7.1, so that any enzymes
released from the lysosome are not catalytically active in
the cytosol.
The enzymes degrade a number of compounds:

* Proteins taken up from outside the cell or those damaged
within the cell.

* Particles, including bacteria,
environment.

taken up from the

* Damaged or senescent organelles (e.g. mitochondria).

Any indigestible material within the lysosome is normally
expelled through the plasma membrane, but as cells grow
older, this process functions less effectively so that cells
become loaded with unwanted lipid and protein, which is
oxidised to produce a complex known as lipofuscin (an age
pigment). Over many years, this can accumulate and impair
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cell function. Accumulation occurs earlier in some cells
than others: e.g. neurones in the spinal cord accommodate
lipofuscin early so that the cytosol in neurones in very
elderly people may consist of more than 70% of the
pigment.

Peroxisomes

Peroxisomes are spherical vesicles bounded by a single
membrane. They contain enzymes that catalyse oxidations
that produce hydrogen peroxide which is degraded by the
enzyme catalase. For example, very long or unusual fatty
acids that are present in the diet but have no function are
completely degraded in the peroxisomes.

Ribosomes

Unlike the organelles described above, ribosomes have no
membrane but are aggregates of ribonucleic acid (RNA)
and protein. Each ribosome consists of two subunits: a
large and a smaller one (Figure 1.7).

Most of the protein synthesis in a cell takes place within
or upon the ribosomes. They bring together messenger
RNA (mRNA) and the components required for protein
synthesis. This begins with the attachment of a ribosome
to one end of the mRNA and continues with the progres-
sion of the ribosome along the messenger, generating the
polypeptide chain as it moves (Figure 1.8) (Chapter 20).

The nucleus

All eukaryotic cells begin their existence with a nucleus
and its loss or removal normally leads to death of the cell.
The exception to this is the reticulocyte which, while
within the bone marrow, extrudes its nucleus to form an
erythrocyte (red blood cell).

Material within the nucleus (nucleoplasm) is separated
from the cytoplasm by the nuclear membrane (also known
as an envelope), a double membrane that is continuous

—

Figure 1.7 Structure of a ribosome. It is composed of two sub-
units: the large 60S* subunit has a mass of 2800 kDa and is
composed of three RNA molecules and about 50 protein mole-
cules. The smaller 40S subunit contains one RNA molecule plus
around 30 protein molecules and has an aggregate mass of
1400 kDa. (*S is an abbreviation for a Svedberg, the unit of the
sedimentation coefficient. This is measured in an analytical
ultracentrifuge and is related to, but not simply proportional to,
molecular mass.)

5

Ribosome

Nascent poly-
peptide chain

mRNA
3

Figure 1.8 Translation of messenger RNA. The attachment of a
ribosome to the mRNA involves protein initiation factors and
the recognition of a particular base sequence, the start codon.
A single mRNA can be simultaneously translated by more than
one ribosome, forming a polyribosome. Synthesis occurs in the
direction from the 5" end of messenger RNA to the 3" end. For
further details of protein synthesis see Chapter 20.

Nuclear envelope

Nuclear pore
N

Nucleolus

Lamina

Condensed
chromatin

Endoplasmic reticulum

Figure 1.9 Diagrammatic representation of the nucleus. The
nucleoplasm is not homogeneous but consists of darkly stain-
ing regions of heterochromatin, where the chromatin is more
condensed, and paler regions of euchromatin. Transcription to
form mRNA is restricted to the least condensed regions of
euchromatin.

with the endoplasmic reticulum (Figure 1.9). Immediately
inside this membrane is a network of protein filaments that
defines the shape of the nucleus. The membrane is punctu-
ated by a large number of nuclear pores, which are com-
posed of proteins that permit diffusion of small molecules
and limited diffusion of larger molecules. Very large mol-
ecules also diffuse across if they possess the correct ‘iden-
tifying signal’. In this way, messenger RNA and ribosomal
subunits can leave, and proteins and enzymes that are
involved in DNA replication and in mRNA processing can
enter the nucleus.

Within the nucleus resides DNA, which possesses the
information required for the synthesis of almost all the
proteins in the cell. The exception is the proteins synthe-
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sised within the mitochondria. Between cell divisions, this
DNA exists as a complex of DNA with proteins (e.g. his-
tones). This complex is called chromatin. The organisation
of chromatin at the molecular level is not apparent when
the nucleus is viewed under a light microscope, where it
appears as a diffuse granular material unevenly distributed
through the nucleoplasm. At cell division, however, the
chromatin forms into clearly visible chromosomes, each of
which contains one double-stranded molecule of DNA
(Chapter 20).

A constant number of chromosomes is present in each
cell. The somatic cells (i.e. not sperm or egg) are described
as diploid because they contain two complete sets of chrom-
osomes. There are 23 pairs of chromosomes in each cell,
22 pairs of somatic chromosomes (one of each pair derived
from each parent) and one pair of sex chromosomes, either
two Xs in the female or an X and Y in the male. Together,
the 23 chromosomes contain about two metres of linear
DNA or about three billion pairs of nucleotides. The linear
structure of bases in DNA strands is called the primary
structure of the chromosome. The secondary structure is
the double helix, in which the two complementary strands
of DNA twist about each other. One turn of the helix is
called a pitch and consists of ten nucleotides.

A single chromosome, other than a sex chromosome, is
called an autosome. The adjective, autosomal, describes a
gene carried on an autosome. Autosomal dominant is a
single gene trait that is encoded on an autosome and is
expressed in a dominant fashion in heterozygotes, that is,
the trait is expressed even if only one copy of the allele
responsible is present. Examples of genetic disease with
autosomal dominant inheritance are rare (Huntington’s
chorea is one). Autosomal recessive is a single gene trait
that is encoded on an autosome and is expressed in a reces-
sive fashion, that is, the trait is manifest only if two copies
of the allele responsible are present. Many genetic diseases
are of this type. The structure of a gene is described in
Chapter 20.

Visible in the nuclei of most cells, especially those
actively synthesising protein, is a nucleolus. It consists
of a mass of incomplete ribosome particles and DNA
molecules that code for ribosomal RNA: this is the site of
synthesis of the ribosomal subunits.

New cells

The body continually needs to make new cells in order to
grow or to replace those that have become senescent, lost
or died. The replacement process goes on in many tissues,
but the main sites are skin, bone marrow and the intestine.
New cells are formed by division of existing cells, and it
is estimated that about 100000000000 (10'") cells (about

0.002% of the total) divide each day. During cell division
(mitosis) the genetic material in the nucleus, contained
within the DNA, is duplicated so that identical sets of
information are passed on to each of the two daughter
cells.

The period between cell divisions is called interphase.
The first phase of mitosis is known as prophase, which is
signalled by the chromatin condensing to form chromo-
somes which now become visible for the first time. The
centromere region of each chromosome then divides, sepa-
rating the chromosome into two daughter chromatids.
During early and late metaphase, which is the second
phase, the membrane of the nucleus is lost and the chrom-
atids attach to the centre of a framework of microtubules
(the mitotic spindle) which extends across the cell. During
anaphase the chromatids move outwards towards the ends
of the spindle. Finally, during telophase, they complete
their journey, the spindle breaks down and a nuclear mem-
brane is formed around each new set of chromosomes,
which begin to decondense into chromatin. The cytoplasm
between the two nuclei then constricts, dividing the parent
cell into two.

The daughter cells formed during mitosis have the same
total number of chromosomes as the parent cell. In con-
trast, in meiosis, which occurs during the maturation of the
germ cells, the number of chromosomes is halved (as the
chromosomes divide once but the cells divide twice) so
that the gametes — spermatozoa and ova — are haploid, i.e.
they only have a single set of chromosomes. In addition,
during the formation of the gametes, a process of crossing-
over (exchanging of parts of each chromosome) occurs,
ensuring a mixing of the genetic information that is passed
on to the progeny. The processes of mitosis and meiosis
are described and discussed in Chapter 20.

Cell differentiation

The different tissues of the body contain different types of
cells, for example, neurones and glial cells in the brain,
leucocytes and erythrocytes in the blood. All these cells
are derived from a single fertilised egg by mitosis, and
most contain exactly the same genetic information. Hence
the development of differences between cells (differentia-
tion) requires regulation of the expression of different
genes at different times of development. At these times,
there are some crucial cell divisions, during each of which
at least one of the daughter cells becomes different from
its parent. Over many cell divisions, divergences accumu-
late and the process of change becomes irreversible.
For example, what has become a liver cell cannot regress
to a common precursor cell that could redifferentiate as a
different cell.
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In addition to fully differentiated cells, many tissues of
the body contain stem cells — precursor cells that are not
fully differentiated. These can divide to produce more stem
cells but can also give rise to progeny which can differenti-
ate. Stem cells in the bone marrow, for example, give rise
to all the different types of immune cells, erythrocytes and
megakaryocytes, which give rise to platelets.

Tissues

Although cells are the basic unit of the body, it is their
organisation into tissues that enables them to carry out
their physiological roles. A tissue is an aggregate — a sheet
or cluster — of similar cells that carry out one or more
common functions. There are four basic types: epithelial,
connective, muscular and nervous.

The existence of tissues implies that some cohesive
force or structure holds the constituent cells together. In
some cases, this also provides communication between
cells to achieve coordination within the tissue. There are
three classes of such intercellular junctions:

 anchoring junctions;
« tight, or occluding, junctions;
e gap junctions.

Anchoring junctions between cells involve cell adhesion
proteins known as cadherins which are tissue specific, so
that cells normally adhere only to similar cells. In tissues
that require enhanced mechanical strength, special points
of attachment exist where microfilaments in adjacent cells
are linked to opposed arrays of cadherins.

In tight junctions, strands of protein form a sealing band
around the entire circumfer-

The relative molecular mass
of a molecule is the sum of the
atomic masses of its constituent
atoms. The term has replaced
molecular weight because
weight is a parameter that
depends on the magnitude of
gravitational attraction. Since
relative molecular mass is a ratio
(of the mass of the molecule to
one-twelfth of the mass of the
carbon-12 atom) no units are
required. It has, however,
become accepted practice to use
daltons as a unit of molecular
mass, commemorating John
Dalton’s atomic theory of
matter. Relative molecular mass
is an approximate indication of
size; a spherical molecule of
5000 daltons (or 5 kDa) has a
diameter of approximately

2.4 nm.

ence of a cell, greatly restrict-
ing the free movement of
molecules between it and its
neighbour. In the small intes-
tine, tight junctions prevent
microorganisms from getting
through the epithelium. Their
impermeability is, however,
variable and this may play
some part in controlling the
rate at which water and other
small molecules are absorbed.

Cells that possess gap junc-
tions are able to exchange
small molecules, up to around
one kDa in molecular mass,
with adjacent cells. Gap junc-
tions are composed of clusters

of proteins (connexins) in each cell membrane which form
channels that align with each other.

Many cells secrete proteins and polysaccharides which
remain associated with them to form features including:

e Extracellular matrix, often the major component of con-
nective tissues.

e The basal lamina (basement membrane). This is a dense
complex of macromolecules, forming a sheet that under-
lies epithelia and surrounds muscle cells.

Another family of cell adhesion molecules, the integrins,
are the components of plasma membranes responsible for
maintaining the link between cells and their extracellular
associations. This link is not only mechanical but allows
communication.

Epithelial tissue

Epithelium covers all surfaces of the body, internal and
external. The simple epithelium consists of a single layer
of cells that line the cardiovascular, respiratory, digestive
and urogenital systems. The epithelium, consisting of
endothelial cells, which lines the capillaries and arteries,
is known as the endothelium. The epidermis, the outer
layer of the skin, is a stratified epithelium consisting of
several layers of epithelial cells (Figure 1.10). Epithelia
form a barrier between the internal and external environ-
ments so that they fulfil an essentially protective role,
especially as a first line of defence against invasion by
pathogens. A second major role of epithelia is that of secre-
tion, both from simple epithelial cells and from more dif-
ferentiated cells in endocrine glands that are derived from
epithelial tissue.

S ESANAAREA R —

Columnar epithelium membrane

— Dead cells which are
lost by abrasion

membrane

Stratified epithelium

Figure 1.10 Columnar and stratified epithelia. Epithelial tissues
are underlain by a basement ‘membrane” which is a composite
structure composed of an amorphous basal lamina, secreted by
the epithelial cells, and a more fibrous reticular lamina derived
from connective tissue.



TISSUES 9

Connective tissue

The main role of connective tissue is the support of other
tissues or structures. Its main characteristic is a large extra-
cellular component that consists of two parts:

* Ground substance, which consists of modified sugars, in
the form of polymers, and proteins which are associated
with the polymers.

* Fibres of protein, including the inextensible collagen and
the extensible elastic fibres.

It can be classified into different types.

Loose connective tissue An example is subcutaneous, in
which the ground substance is gel like and the fibres are
irregularly disposed in sheets and bundles.

Dense connective tissue This tissue has a large number
of fibres. They may be irregularly arranged, as in the
dermis, or in sheaths around tendons and nerves, or
more regularly organised in the tendons, which link
muscles to bones, and in ligaments which connect bone
to bone.

Hard connective tissue In these tissues, the ground sub-
stance is firm. In hyaline cartilage, there are few fibres: it
is present in the articular cartilage in joints, as costal car-
tilage (allowing the ribs to move slightly relative to the
sternum during breathing) and also in the trachea and
larynx. In fibrocartilage there is a higher proportion of
collagen fibres, giving it the firm mechanical properties
appropriate to its role in, for example, intervertebral
discs.

Bones start to be formed in the embryo. Cartilage
becomes impregnated with crystals of hydroxyapatite,
a calcium-containing compound of the approximate
composition Ca;(PO,),-Ca(OH),. It is laid down by cells
known as osteoblasts.

Adipose tissue This is a specialised connective tissue that
stores much of the energy reserve of the body in the form
of fat (triacylglycerol) within the cells, known as adipo-
cytes, which are close packed within the connective tissue.
Adipose tissue is located in a number of anatomically dis-
tinct deposits in the body, e.g. below the skin, around
major organs and between muscles.

Blood and lymph These are the liquid tissues. It is,
perhaps, surprising that they are classified as connective
tissues, but their structure is the same as that of other
connective tissues, except that the ground substance is
fluid and the fibres are represented by the proteins such as
fibrinogen and the strands of fibrin, which form when
blood clots. The cells are the red and white cells
(erythrocytes and leucocytes).

Figure 1.11 Longitudinal section through a flight muscle of an
insect as seen under an electron microscope. The dark, approxi-
mately circular, objects are mitochondria packed between two
myofibrils. Electron micrograph kindly provided by Professor
David Smith, Oxford University. (For details, see Chapter 13).

Muscle tissue

In the cells of this tissue, which are known as fibres, the

two major proteins, actin and myosin, are organised to

form myofibrils. These are structural rods that can contract

(Figure 1.11). This enables muscle cells to shorten, which

provides for movement and locomotion (Figure 1.12).
There are three types:

o Skeletal muscle is attached to bones and brings about
movement that is under conscious control. The cells are,
in fact, long fibres, in which the microfilaments of adja-
cent myofibrils are in register to give the fibre a striated
appearance (Chapter 13). In general, skeletal muscle
exhibits a high power output and can contract rapidly.

* Cardiac muscle is present only in the heart. Its fibres
are striated but, unlike skeletal muscle, they are short
and branched. The force it produces is less than that
of skeletal muscle but it is the endurance muscle par
excellence.

* Smooth muscle is composed of spindle-shaped cells
rather than fibres. It lacks striations since adjacent myo-
fibrils are out of register. Power output is lower than that
from skeletal muscle; it is responsible for the gentler,
involuntary movements including, for example, those
that cause movement of the intestine and those that
change the diameter of blood vessels.
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Figure 1.12 Diagrammatic interpretation of contraction in a myo-
fibril of skeletal muscle. The diagram shows a single sarcomere,
the basic contractile unit, limited at each end by a Z-disc. Muscle
fibres are packed with hundreds of parallel myofibrils, each of
which consists of many, often thousands, of sarcomeres arranged
end to end. Contraction is the consequence of the thin actin
filaments being pulled over the thick filaments to increase the
region of overlap and telescope the sarcomere.

Nervous tissue

The nervous tissue provides a means of communication
between different parts of the body, particularly to and
from specific centres in the brain. This regulates and coor-
dinates functions in the body (Figure 1.13).

Neurones are among the most specialised of cells in the
body. Transient changes in electrical potential propagate
along the axon and, through changes in the frequency of
impulses, information is conveyed. Neurones communi-
cate with other neurones; in some cases one neurone may
communicate with as many as 1000 other neurones. Most
neurones have one long process (the axon) and many
shorter, extensively branched, processes, known as den-
drites, through which they communicate with other neu-
rones, receptors on various cells and muscle fibres (Figure
1.14). The communication between neurones is, however,
not an electrical process. There is a small space between
the two neurones, across which communication is made by
chemicals, known as neurotransmitters. Although there are
more than 50 different neurotransmitters, the biochemistry
of the communication is the same. Most axons are sur-
rounded by a sheath of a complex of lipid and protein,

BRAIN

V\/f}

Cardiovascular
\> centre
7 <
Peripheral
circulation
(small arteries)
MUSCLE

HEART

Figure 1.13 Communication to and from the cardiovascular
centre in the brain. The cardiovascular centre controls changes
in the output from the heart (cardiac output) and the flow of
blood through peripheral tissues and organs. It is the efferent
neurones that transfer information from the brain to the heart
and peripheral vessels. The afferent neurones transfer informa-
tion from the heart and other tissues, e.g. muscle, to the centre.
Information transfers from the major arteries, the coronary arter-
ies and peripheral muscles to the brain. There is also information
transfer within the brain and within the muscle.

known as myelin, which serves as a protective sheath and
insulation, and provides for a mechanism to increase the
rate of transmission of electrical activity along the axon.

In the central nervous system, cells other than neurones
are present. Indeed, they outnumber the neurones. They
constitute what is called, collectively, the neuroglia. These
cells act as ‘helper’, ‘nurse’ or support cells for the neu-
rones. There are at least four types of glial cells:

* Astrocytes, which transfer fuel and other material to the
neurones and remove waste products from them; they
perform the role of a ‘nurse’ or ‘nanny’.

* Oligodendrocytes, which lay down the myelin sheath
around the axons, so that they protect the nerve.

* Ependymal cells, which line the cavities of the central
nervous system.

* Microglial cells, which are the phagocytes in the brain
and protect against invasion by pathogens.

For discussion of these cells and the neurones, see Chapter
14.

The whole human
Systems in the body

Except in culture, where they are maintained by the artificial
environment, tissues do not exist in isolation but are com-
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Figure 1.14 (a) Basic structure of a neurone. A motor neurone
is shown, but the basic structure of all the neurones is the same.
Dendrites transfer information from other nerves to the neurone,
while the axon transfers information from the neurone to other
neurones or tissues. The axon is particularly long in motor neu-
rones (Chapter 14). (b) Structures of unipolar, bipolar and mul-
tipolar neurones. Unipolar neurones transfer information from
tissues or organs to the brain. Multipolar neurones are the most
abundant in the nervous system.

ponents of organs, which are anatomically distinct struc-
tures with defined functions. The systems of the body are as
follows (Figure 1.15):

The nervous system

The nervous system is divided anatomically into two parts,
each separately dignified by the term ‘system’ but, in

Digestive system Nervous system

o

Reproductive system Respiratory system

Figure 1.15 Major systems of the human body.

reality, providing the body with a single communication
and control network. The central nervous system (CNS)
consists of the brain and spinal cord; all the other nerves
constitute the peripheral nervous system.

Forming part of the peripheral nervous system is the
autonomic nervous ‘system’ which controls the glands and
non-skeletal muscles that are not under conscious control.
This control is provided by two parts of this system: the
sympathetic and parasympathetic divisions which, in
general, bring about antagonistic responses.

The cardiovascular system

The circulatory system moves materials (and heat) from
one organ to another. It is centred on the heart which
pumps blood through arteries to capillaries, where exchange
occurs before the blood returns to the heart via the veins
(Figure 1.16). During its passage through the tissues, there
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Figure 1.16 A general plan of circulation of blood in a human.
For details of the hepatic portal vein, see Chapter 6.

is a net loss of plasma from the capillaries to form tissue
fluid. This is returned to the circulation via the lymphatic
system, the main role of which is as a component of the
defence mechanisms of the body (Chapter 17).

Integumental system

Although often taken for granted, the skin is actually the
largest organ in the body. It is responsible for protection
(both physical and chemical) against attack by pathogens
and prevents ultraviolet light from penetrating the tissues
and most chemicals from entering the body. It also plays
the major role in temperature regulation and bears a wide
variety of receptors. It is a remarkable structure as indi-
cated by the extract that introduces this chapter.

Respiratory system

It is the respiratory system that enables an adult human to
absorb about 360 litres of oxygen in a typical day and
excrete a slightly smaller volume of carbon dioxide. This is
made possible by the branching system of airways in the
lungs which services a vast surface area for gas exchange.

The urinary system

The urinary system is responsible for eliminating soluble
waste products which are separated from the blood by the

kidney. In the male, it is anatomically combined with the
reproductive system to form what is sometimes known as
the urogenital system.

The digestive system

This is essentially a tube running from mouth to anus. It
is, conventionally, considered to include the associated
glands: liver, pancreas and gall bladder. It provides the
enzymes required for digestion, the chambers in which this
occurs and the mechanism for the absorption of the prod-
ucts of digestion. A major function of the liver is to chemi-
cally modify and store many of the products of digestion
and detoxify or inactivate those that may be injurious to
health.

The endocrine system

The endocrine system is an anatomically diverse assem-
blage of organs, united by the common function of secret-
ing hormones. Organs, with quite different functions,
including the kidney, liver and intestine, also secrete hor-
mones and, in this sense, they too are part of the endocrine
system. In a functional sense, the endocrine system also
includes the blood which transports hormones to their
target cells, tissues or organs.

The reproductive system

The reproductive system includes the ovaries in the female
and testes in the male, together with the ducts and tubes in
which the ovum or spermatozoa travel and meet in the
fallopian tube, and the environment in which the foetus
develops. Since both ovary and testis produce hormones,
there is overlap with the endocrine system (Chapters 12
and 19).

The musculoskeletal system

Mechanically, the bones that constitute the skeleton provide
protection, support and a framework of levers which enable
attached muscles to develop the forces that make locomo-
tion possible. Within cavities in the long bones of the limbs
is the bone marrow, where erythrocytes (red cells) and
immune cells (white cells) are produced for the blood and
lymph. Adipocytes are also present in the bone marrow:
indeed they outnumber the other cells (see Chapters 7 and
17).

The immune system

Unlike the other systems described above, the immune
system has no organs as such and is anatomically diffuse.
It consists of the cells that mediate the body’s immune
response and the tissues that produce and house them (also
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known as the lymphoreticular system) including bone
marrow, lymph nodes, thymus and spleen.

The reticuloendothelial system

This is a diffuse and loosely defined system which encom-
passes those cells and tissues that are phagocytic. These
include the endothelia of blood and lymphatic vessels
(which are only weakly phagocytic), reticular cells of the
spleen, endothelial cells, sinusoids in the liver and lymph
nodes, macrophages and circulating phagocytes.

The biochemical hierarchy

A brief description of the biochemical function of organ-
elles, cells or organs and systems in the body is provided
above. A challenge for functional biochemistry is to explain
how the biochemistry performed by organelles accounts
for the biochemistry occurring in cells, which in turn
explains the function of the tissue or organs in the body
and, finally, how the hierarchy and the interaction between
systems provide for many if not all the aspects of the life
of humans. The information presented in this book responds
to this challenge and, in so doing, helps to explain the
biochemistry underlying good health and how disturbances
can lead to ill-health and disease.

It is, in fact, possible to separate disease into classes that
loosely correlate with the different systems in the human
body, which are described above. These classes are listed
in Appendix 1.1 together with an indication of the posi-
tions in the book where the diseases are described and
discussed.

Two examples are provided here and expanded further
in later chapters.

Mitochondria One characteristic of human life is
movement and physical activity. It is the mitochondria in
muscle that generate ATP to support the process of con-
traction of the myofilaments in the muscle fibre which
results in contraction of the whole muscle.

Failure of mitochondria to generate sufficient ATP to
power contraction of the muscles leads to fatigue, which

if mild can be classified as ill-health but if severe can be
classified as disease. Such failure could be caused by a
deficiency of an enzyme in the mitochondria, damage to
the membranes within the mitochondria or simply a reduc-
tion in number of mitochondria. Regular physical activity
maintains or even increases the number of mitochondria in
muscles and, hence, fatigue only occurs after intense or
prolonged activity. This is an indication of good health.
Lack of regular physical activity reduces the number of
mitochondria in muscles so that even mild activity can
result in fatigue, usually described as ill-health. One par-
ticular defect in mitochondrial ATP generation that occurs
in adults, known as adult-onset mitochondrial disorder,
became of considerable interest when the American cyclist
Greg Lemond, who won the Tour de France cycle race
three times, retired from competitive cycling in 1994. This
decision was taken due to impaired mitochondrial ATP-
generation (Chapter 13).

Failure of mitochondria to oxidise fatty acids sufficiently
rapidly reduces the ability of the muscle fibres and other
cells to utilise fat after a meal, so that fat levels in the blood
and in the muscle increase to abnormally high levels. Over
a period of time, this disturbance can lead to obesity or
type 2 diabetes mellitus (Chapter 9).

B Iymphocytes When stimulated during an infection,
B lymphocytes differentiate to form effector lymphocytes,
in which the rough endoplasmic reticulum together with
the Golgi synthesise and secrete antibodies into the blood
to fight invading pathogens. Detection of an invading
pathogen by the B cells results in B cell proliferation and
massive expansion of the rough endoplasmic reticulum to
generate a vast number of the antibodies which will attack
and defeat the pathogens. Hence, in B lymphocytes, the
endoplasmic reticulum plays an essential role in main-
taining health. However, infection of T lymphocytes with
the human immunodeficiency virus (HIV) prevents these
T cells from stimulating B cells to proliferate and differ-
entiate, so that there is no massive expansion of the rough
endoplasmic reticulum and hence the HIV and other patho-
gens are not attacked. The disease AIDS (acquired immune
deficiency syndrome) is the result (Chapter 17).
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Energy: In the Body, Tissues and
Biochemical Processes

Normal life may be defined as the conversion of energy to perform meaningful work at an
acceptable metabolic cost. lllness and injury may be defined as energy conversion, work
requirements or metabolic costs that have now become excessive. Therefore death may be defined
as the irreversible loss of the ability to use energy to perform sufficient work in one or more vital

organs.

(Kinney et al., 1988)

The history of energy metabolism is a fascinating example of how progress depends alternatively
on new concepts and, at other times, on new technology that allows elements of the problem to be

revisited and objectively measured.

A problem with the term ‘energy’ is that it means different
things to different people. In everyday life, it is associated
with, for example, motion, speed, vitality, strength. Some
people are described as having ‘lots of energy’ and others
as having ‘little energy’; some foods are described as ‘high
energy’, others as ‘low energy’. The physicist’s definition
of energy as the capacity to do work is too abstract to be
useful here so probably the best way to understand it is to
consider energy in its different forms and how it can be
transformed from one form into another. The different
forms include heat, electrical, light, mechanical and chemi-
cal, all of which are interconvertible: a dynamo converts
mechanical into electrical energy and an internal combus-
tion engine converts chemical into mechanical energy.
Indeed, the transfer of chemical energy in one compound
to another is essential to life and the conversion of light
energy into chemical energy is the process upon which
almost all life depends.

There are two laws of thermodynamics that govern the
behaviour of energy. The first states that: Energy can
neither be created nor destroyed. It can only be converted
from one form into another. The second law can be stated
in several ways but a simple one is: Heat does not flow,
spontaneously, from a cold object to a warmer one. The
relevance of these two laws in health and disease may not

(Kinney et al., 2006)

be immediately apparent but one aim of this chapter is to
explain just this. The chapter is divided into three major
sections:

e energy transformations in the whole body;
 energy transformations in tissues or organs;

e energy transformations in biochemical reactions or
processes.

The first law applies to the material presented in the first
two sections and both laws apply to the third section. One
factor common to all these discussions is that the same
unit, the joule, is used in all these energy transformations
(Table 2.1).

Although details of the biochemistry of energy transfor-
mation have been established for over 50 years, it is only
recently that this knowledge has been applied to key life
processes in health and disease. This has been driven by
several factors: appreciation of the importance of provision
of chemical energy (i.e. food) for patients, in hospital,
provision of chemical energy for physical activity of all
kinds and the need to balance energy intake and
expenditure for prevention and treatment of obesity. In
discussions of the last point, even the mass media refer to
the first law of thermodynamics.

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech

© 2010 John Wiley & Sons Ltd
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Table 2.1 Conversions between units of energy

From To Factor
Calories joules x4.18
Joules calories x0.239
Kcal/day MJ/day x0.00418
Kcal/day kcal/min x0.000694
MJ/day kJ/min x0.694
MlJ/day kcal/day %239

Unfortunately, in scientific literature energy is presented in various dif-
ferent units: the factors that are used to convert one unit into another are
provided here.

The rate of energy expenditure is usually expressed as watts. One watt is
equal to one joule per second. One kilowatt (kW) is equal to one kilojoule
per second. A top class sprinter expends energy (i.e. converts chemical
energy into heat) at a rate of about 3000 watts and a marathon rather
about 1400 watts.

Energy transformations in the
whole body

The most familiar contact with energy in everyday life is
through eating and, because we eat intermittently, some of
the energy is stored to provide for short or long periods of
starvation and/or physical activity. Consequently, the first
topic in this section presents the amount of the different
fuels stored in the body.

Fuel stores

A fuel is a compound for which some of its chemical
energy can be transformed into other forms when a chemi-
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cal reaction takes place. Glycogen and triacylglycerol are
the two major fuels stored in the body, the former in liver
and muscle and the latter in adipose tissue. However,
recently a third fuel has been identified that is also stored
in skeletal muscle, the amino acid glutamine (Chapter 9).
If the magnitude of these stores and the energy expenditure
are known, it is possible to calculate how long they will
last under different conditions (Table 2.2).

Glycogen

In the normal standard male (70 kg) the liver contains
about 80 g of glycogen after the evening meal and the total
content in muscle is about 350 g. Glycogen is always
stored in association with water (1 g of glycogen with
about 3 g of water), so complete repletion of the total gly-
cogen stores increases body mass by about 2 kg, i.e. for
each 4 kJ of energy stored as glycogen, body mass increases
by approximately 1 g. A low energy diet, which results in
depletion of the glycogen store in the body, produces a loss
of about 2 kg of water. It is not a loss of fat!

The glycogen content can be measured by taking a
small quantity of the muscle from a volunteer or patient (a
biopsy), extracting it and measuring the amount of glyco-
gen in the extract (Appendix 2.1). This is then multiplied
by the total amount of muscle in the body. Since this is an
invasive technique, it is not suitable for routine purposes.
Although many biopsy samples of muscle from normal
individuals have been taken, very few biopsies of the liver
of normal volunteers have been taken. Since different
muscles contain different amounts of glycogen, extrapola-
tion from the amount in a biopsy of one muscle may
produce inaccurate results. A nuclear magnetic resonance

Table 2.2 Approximate content of glycogen, triacylglycerol and glutamine in a normal adult male® and the estimated time for
which they would last, if they were the only fuel used, during two forms of physical activity and during starvation

Approximate total
fuel reserve

Estimated period for which fuel store would
provide energy

Fuel store g MJ Walking (days)* Marathon running” Starvation
Adipose tissue triacylglycerol 12000 450 15 Several days 70 days*
Liver glycogen 80 1.3 0.04 15 min 24 hours
Muscle glycogen 350 5.8 0.5 70 min -
Glutamine® 80 2.0 - - -

The size of fuel reserves, especially triacylglycerol, varies considerably in both male and female adults. It is assumed that the amount of adipose
tissue in a 70 kg male is 15 kg, of which 75% is triacylglycerol. Data from Cahill (1970); Wahren (1979).

See Chapter 13 for a discussion of which fuels are actually used to support physical activity.

*Assuming that energy expenditure during walking at 4 miles/h is about 30 MJ/day (one day is 24 hours).

" Assuming that the energy expenditure is 84 kJ/min, or about 5 g glucose a minute, which is achieved by top class endurance runners (see below).

“Glutamine is stored and released from muscle but is not used. Glutamine is used by a large number of cells and tissues (Chapter 9). Glutamine is
used in starvation but mainly to provide ammonia to buffer the hydrogen ions in the urine, and as a precursor for glucose but the amount of energy

available from the glucose produced is not known (Chapters 6 and 8).
¢See Chapter 16.

¢Different amounts of fuels are stored in females due to different amounts of tissues (See Table 2.9).
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spectrometer can measure the amount of glycogen from
the content of *C-labelled glucose in glycogen in liver or
muscle of a volunteer (for description of isotopes, see
Appendix 2.2). This is a non-invasive technique, but it
gives similar results to the biopsy method (Chapter 16)
(Appendix 2.3).

Triacylglycerol

Most of the triacylglycerol is stored in adipose tissue
depots. Smaller amounts are found in muscle and liver.
Adipose tissue is connective tissue that contains adipo-
cytes, blood vessels, collagen and lymphocytes. The
last latter are present in lymph nodes, most of which are
present within adipose tissue depots throughout the body.
Indeed, there may be more lymphocytes in adipose

tissue than there are adipocytes

(see Chapter 17). The propor-
tion of triacylglycerol in an
adipose tissue depot is >80%
and water is 14% of the wet
weight. About 95% of an adi-

In the obese or overweight, the
proportion of triacylglycerol in
an adipose tissue depot is about
90%. In the newborn it is as
low as 35%.

pocyte is triacylglycerol.
There are three ways, notionally, of compartmentalising
the body, depending on whether the mass of adipose tissue
or triacylglycerol itself is being measured:

« adipose tissue mass and lean body mass (LBM);
« fat mass (triacylglycerol) and fat-free mass (FFM);
« fat mass as a percentage of body weight.

Unfortunately, it is not always clear in the literature whether
triacylglycerol or adipose tissue mass is being considered.

The range in the amount of fat in different humans is
remarkable: from about 7% to more than 40% of body
weight. The heaviest person recorded in the Guinness
Book of Records was John Brower Minnoch (1943-83),
who was more than 57 stone (362 kg) when he died. The
maximum survivable is 500 kg.

There is no ‘gold standard’ for measuring the content of
the triacylglycerol store, since adipose tissue is distributed
in many different depots (see Appendix 2.4 for some of
the methods that are available).

Glutamine

Glutamine is found in all cells in a combined form in pep-
tides or proteins, but also in a free form. The highest free
concentration of glutamine is found in muscle, where it
acts as a store for use by other tissues. In fact, the total
amount in all the skeletal muscle in the body is about 80 g,
which is synthesised in the muscle from glucose and
branched-chain amino acids (see Chapter 8). As with gly-
cogen in the liver and triacylglycerol in adipose tissue,

glutamine is released during starvation and trauma (Chap-
ters 16 and 17). The release requires a specific transport
protein in the plasma membrane.

The content of glutamine in muscle is measured in a
similar manner to that of glycogen. A biopsy of muscle
is taken, extracted and the glutamine content measured
by enzymes or by high pressure liquid chromatography
(Appendix 2.1).

Energy intake and expenditure

The first law states that energy is neither created nor
destroyed, which applies to the human body as to any other
system. Thus the body mass represents a balance between
energy intake (i.e. food) and that expended in various pro-
cesses in the body, especially physical activity. Thus the
law is particularly relevant in weight-reducing diets to
overcome obesity or to maintain normal body weight.
The subject of obesity is discussed in Appendix 1.5. The
general principles of energy intake and expenditure are
now discussed.

Energy intake

The only way that energy enters the body is in the form of
food (i.e. chemical energy). An important question is,
therefore, how can the amount of energy in food be mea-
sured? This question is answered by reference, once again,
to the first law, which can be restated as: the change in
chemical energy in a reaction

is equal to the heat produced
by the reaction (provided that

The equation that governs this
is

no work is done by the reac-
tion). The term enthalpy (H) is
used to describe this chemical
energy and its change is written
as AH. In other words, chemi-
cal energy is measured when it
is converted into another form,
usually heat.

AH=qg—-w,

where ¢ is the heat released in
the chemical reaction and w is
the work done by the reaction.
If no work is done, AH = q.

If some work is done, e.g.
expansion of a gas, ¢ is less
than AH.

The energy in food is in the form of carbohydrate,

fat and protein, and the oxida-
tion of these compounds, in
vitro, transfers the chemical
energy into heat which can
then be measured. This is done
in what is known as a ‘bomb
calorimeter’ (Figure 2.1). The
heat released in the calorimeter
when 1 g of carbohydrate, fat,
protein or other fuel is fully
oxidised (i.e. AH) is given in
Table 2.3.

It is important to note that the
heat produced is a measure of
a change in enthalpy, not its
absolute amount, and that AH
is independent of the chemical
path followed by the reaction.
For example, the value of AH
is the same whether glucose is
oxidised to CO, and H,O in a
laboratory or via metabolism in
the body. The reaction is the
same e.g.:

glucose + 60, — 6CO, + 6H,0
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Figure 2.1 A bomb calorimeter. The food is ignited by an electric
current within the inner compartment, which is known as the
‘bomb’” because the reaction within the box is generally so rapid
as to be almost explosive. Insulation prevents heat loss and
the thermometer measures the rise in temperature of the water
that surrounds the bomb. From this increase, and the thermal
capacity of the apparatus, the amount of heat released can be
calculated.

These values can be used to calculate the energy content
of a meal. The sequence of steps in the calculation is as
follows.

* Weigh the food prior to eating and any left over at the
end of the meal, so the difference gives the amount of
food ingested.

e Calculate the amounts of the major components of
the food (carbohydrate, fat, protein, including alcohol)
ingested, from knowledge of the composition of the
meal (obtained from information provided on the
package of the food item or from food composition
tables).

e Multiply each of these weights by the appropriate
value of the heat released from oxidation of one gram
(i.e. AH values given in Table 2.3) and add them
together to give the total energy intake. Examples of
the energy content of some meals are provided in
Appendix 2.5.

Table 2.3 Energy released on oxidation of one gram of the
major fuels

Constituent AH (kJ/g)
Protein™® 16.7

Fat” 37.6
Starch or glycogen® 16.7
Glucose® 15.7
Unavailable carbohydrate® 8.4
Ethanol® 29
Glutamine 13.2

*Provided that the end-products of oxidation in the body are the same as
those in the bomb calorimeter, the information gained from the latter can
be used for calculations on energy transformation in the body. This is the
case for carbohydrate and fat but it is not the case for protein since, in a
bomb calorimeter, nitrogen in protein is converted to its oxides whereas,
in metabolism, nitrogen is incorporated into urea and excreted, and the
conversion of the nitrogen to urea does not provide energy. Nonetheless,
the effect of this difference can be calculated (it is 6.25 kJ/g protein) and,
therefore, can be taken into account, which has been done for the value
given in this table.

"Digestion and absorption of carbohydrate, fat or protein are not com-
plete, making the values gained from the bomb calorimeter too high. This
problem was first investigated by W. O. Atwater and the ‘Atwater factors’
have been used to produce the ‘biological’ values of AH, which are those
given in this table. Digestion and absorption are very efficient and, in a
mixed diet, 99% of the carbohydrate, 95% of the fat and 93% of the
protein is actually absorbed, as monosaccharides, fatty acids and glycerol,
and amino acids respectively. (Elia & Cumming S. 2007).

“Humans lack enzymes to hydrolyse cellulose, and some other carbohy-
drates in food. However, bacteria in the intestine can hydrolyse and
ferment some of this carbohydrate to produce short-chain fatty acids,
which are used by the colon and the liver. It is estimated that for each
gram of unavailable carbohydrate in the diet, 8.4 kJ of energy is made
available in this way, although this is influenced by factors such as ripe-
ness of fruit or the way leguminous seeds are cooked. Nonetheless, these
effects will be small and can be ignored unless the amount of such car-
bohydrate is high or very accurate results are required. (The subject of
unavailable carbohydrate and fibre in the diet is discussed in Chapters 4,
6 and 15).

In some individuals, ethanol accounts for more than 10% of the energy
ingested.

There are, however, at least three factors that should be
borne in mind if studies are being carried out and reason-
ably accurate results are required:

e It is usual for a subject to under-report the intake or to
consume less than usual, if intake is being monitored by
an observer.

* There is considerable day-to-day variation in food intake,
so that studies should be carried out for a minimum of
one week and under continual surveillance. The longest
reported such study lasted 62 days.

* The heat released in the bomb calorimeter is not always
the same as that released in the body (see footnotes to
Table 2.3).
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Energy expenditure

Four methods have been used to measure expenditure:
 use of formulae;

e direct calorimetry;

* indirect calorimetry;

* isotopic methods.

Use of formulae Until recently, practical methods were
not available for measuring energy expenditure in patients
in hospital. Consequently, formulae, based on weight,
height, age and gender of the patient were, and still are, in
use. The earliest formulae were published in 1919, by
Harris & Benedict, who studied 239 individuals aged 15—
73. These were used for many years but the values were
found to be too high. In 1985, a study on 7000 individuals
provided new formulae known as Schofield standards
(Schofield, 1985; Table 2.4). Whichever formula is used,
it provides only approximate values, since metabolic rate
varies markedly between individuals.

Direct calorimetry Energy expenditure can be measured
from the heat lost by an individual, which is the same as
that produced. All the energy used in the daily activities
of the body is released as heat. For example, the mechani-
cal energy expended walking to work, sprinting for the
train or running a marathon is converted into heat. The
method used for measuring heat production is known as
direct calorimetry (Box 2.1). The individual lives in a

thermally insulated box, and water (or other fluid) is
pumped around the calorimeter to absorb the heat pro-

duced. The rise in temperature
of the water, multiplied by the
thermal capacity of the water,
gives the heat released for the
period of time that the person

The thermal capacity of a
material is the amount of heat
needed to raise its temperature
by 1°C. For 1 g of water, this
is 4.2 joules.

is in the calorimeter. The main
practical problem is that the calorimeter has to be large
enough to allow the subject to eat, sleep and exercise, pos-
sibly for several days or more, and yet be extremely well
insulated (Figure 2.2). Only a very few laboratories around
the world have such facilities.

Indirect calorimetry This approach is so indirect that it
does not involve measuring heat at all! All the energy
expended by a person arises from the oxidation of carbo-
hydrates, fats and/or proteins, which use oxygen and
produce carbon dioxide (and urea), all of which can be
measured.

With modern equipment it is now possible to measure
oxygen consumption and carbon dioxide production breath
by breath. Alternatively, for long-term studies, the volun-
teer can be enclosed in a room and the changes in content
of the gases measured. For resting subjects and for patients,
this is not necessary: a simple hood over the head may be
sufficient to allow measurement of oxygen uptake and
carbon dioxide production, if precision is not required.

Because similar amounts of heat are produced when
a litre of oxygen is used to oxidise triacylglycerol or
carbohydrate (19.28 kJ and 21.12kJ, respectively) an

Table 2.4 Empirical formulae for the calculation of resting energy expenditure of men and women with worked examples

Harris & Benedict (1919) for adults

e Male: basal energy expenditure (in kJ/day) = 278 + 57.54 W+ 2093.4 H — 28.3 A
* Female: basal energy expenditure (in kJ/day) = 2740.9 + 40.0 W+ 7.739 H — 19.6 A

Where W is weight in kg, H is height in metres and A is age in years. To convert to kcal/day, multiply by 0.239.

Schofield (1985) for individuals 30-60 years old

e Male: basal energy expenditure (in kJ/day) = 48.0 W — 11.0 H + 3760
* Female: basal energy expenditure (in kJ/day) =34 W + 6 H + 3530

Where W is weight in kg and H is height in metres.

Examples of calculations based on standard male and female adults:

Male 70 kg, 1.75 m, 45 years
Female 50 kg, 1.65 m, 45 years

Energy expenditure calculated from Schofield equation:
Male
Female

3360 — 19 + 3760 = 7101 kJ/day (1699 kcal/day)
1700 + 9.9 + 3560 = 5240 kJ/day (1253 kcal/day)
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The first direct calorimeter worked on the principle that the
heat produced by an animal could be measured by the amount
of ice that it caused to melt. At 8:12 on the morning of 3
February 1783, Antoine Lavoisier and Pierre Laplace placed
a guinea pig in an ‘ice-machine’ and initiated experiments that
firmly established a link between the production of heat, the
consumption of oxygen and the formation of carbon dioxide
by animals. These experiments have been described as ‘the
most important group of experiments in the history of meta-
bolic-heat studies’. In a paper published in 1777, Lavoisier
had established that, during respiration, the content of the
oxygen in the air is diminished, whereas that of carbon dioxide
is increased and that of nitrogen remains the same. So began
the realisation that physical and chemical processes were the
source of body heat and that the use of the calorimeter enabled
quantitative experiments to be carried out. Parallel investiga-
tions were taking place in Scotland at this time, although they
focused more on the heat produced by animals than on gaseous
exchanges. Before the studies of Lavoisier, it was widely
accepted that the source of body heat was a fire in the left
ventricle of the heart and that the role of the lungs was to cool
this internal fire through ventilation.

Lavoisier’s contribution to the study of animal energetics
was not limited to his elucidation of the relationship between
respiration and the production of heat. His studies with Seguin
on the metabolism of humans, which involved the quantitative

Box 2.1 History of the discoveries of the relationship between heat and metabolism

measurement of oxygen consumption and carbon dioxide pro-
duction, uncovered hitherto unknown relationships. In a letter
Lavoisier wrote to Joseph Black in 1790 he reported that
oxygen consumption was increased by the ingestion of food,
by the performance of muscular work and by exposure to
cold. He also determined the minimal rate of metabolism
in the resting, post-absorptive state and showed a proportion-
ality between pulse frequency, ventilation frequency and
metabolism.

Although the intuition and experiments and work of
Lavoisier were remarkable, but discoveries over 100 years
earlier had provided the basis for his work. In the latter part of
the seventeenth century, William Harvey, personal physician
to King Charles I of England, had attracted a talented group of
scientists. Among this group of ‘Oxford physiologists’ was the
chemist Robert Boyle, who elucidated the interrelationships of
pressure, volume and temperature of a gas. With his colleague
Robert Hooke he used a vacuum pump to show that a bird
could not survive and a candle would not burn in the absence
of air. They concluded that some gaseous element was needed
to support both the flame and the life of the bird. This gaseous
element was, of course, oxygen, discovered by Joseph
Priestley in 1774 (Chapter 9), it was Lavoisier who appreciated
the significance of Priestley’s findings which eventually led
to the development of chemistry. Lavoisier is therefore known
as the ‘father’ of chemistry (and therefore biochemistry).
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Figure 2.2 A direct calorimeter. The increase in temperature
(T,-T;) of the water flowing through the tube is an indication
of the amount of heat produced by the subject within the
calorimeter, from which the precise amount of heat produced
can be calculated.

average value of 20 kJ/L of O,
can be used to calculate the
approximate energy expendi-
ture. The value is the same
for production of CO, from
carbohydrate. The advantage
of indirect calorimetry is the
greater accuracy when com-
pared with the equations and
the relative simplicity of the
procedure, so that it is suit-
able for use in a hospital or

This value of 20 kJ/L O, can
be very useful: for example,

it can be used to calculate that
a top-class marathon runner
requires oxidation of 5 g of
carbohydrate every minute
during the race, provided that
no other fuel is used. The
athlete takes up 4 litres of
oxygen each minute, which is
equivalent to 4 x 20, or 80 kJ
each minute; as 1 g of glucose
releases 16 kJ of energy, the
glucose or glycogen used is
80/16 or 5 g each minute.

laboratory.

Isotopic methods Indirect calorimetry is limited by the
need to measure the gases, which means that it cannot be
used for free-living studies. Consequently, methods involv-
ing the administration of isotopically labelled compounds
have been devised. These are based on the principle of
isotopic dilution, a widely employed method for estimating
concentrations, particularly of hormones and other proteins
in the blood (Appendix 2.6). The requirements for these
methods are:
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* The availability of the isotopically labelled substance.

e The assumption that, when administered, the substance
will mix uniformly with the unlabelled substance in the
body.

* The ability to measure the amount of isotope in a sample
of the substance; that is, the amount of isotope per gram
(or mole) of substance. Note that it is not necessary to
know the size of this sample — a major advantage of the
method.

In principle, isotope dilution could be used to measure the
rate of production of water or carbon dioxide by measuring
the rate at which the administered '“CO, or *H,0 was
diluted. In practice, however, there are difficulties. In the
case of water, the amount produced is small compared
with the mass of body water, so that the changes in the
content of isotope would be too small to measure accu-
rately. The problem with carbon dioxide measurements is
the need to take frequent samples because carbon dioxide
is rapidly excreted. Two methods have been developed that
overcome these problems (see Elia & Livesey 1992).

Dual isotope technique The technique uses two heavy
isotopes, oxygen ('*0) and deuterium (*H). Water that con-
tains these isotopes is prepared. The subject drinks a glass
of this water, as part of a normal meal. Once equilibrated
with body water, which occurs quickly, the content of *H
in the water falls due to the production of unlabelled water
from the oxidation of fuels. Similarly, the 180, content
in the water also falls but the rate is greater than that of
’H since the '®0O, equilibrates not only with the oxygen
atoms in water but also with those in carbon dioxide. An
equilibrium between water and carbon dioxide is rapidly
established due to the activity of the enzyme carbonate
dehydratase.

H,0 + CO, 2 H,CO;

The greater the rate of production of carbon dioxide by
the body, the greater the rate of fall of the "*O/*H ratio,
which is measured in a sample of urine collected every
day. From the difference in the slope of the decline of the
two labels, the rate of CO, production is calculated
(Figure 2.3).

The great advantage of the technique is that the measure-
ments do not affect normal daily activities in any way,
so it can be used to measure energy expenditure in a
number of different activities or conditions (e.g. by cyclists
in the Tour de France race, climbers on Mount Everest,
members of a trans-Antarctic expedition, women during
pregnancy or lactation, obese animals including humans
carrying out their normal daily activities) (Prentice 1988).

Heavy isotope content

Time

Figure 2.3 Changes in the heavy isotope content of oxygen and
hydrogen in the urine with time after administration of ?H,*0.
The 2H and 0 are diluted by the formation of H,0 from oxidation
of fuels and particularly that ingested in food and drink. The **0
in water is diluted from the production of C0, via the oxidation
of the fuels. The difference in the slopes indicates the rate of
€0, production. The label ‘heavy isotope content’ is actually the
isotopic enrichment. Physical activity, for example, increases
fuel oxidation (i.e. respiration) and therefore greater dilution of
180.

Inevitably, there are problems with the method:

* The respiratory exchange ratio (usually abbreviated,
RQ or R) should be known but, in practice, it makes little
difference unless very high accuracy is required.

e The method is not accurate for measurements over short
periods (<10 days, or 5 days in children).

e It can underestimate the energy expenditure in children
and in very obese individuals.

* The double-labelled water is expensive.

* Avery sensitive mass spectrometer is required to measure
"0 and *H.

Isotopic dilution of urea Urea is synthesised continually
from carbon dioxide and ammonia in the body, in the
ornithine cycle

CO, + NH; & CO(NH,),

After administration of '*C-labelled hydrogencarbonate,
the '“CO, rapidly equilibrates with the CO, in the whole
body. Since the urea produced in the liver is in isotopic
equilibrium with the CO, produced from the oxidation of
fuels, changes in the radioactivity in urea in the urine can
be used to measure the rate of CO, production and hence
the rate of fuel oxidation. An advantage of the technique
is that it is accurate over relatively short periods (e.g. 24
hours).
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Components of energy expenditure

The amount of energy expended by an individual depends
on three major components:

* resting energy expenditure (REE), also known as basal
metabolic rate;

¢ thermic effect of food;

e physical activity.

Resting energy expenditure REE is defined as the energy
expenditure at rest. It should be measured under conditions
that minimise the effects of the other components, usually
after the overnight fast or during a longer period of starva-
tion. The healthy individual

The thermoneutral temperature
is that at which there is no net
gain or loss of heat from or to
the environment. For humans,

this temperature is not easy to

ascertain but experiments

should be at rest, both physi-
cally and mentally, and at a
thermoneutral environmental
temperature. If it is measured
2—4 hours after a light meal,

marked difference in the values of the REE for similar
body weight in males and females, which is caused by their
different fat-free masses: in females adipose tissue makes
up a much higher percentage of body weight than in
males.

Average values for the REE are 7.02 MJ (1680 kcal)
per day for normal weight standard adult males (i.e. 70 kg)
and 5.60 MJ (1340 kcal) per day for normal weight
standard females (i.e. 58 kg). These values conceal as
much as 30% variation between individuals, which is
greater than changes in energy expenditure caused by
normal levels of physical activity or by changes in ambient
temperature. (Note difference for a female when calculated
from schofield equations presented above.)

Thermic effect of food 1t has long been observed that
eating a meal increases energy expenditure, a phenomenon
also known as diet-induced

’ . " .
thermogenesis o specific It is usually assumed that the

suggest that the preferred
temperature for subjects with
light clothing is 23-26°C.
Mental rest (or complete
relaxation) is not always an
easy state to achieve under
experimental conditions.

the value includes a small
contribution from the thermic
effect of food. Basal metabolic
rate (BMR) is an older term
than resting energy expendi-

ture. A problem with both is
that there is a diurnal variation in energy expenditure: it is
lowest after the overnight fast so that it should be measured
at the same time each day.

A further problem is, on what basis should the REE be
reported, e.g. per kilogram body weight or per kilogram
fat-free mass? The former has the disadvantage of being
influenced by the body composition, since adipose tissue
has a lower metabolic activity than that of the fat-free
component of the body. Per kilogram fat-free mass is now

preferred because there is a linear increase in the value of

the REE with the fat-free mass (Figure 2.4). There is a
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Figure 2.4 A plot of resting metabolic rate against fat-free mass
in men. The line is a regression line based on 38 data points.
The data are from Elia (1992). The largest contributor to fat free
mass, is muscle.

dynamic action. The increase
depends on the type and quan-
tity of food consumed. As an
example, the effect of a carbo-
hydrate-rich meal on the
oxygen consumption of volun-
teers before and after exercise
is shown in Figure 2.5.

The thermic effect of food
has two main components:

* An obligatory component,

total heat released when one
mole of ATP is hydrolysed is
equal to the enthalpy change
(=21 kJ) but this is only in
vitro. It ignores the fact that
hydrolysis of ATP in vivo
demands simultaneous
generation of ATP to maintain
its concurrence, which requires
aerobic metabolism, which also
expends energy. When this is
taken into account, the
hydrolysis of one mole of ATP
is actually responsible for
release of 90 kJ of heat

(calculated on the basis that
oxidation of one mole of
glucose generates 30 moles

which results from the
energy cost of digestion,
absorption and assimilation

ATP).
of the food.
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Figure 2.5 A plot of oxygen uptake after two meals in young adult
males. The vertical bars indicate the meal times. The measure-
ments were carried out after physical activity which exaggerates
the effect of the meal. The meal was high in carbohydrate.
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* A facultative component, which results from the energy
expended to regulate the rate of the various metabolic
processes in relation to the metabolic load that is placed
upon the body. For example, the amount of glucose
absorbed into the bloodstream in a single normal meal
is sufficient to increase the blood glucose level by about
20-fold (i.e. to about 100 mmol/L, well above the limit
for the kidney to reabsorb glucose — about 10 mmol/L).
To prevent this, regulatory mechanisms are required.
Processes such as the secretion of several hormones,
covalent modification of enzymes and substrate cycles
(see Chapter 3) are activated to provide regulation and
all require the expenditure of energy. Unfortunately,
it is not possible to estimate accurately the contribution
of these various processes to the facultative thermic
effect.

Physical activity Physical activity can increase energy
expenditure markedly (Tables 2.5 and 2.6). Running 1
mile (1.5km), at any speed, expends about 400 kJ
(100 kcal) and a full marathon about 12000 kJ (2900 kcal)
for an average adult (about 4 kJ per kg per m). Thus, if
the intensity is high and the duration long, dramatic
increases are possible. Tour de France cyclists can increase
their normal daily energy expenditure four- to five-fold (to
over 30 MJ/day) during a particularly strenuous day in the
mountains. The ‘world best’ for daily energy expenditure
is 45-49 MJ (10.750-11.700 kcal), which is held by Mike
Stroud and Ranulph Fiennes, achieved on particularly
onerous days during their trek across Antarctica (see
Chapters 13 and 15) weven, a similar value has been
estimated for coalminers walking from the lift shaft to the

Table 2.5 Approximate energy expenditure during various
activities

Approximate energy

Work intensity expenditure kJ/min

Complete rest 4-7
Sitting 6-8
Standing, light activity 9-13
Light work in the house 13-30
Light work in the garden 15-45
Coal miners heaving coal 42
Running®
7 km/h 30-50
9 km/h 40-70
11 km/h 50-90
36 km/h (sprint) 200

“The faster the run, the greater the contribution from anaerobic glycolysis
for ATP generation.

Data from Passmore & Durnin (1955); Ekblom (1992); Durnin &
Passmore (1967); and Astrand & Rodahl (1986). For the sprint see
Margaria et al. (1966).

Table 2.6 Effects of prolonged and intense activity on the total
daily energy expenditure

Total daily energy

Subjects and activities expenditure (MJ)

Soldiers
Field training 14
Snow training 21
Athletes
Cross-country skiing 30
Mountaineers climbing 15
Mount Everest
Tour de France cyclists 34
Trans-Antarctic crossing” 49
Miners: coalminers walking 40

to and from the coalface

*See also Chapter 13. The value for coal miners is close to the ‘world
best’ set by Stroud and Fiennes (see Chapter 13).

Data obtained from Durnin & Passmore (1967).

coalface under difficult conditions, e.g. in a stooping posi-
tion, which has been measured in volunteers performing
similar activities (Table 2.6; Box 2.2).

Clinical conditions Energy expenditure is increased by
trauma, infections, burns or major surgery (Table 2.7).
Energy expenditure can be very high in such patients even
though they may be confined to bed. Indeed, before the
advent of modern nursing, patients with severe burns
almost doubled their resting energy expenditure. Cytokines
are, in part, responsible for stimulation of thermogenesis
which can result in fever (see Chapter 18 for the role of
fever in such conditions).

In contrast, undernourished normal subjects have a
lower rate of energy expenditure than expected on the basis
of their lean body mass.

Low ambient temperature A
decrease in ambient tempera-
ture from 20 to 5°C, for sub-
jects wearing light clothes, can
double the energy expenditure.
Much of this extra energy is
generated from shivering (see
Chapter 9).

A small decrease in ambient
temperature, below the
thermoneutral, results in a
decrease in heat loss by
reducing the flow of blood to
the skin. If this is not sufficient
to restore the normal body
temperature, specific processes,
including shivering, that result
in heat generation, are
stimulated.

Stress and stress hormones
Anxiety or stress can increase energy expenditure, although
the effect is small. It is caused by increased sympathetic
activity and hence increased levels of the stress hormones
adrenaline and noradrenaline. Injection of these hormones
increases oxygen consumption, as does caffeine, which
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In the mid-1930s, George Orwell visited working-class com-
munities in northern England and wrote about the conditions
that he witnessed. In his book The Road to Wigan Pier. He
describes a visit to a coalmine: the section devoted to the walk
from the mineshaft to the coalface is presented here. It makes
it very clear why the energy expenditure involved in these
activities is very high.

At the start to walk stooping is rather a joke, but it is
a joke that soon wears off. I am handicapped by being
exceptionally tall, but when the roof falls to four feet
or less it is a tough job for anybody except a dwarf or
a child. You have not only got to bend double, you have
also got to keep your head up all the while so as to see
the beams and girders and dodge them when they come.
You have, therefore, a constant crick in the neck, but
this is nothing to the pain in your knees and thighs.
After a half a mile it becomes (I am not exaggerating)
an unbearable agony. You begin to wonder whether
you will ever get to the end — still more, how on earth
you are going to get back. Your pace grows slower and
slower. You come to a stretch of a couple of hundred
yards where it is all exceptionally low and you have to

Box 2.2 The walk from the lift shaft to the coalface in a mine

work yourself along in a squatting position. Then sud-
denly the roof opens out to a mysterious height — scene
of an old fall of rock, probably — and for twenty whole
yards you can stand upright. The relief is overwhelm-
ing. But after this there is another low stretch of a
hundred yards and then a succession of beams which
you have to crawl under. You go down on all fours;
even this is a relief after the squatting business. But
when you come to the end of the beams and try to get
up again, you find that your knees have temporarily
struck work and refuse to lift you. You call a halt,
ignominiously, and say that you would like to rest for
a minute or two. Your guide (a miner) is sympathetic.
He knows that your muscles are not the same as his.
‘Only another four hundred yards,” he says encourag-
ingly; you feel that he might as well say another four
hundred miles. But finally you do somehow creep as far
as the coalface. You have gone a mile and taken the
best part of an hour; a miner would do it in not much
more than twenty minutes.

(Orwell, 1937)

Table 2.7 Percentage increase in resting energy expenditure in
trauma, fracture, sepsis, burns or fever

Percentage increase in

Condition resting energy expenditure
Severe burns 25-60
Mild burns 10-25
Multiple trauma 20-50
Multiple fractures 10-25
Single fracture 0-10
Severe sepsis 20-50
Fever (increase of 2°C) 10-25

raises the plasma level of catecholamines. The amount
of caffeine in a cup of coffee increases the metabolic rate
but the effect lasts for only about 20 minutes. For this
reason, the drug ephedrine, which mimics some of the
effects of the catecholamines, has been used to increase
the metabolic rate with the intention of decreasing the
amount of fat in the body but it has unacceptable side-
effects including increased heart rate and tremor. Pharma-
ceutical firms attempted to develop specific thermogenic
drugs, chemically related to the catecholamines, but they
had limited success in humans although they were very
effective in rats and mice!

Other hormones Thyroxine has long been known to
increase metabolic rate, although the mechanism for this
effect is not totally clear (Silvestri et al. 2005). More
recently the hormone leptin, which is secreted by adipose
tissue, has also been found to increase the metabolic rate.
This effect of leptin is considered to play a role in control-
ling the amount of adipose tissue in the body, although this
is a controversial subject (Chapter 12).

Energy transformations in tissues
and organs

The REE of the body is the sum of the energy expenditure
in the different tissues or organs. Organ-specific energy
expenditure can be calculated from the arteriovenous dif-
ference in the concentration of oxygen across the organ
and the blood flow. Data for various organs are presented
in Table 2.8. The weights of organs (or tissues) for an adult
male, female and a 6-month-old child are given in Table
2.9. They are particularly useful for studying the effect of
different conditions on the energy expenditure by different
organs or tissues.



ENERGY TRANSFORMATIONS IN TISSUES AND ORGANS 27

Table 2.8 Metabolic rate of different organs or tissues in an adult human and contribution of the different organs and tissues to
whole-body resting energy expenditure, (REE) in an adult male, female and a six month old child

Contribution to

whole-body REE (% total)

Organ or tissue

Approx. oxygen utilisation
of tissue for adult

Equivalent rate
glucose uptake®

metabolic rate ~ Adult Adult Child (6

Organ or tissue kJ/kg per day* male female months) mol/day  pumol/g tissue per min  pmol/g tissue per min
Liver 840 21 21 14 3.0 1.1 0.2
Brain 1000 20 21 44 2.7 1.2 0.2°
Heart 1850 9 8 4 1.2 2.5 0.4
Kidney 1850 8 9 6 1.1 2.3 0.4
Skeletal muscle 54 22 16 6 2.9 0.1 0.02¢

(at rest)
Adipose 16 4 6 2 - - -
Miscellaneous 50 16 20 24 - - -

“KJ per kg organ weight.

“The source of information is Elia (1992). For calculation and assumptions, see Newsholme & Leech (1983).

For calculation of rate of ATP generation from glucose, assuming complete oxidation of glucose, multiply rate of glucose utilisation by 30.

°On the basis of the data in this table, the calculated rate of glucose utilisation by the brain of an adult is about 3 g/hr. This is consistent with a rate

of about 80 g in 24 hours (Chapter 14).

“The rate of glycolysis from glycogen during sprinting in a young adult male is about 50 mol/g tissue per min, i.e. an increase of more than 1000-

fold (see Chapters 3 and 13).

Table 2.9 Weights of different organs and tissues in a normal
adult male, normal female and a child

Tissue or organ weight (kg)

Man Woman Child (6 months)

Liver 1.80 1.40 0.26
Brain 1.40 1.20 0.71
Heart 0.33 0.24 0.04
Kidneys 0.31 0.27 0.05
Muscle 28.00 17.00 1.87
Adipose tissue 15.00 19.00 1.50
Miscellaneous 23.16 18.80 3.06
Total 70 58 7.5

Data from Elia (1992).

It should be noted that:

* The contribution of adipose tissue to the metabolic rate
is small: in a subject with about 20% of body weight as
fat, it contributes about 5% to the total expenditure.

¢ In the male, skeletal muscle (about 40% of body weight)
contributes, at rest, about 15% to the total metabolic rate.
In the female, skeletal muscle (about 30% of body
weight) contributes about 10% to the total expenditure.

e In both male and female, the liver, brain, heart and
kidney (about 50% of body weight) contribute about
50% to the total expenditure.

e The contribution of the lung is not known and is, there-
fore, excluded from Table 2.8. A guestimate is 20%.

e Per gram of tissue, the rate of oxygen consumption is
highest in the heart and kidney, since they are doing the
most work in the resting state. After a meal, it increases
in the liver but it is not known by how much. An increase
in physical activity increases the work of the heart and
skeletal muscle. The increase in oxygen consumption by
the active skeletal muscle and the heart during maximum
prolonged physical activity is 20- to 50-fold in muscle
and approximately 10-fold, in heart.

* One mole of glucose requires 6 moles of oxygen for
complete oxidation, so that the uptake of glucose, on the
basis of micromoles per gram tissue per minute, can be
calculated from oxygen uptake provided no other fuel is
being used. Such data are presented in the last column
of (Table 2.8).

The metabolic rate per gram of each organ/tissue changes
little during growth and development. The higher meta-
bolic rate of infants, compared with that of adults, expressed
in relation to body weight or fat-free mass, is explained by
the presence of a larger proportion of metabolically active
tissues. The brain of a child accounts for almost one-half
of the total energy expenditure, so that the brain in a young
child expends energy at about the same rate as that of
an adult. This poses a potential clinical problem due to
the smaller size of the liver and hence a smaller store of
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glycogen in comparison with the requirement of glucose
by the brain in a child during starvation (Chapters 7 and
16).

Energy transformation

in biochemical reactions

and pathways

In early work on glycogen phosphorylase, in the early
1940s and 1950s, the activity was assayed by measuring

the release of phosphate from glucose 1-phosphate in the
reaction

glucose 1-phosphate + (glucose), — (glucose),,; + Pi

where (glucose), is glycogen

The symbols Pi and PPi are
used to denote phosphate and
pyrophosphate ions
respectively. These widely used
abbreviations originated from
the designations inorganic
phosphate and pyrophosphate.
Under physiological conditions,
the ions HPO% and H,PO; will
predominate.

and (glucose),,; is the glyco-
gen molecule extended by one
glucose molecule.

The assay was chosen since
phosphate was relatively easy
to measure (the activity is now
measured using purified cou-
pling enzymes (Appendix 3.3).

Since it was clear that phos-
phorylase could catalyse both chain extension and chain
degradation of glycogen, it was considered, at that time,
that the enzyme was involved in both synthesis and deg-
radation of glycogen. It was only when an enzyme, glyco-
gen synthase, was discovered, in 1957, that it was realised
that phosphorylase did not catalyse the synthesis of glyco-
gen in vivo. The discovery led to the identification of a
specific pathway for glycogen synthesis, using uridine
diphosphate glucose as the substrate for glycogen syn-
thase. (Perhaps more surprising, even as late as the mid
1950s, the possibility that peptides (proteins) were synthe-
sised by sequential catalysis by peptidase enzymes was
still discussed, see Chapter 20).

That syntheses could be achieved by reversal of degrada-
tion processes was considered possible at that time, since,
by definition, all chemical reactions are reversible. However,
it gradually became apparent that synthetic and degradative
processes in biochemistry in vivo were distinct, so that a
process could only proceed in one direction.

The theoretical basis underlying the direction of a physi-
cal, chemical or biochemical process is derived from the
second law of thermodynamics.

This law was formulated by Rudolph Clausius, a German
physicist: It is impossible for a machine, unaided by exter-
nal agency, to convey heat from one body to another at a
higher temperature that is, heat will not flow, of its own

accord, from a cold place to a hot place. This law is part
of everyday life. For example, a refrigerator cannot lower
the temperature within the box unless some external source
of energy is used: this is usually electrical energy, which
is well illustrated by the effect of a power cut, when the
temperature within the box gradually increases towards the
ambient temperature.

The factor that governs the direction of a reaction, which
is central to the second law, is the change in entropy (AS).
In formal terms, entropy is the heat (¢) absorbed in a ther-
modynamically reversible reaction (at 7 °K) divided by the
absolute temperature, 7, thus AS = g/T. A more qualitative
representation of entropy is as the degree of disorder. The
more disordered or random a system becomes, the more
entropy it has, so that, in a spontaneous reaction, disorder
must increase.

The degree of order can take a number of forms. Gases
are less ordered than liquids and liquids less ordered than
solids (because of the arrangement of molecules in the
substance). In addition, some molecules have a greater
degree of internal order than others, and so they have an
inherently lower entropy. For example, proteins are highly
ordered and possess a constrained conformation, but this
changes to a much more random structure upon denatur-
ation (see Chapter 3) and hence the increase in entropy
during denaturation is considerable.

Gibbs free energy: combination of the first and
second laws

It was an American scientist, Willard Gibbs, who realised
that the change in enthalpy can be combined with a change
in the entropy of the reactantion, to give the factor that
defines whether a reaction can occur spontaneously. If,
in a reaction, the change in enthalpy is smaller than the
change in entropy (TAS), i.e. the change in enthalpy minus
the change in entropy is less than zero, the reaction can
proceed spontaneously.

AH-TAS <0

The quantity, AH — TAS, is known as the change in
Gibbs free energy (AG). Thus, Gibbs free energy is derived
from the first law (AH) and the second law (entropy), so
that it expresses both laws in a single function. It should
be noted that AG is not a form of energy in the conven-
tional sense; it is not conserved in the way described by
the first law. Indeed, use of the term ‘energy’ is unfortu-
nate. It is better to consider AG as a factor that determines
if a reaction can proceed in a given direction, that is, in
which direction it will proceed. In fact, AG is much more
akin to temperature than energy. As indicated above,
temperature determines in which direction heat will flow,
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similarly AG determines in which direction a reaction will
proceed.

Application of AG to biochemical reactions

It is the value of AG that determines the direction of a
reaction or a biochemical pathway. If AG for a reaction is
negative, the reaction can proceed in that direction. If it is
zero or positive it cannot. If positive, the reverse reaction
has a negative AG so that the reaction will occur in the
opposite direction. If AG is zero, the reaction proceeds in
neither direction and is said to be in a state of equilibrium.

Consider the reaction in which substance A is converted
to substance B and the reaction is at equilibrium:

A2 B

If the concentration of either A or B changed, the equil-
ibrium would be displaced and the reaction would proceed
in the direction to maintain the equilibrium. For example,
increasing the concentration of A will cause the reaction
to move towards the right, producing substance B and
lowering the concentration of A, until the equilibrium is
re-established. Since AG determines the direction in which
a reaction proceeds, it follows that the value AG must
depend on reactant concentrations and the position of equi-
librium (the equilibrium constant). It does so according to
the equation:

AG = AG* +ern[iﬂ]

[A

where R is the gas constant and I” the absolute temperature,
so that (at a fixed temperature) the value of AG depends
on the constant AG° and the concentrations of the sub-
strates and products (designated by square brackets). If
there is more than one substrate or product, the concentra-
tions of each are multiplied together. For explanation of
derivation of this equation, see Biicher & Riissman (1964)
or Crabtree & Taylor (1979). In order to obtain the value
of AG for a reaction in a living tissue, it is necessary to
know the concentrations of substrate(s) and product(s) of
the reaction in that tissue (i.e. A and B in the above
example) and the value of AG°.

The ratio of the concentrations of product and substrate
([BI/[A]) for a reaction in a living organism is known as
the mass action ratio and is given the symbol I'. The con-
stant, AG®, is known as the standard free energy change and
is constant for a particular reaction at a given temperature.
Its value depends upon the equilibrium constant, K., which
is the ratio of concentrations of product and substrate when
the reaction is at equilibrium

(o))

The relationship between the two constants, AG°® and
is expressed in the equation:

AG® = —RT'InK,

K

eqo

The value of AG® is therefore determined solely by the
equilibrium constant (at a given temperature).

In summary, therefore, the sign and magnitude of AG
(and hence the direction of a reaction) depends on two
factors: the actual concentrations of the substrates and
products and the value of the constant AG°.

The value of AG®° alone is, therefore, not sufficient to
determine the direction in which a reaction will proceed
in a living cell. This explains why phosphorylase catalyses
the breakdown of glycogen in vivo. Although AG® for
the breakdown of glycogen is small and positive, the con-
centration ratio of phosphate to glucose 1-phosphate in vivo
1s >300 and it is this ratio that dominates the equation for
the value of AG, and hence the direction of the reaction.

P, glucose 1-phosphate

(glycogen)y, (glycogen),

The equilibrium constant is measured in vitro as follows.
The substrates and products are allowed to come to equi-
librium in the presence of the enzyme that catalyses the
reaction. At equilibrium, there is no further change in their
concentrations, and the equilibrium constant, K., is given
by the ratio of these concentrations.

product concentration

eq .
substrate concentration

From this the value of AG®° is calculated.

Calculation of AG for a reaction in vivo

To calculate the value of the mass action ratio (I'), the
concentrations of the substrate(s) and product(s) of the
reaction must be measured in the tissue/organ without per-
turbing the physiological state of the tissue. This is not a
simple task. (The experimental details of how this can be
done are given in Chapter 3.)

The AG value is then calculated from the equation

AG=AG°+RI'InT

(The value of R is 0.0082 kJ/mole and I" is 310 °K,
at 37 °C).

Two examples are presented: the hexokinase and phos-
phoglucoisomerase reaction in glycolysis (data taken from
experiments with the isolated perfused rat heart).

Hexokinase catalyses the reaction, glucose + ATP —
glucose 6-phosphate + ADP.
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The value of AG® is —16.7 kJ/mole and the mass action
ratio (I') is 0.08

(mass action ratio = [ADP]-[glucose 6-phosphate] )
[ATP]-[glucose]

Hence AG = -16.7 + (2.3 x 0.0082 x 310 X log 0.08)
=-23.1 kJ/mole

The square brackets indicate concentration in tissue.

Phosphoglucoisomerase catalyses the reaction
glucose 6-phosphate — fructose 6-phosphate.

The value of AG® is +21 and I' is 0.24

AG =21 + (2.3 x0.0082 x 310 x log 0.24)
= 1.3 kJ/mole

Values of AG for other reactions in glycolysis, calculated
as above, are presented in Appendix 2.7.

Gibbs free energy and equilibrium and
non-equilibrium reactions

The large and negative value for hexokinase indicates that
this enzyme catalyses the reaction only in the direction of
glucose 6-phosphate formation, i.e. it is a non-equilibrium
reaction in vivo. In contrast, the low value for phosphoglu-
coisomerase indicates that it is a reaction that is close to
equilibrium in vivo, that is, it can proceed in either direc-
tion. AG values for all the reactions of glycolysis indicate
that those catalysed by hexokinase, phosphorylase, phos-
phofructokinase and pyruvate kinase are non-equilibrium;
the others are near equilibrium (Figure 2.6).

It is these non-equilibrium reactions that provide for the
direction of glycolysis, i.e. that glycolysis from glycogen
or glucose always proceeds in the direction of pyruvate or
lactate formation, i.e. it is these reactions that provide
directionality in the pathway. The equilibrium nature of
these reactions is discussed from a kinetic viewpoint in
Chapter 3.

Gibbs free energy and the coupling
of biochemical reactions

Two different processes are of fundamental importance in
understanding the relationship between different reactions
in biochemical pathways: these are coupling-in-series and
coupling-in-parallel.

Coupling-in-series Reactions are said to be coupled-in-
series when the product of one reaction is the substrate for
the next reaction; the principle underlying this coupling is
explained by reference to the Gibbs free energy equation.
In the reaction A — B, in the hypothetical pathway
S — P, reaction A to B is catalysed by enzyme E, as
follows:

S—EB yA—FE ysB_ B ,p

AG?® for this reaction could be either negative or positive,
whereas AG must be negative. Consider the situation if the
value for the constant AG® is positive. For the value of AG
to be negative, the value of the term, R7In([B]/[A]), (in
the equation AG = AG®° + RTIn([B]/[A]) must be negative
and larger than the positive value of AG® (thus the value
of T must be less than that of K.,). The question arises,
what factors influence the concentrations of A and B?
These are as follows.

If the value of the constant, K., for reaction S — A is
large and if the reaction is near equilibrium, this would
produce a high concentration of the product, A. If K,
for reaction B — P is large and the reaction is near
equilibrium, the result would be a high concentration of P

Glucose
ATP > *

Glucose 6-phosphate

"

Fructose 6-phosphate
ATP > *

Fructose 1,6-bisphosphate

"

Glyceraldehyde 3-phosphate

Dihydroxyacetone phosphate

)

3-phosphoglycerol phosphate

S

3-phosphoglycerate

)

2-phosphoglycerate

Phosphoenolpyruvate
ATP <3 l

Pyruvate

Figure 2.6 The process of glycolysis illustrating the three non-
equilibrium reactions. The reactions are catalysed by hexokinase,
phosphofructokinase and pyruvate kinase which are indicated by
the heavy unidirectional arrows. The reactions in which ATP is
utilised and those in which it is produced are indicated (see
Appendix 2.7).
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but a low concentration of B. A high concentration of A
and a low concentration of B are the conditions necessary
to produce a large and negative value of the term,
RTIn([B]/[A]) and hence a negative value for AG for the
reaction catalysed by E,.

It is important to appreciate that this principle of
coupling-in-series underlies all biochemical pathways or
processes, e.g. glycolysis, generation of ATP in the mito-
chondrion, protein synthesis from amino acids or a signal
transduction pathway. Indeed, despite the fundamental
importance of signalling pathways in biochemistry, a
thermodynamic analysis of such a pathway has never
been done, but the principles outlined above must apply
even to signalling pathways.

Coupling-in-parallel For a two-substrate reaction, in
which one reaction is inseparably linked to a second as

follows:
X Y
A \ / B

the linking of these two-part reactions is described as cou-
pling-in-parallel, although it must be emphasised that the
two reactions cannot occur separately, since a single mech-
anism is responsible for both parts, i.e. the overall reaction
has two substrates (A and X) and two products B and Y.
In general, the ‘part’ reaction A — B may be a component
of a specific pathway or process. However, in many cases,
X is regenerated (from Y) in a separate reaction:

x/ /}(
A B

In this way, many biochemical systems can be linked
together via a small number of pairs of compounds, with
the functions of X and Y, i.e. such metabolic pairs play a
major role in biochemistry. These compounds are known
as coenzymes. Well-known examples include ADP/ATP,
NAD*/NADH and NADP*/NADPH. Such biochemical
systems are discussed in Chapter 3.

The principle underlying this coupling is also explained
by reference to the Gibbs free energy equation. An exam-
ple, which illustrates the principle, is the phosphorylation

of glucose in the reaction catalysed by the enzyme
hexokinase:

M L

ADP

4

ATP

glucose glucose 6-phosphate

The Gibbs free energy equation explains why glucose 6-
phosphate cannot be formed, in vivo, from glucose and
phosphate, as follows:

P, + glucose —— glucose 6-phosphate + H,O

The reverse of this reaction does occur in some cells
(e.g. hepatocytes), catalysed by the enzyme glucose-6-
phosphatase, but the direction is always towards glucose
formation, i.e. glucose 6-phosphate is never produced by
this reaction in vivo. The question is, ‘why not?’

This question is answered by calculation of the changes
that would be necessary to produce a positive value of
AG® for this reaction, i.e. a negative value for the reverse
reaction of the

glucose 6-phosphate + H,O —— glucose + Pi

There are two situations, in which this could occur: (i) a
large increase in the concentration of the substrates, glucose
and/or phosphate; (ii) a large decrease in that of the product,
glucose 6-phosphate.

AG < AG" —RTIn [glucose].[P;]

[glucose 6-phosphate]

indicating a high concentration of glucose or

[glucose].[P,]

or AG=AG°—RTIn
[glucose 6 - phosphate]

indicating a low concentration of glucose 6-phosphate.

o If the concentrations of glucose 6-phosphate and phos-
phate, which are normally present in the living cell, are
inserted into this equation, the glucose concentration that
is required for the reaction to proceed in the direction of
glucose 6-phosphate must be greater than 1.6 mol/L.
This concentration is more than 300-fold greater than
that of blood glucose and about 3000-fold greater than
the intracellular glucose concentration in, for example,
muscle. This is physiologically unacceptable: a glucose
concentration of 1.6 mol/L would cause major problems
in a cell, including unwanted side reactions and a lethal
osmotic effect.

» A positive AG for this reaction could also be achieved
by a marked decrease in the concentration of glucose
6-phosphate. Why is this not feasible? Glucose 6-
phosphate is an important metabolic intermediate and is
involved in several metabolic pathways (e.g. glycogen
synthesis, glycolysis, pentose phosphate pathway).
Lowering its concentration by the two orders of
magnitude, which would be necessary, would markedly
decrease the rates at which these important pathways
could proceed.
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The important principle that can be derived from this
discussion is that a reaction that has a large and positive
AG° cannot proceed spontaneously unless it can be coupled,
in parallel, to a reaction that has a large and negative AG®,
e.g. ATP hydrolysis. The overall reaction may then have
a negative AG® and can proceed in the direction required
at physiologically acceptable concentrations of substrates
and products. (The values of AG® and AG for all the
reactions in glycolysis are given in Appendix 2.7.)

The steady state condition

So far, discussion has focused on what determines the
feasibility and direction of an individual reaction. This
section extends the use of coupling-in-series to answer the
question, how are the individual reactions organised to
provide direction in the sequence of reactions that com-
prise a biochemical pathway or process? The answer is in
two parts. First, the concept of closed and open systems is
described.

Closed and open systems Consider the following hypo-
thetical enzyme-catalysed reaction:

Vi
Vi

A B

where the reactants are A and B and where v; and v, repre-
sent the actual rates of the forward and reverse components
(not the rate constants).

If such a reaction is isolated from its surroundings, so
that A and B neither enter nor leave the system, creating a
closed system, these reactants will eventually reach equi-
librium, i.e. the forward and reverse rates are the same. For
a closed system, equilibrium is the only state in which the
concentrations of A and B do not vary with time. Since
AG = 0, the reaction can do no useful work and has no
direction. Hence a closed system is not a useful model of
a living cell or, indeed, a living animal.

In an open system, there is a continual exchange of both
matter and energy with the surroundings, yet in certain
conditions it can result in constant concentrations of inter-
mediates: this is known as the steady state:

X S 1 A 2 B 3 P y

This system contains the same hypothetical reaction
(A — B) but, in this case, there is a reaction (Xx) that
continually supplies A (via S) from the surroundings (i.e.
the environment) and a reaction (y) that continually
removes B (via P) from the system into the environment.
Conditions can be such that reaction (1) generates a con-
stant flux (i.e. a constant flow of molecules from S, that is
transmitted through reactions (2) and (3) by the concentra-
tions of the substrates for these reactions (i.e. A and B). In
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other words, the flux through all the reactions is the same;
the flux through reaction (2) is a function of the concentra-
tion of A, and the flux through (3) is a function of concen-
tration B. In this condition, there is a constant flux and the
concentrations of S, A, B and P are constant, i.e. a steady
state (see Chapter 3).

As an example, in glucose metabolism, blood glucose is
S, which is the substrate for complete oxidation in several
organs, e.g. the brain: glucose is provided, via food, from
the environment and the products of the pathway, CO, and
H,0, are lost to the environment through the lungs.

uptake and oxidation

environment ——> food — glucose

CO, + H,0—— environment

The concentrations of all the intermediates from intracel-
lular glucose to carbon dioxide are constant, unless the flux
through the pathway changes. A kinetic exploration of the
steady state rather than a thermodynamic one is provided
in Chapter 3.

Near-equilibrium and non-equilibrium reactions This
steady-state condition is usually achieved by the presence,
in the pathway, of two classes of reactions: those that are
very close to equilibrium (near-equilibrium) and those that
are far removed from equilibrium (non-equilibrium). The
difference between these two types of reactions can be
explained both thermodynamically (above) and kinetically
(in Chapter 3).

It is the non-equilibrium reactions in which entropy is
gained and, therefore, they provide the direction for the
pathway, i.e. glucose is converted to lactate and not vice
versa. (The new reactions in a pathway that have to be
inserted to change the direction of a pathway, i.e. conver-
sion of lactate to glucose, are discussed in Chapter 6.)

In comparison to glycolysis and a few other metabolic
pathways, no systematic studies on the equilibrium nature
of individual reactions in some important biochemical
processes have been carried out (e.g. protein synthesis,
signal transduction pathways see Chapters 12, 20 and
21).

Adenosine triphosphate: its role
in the cell

The objective of this chapter is to place energy metabolism
within the context of the biochemistry that takes place in
the whole body, in the tissues and in biochemical pathways
or processes. In all of these systems, the generation and
utilisation of ATP are central. Consequently, the final dis-
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Figure 2.7 Structure of adenosine triphosphate. The molecule
consists of adenine attached to ribose (forming adenosine)
which is esterified to a triphosphate group with the three phos-
phorus atoms designated o, B and y. The primes (") on the
carbon atoms of ribose differentiate the numbers from those of
the adenine ring.

cussion in this chapter relates to ATP. Surprisingly perhaps,
ATP (adenosine triphosphate) is a rather ordinary mole-
cule. It is a nucleotide (Chapter 10) in which a ribose sugar
is connected to the base adenine, in its 1’-position and a
triphosphate group in its 5’-position (Figure 2.7). Although
it is one of five nucleoside triphosphates from which
nucleic acids are synthesised, ATP justifies its pre-eminent
position in biochemistry by its central role in energy trans-
fer. It is the only compound that, either directly or indi-
rectly, when hydrolysed, transfers chemical energy to all
other processes that require energy. The generation of
ATP, from ADP and phosphate, requires transfer of energy
and this is from the oxidation of carbohydrates, fats and/or
amino acids. It involves the transfer of chemical energy
from the process of electron transport to the process
involved in the generation of ATP from ADP and P;. It
therefore couples energy-requiring processes to energy-
generating processes (Figure 2.8). What is more, it does
this, so far as is known, in all organisms from bacteria to
humans.

This role of ATP in the cell is analogous to the role of
money in the economy of the world. Money can link any
paid employment to the acquisition of any goods or ser-
vices, a much more flexible system than bartering, in which

Ved

Fuel oxidation
processes

\.&J

Figure 2.8 The ATP/ADP cycle. The major ATP-generating process
from fuel oxidation is oxidative phosphorylation driven by elec-
tron transport in the mitochondria. In muscle, the major energy-
requiring process is physical activity. The phosphate ion is
omitted from the figure for the sake of simplicity.

ATP \

Energy-requiring

specific goods or services are exchanged one for the other.
Consequently, ATP has been called the energy currency
of the cell. Its existence simplifies the coupling of energy-
producing reactions to energy-requiring reactions, although
the analogy with money must not be taken too far. Unlike
cash, ATP cannot be accumulated, nor can it be transferred
from cell to cell. Credit is not ‘permitted’; once all the
‘money’ has been used, and no more can be generated, the
cell is bankrupt and dies. Consequently, the cell possesses
mechanisms to prevent this from happening, e.g. fatigue in
muscle arrests ATP utilisation in physical activity; loss of
electrical activity in the brain arrests ATP utilisation in
neurones. A cardiomyocyte deprived of oxygen and hence
of ATP generation stops beating in order to decrease the
utilisation of ATP in an attempt to maintain the concentra-
tion of ATP that is essential for the life of the cardiomyo-
cyte (see Chapter 22). Indeed, the maintenance of the
ATP/ADP concentration ratio in all cells usually takes
precedence over mechanisms involved in the physiological
functions of the cells. The latter have sometimes been
described as the ‘luxury’ reactions for the cell: for example,
the cross-bridge cycle in muscle is not essential for the life
of a skeletal muscle fibre, or for a cardiomyocyte; synthesis
of a neurotransmitter by a neurone in the brain is not
essential for the life of a neurone; and absorption of glucose
from the lumen of the intestine is not essential for the life
of an epithelial cell in the intestine. Yet they are, of course,
not luxuries for the rest of the body: loss of the physiologi-
cal function can sooner or later result in death of the whole
body.
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Enzymes: Activities,

Properties,

Regulation and Physiology

The primary and overriding interest of enzymes, however, is their connection with life. Of all the
multitudinous chemical processes in the living cell on which its life depends, there is scarcely one
which is not due to enzyme catalysis; there can be no life without enzymes.

The thermodynamic principles described in Chapter 2 of
this volume can be used to indicate whether or not a reac-
tion can take place spontaneously. They do not, however,
provide information about the rate at which a reaction will
proceed. Most biochemical reactions proceed so slowly at
physiological temperatures that catalysis is essential for
the reactions to proceed at a satisfactory rate in the cell.

The catalysts are enzymes,
Some RNA molecules are now

(Dixon and Webb, 1979)

ology in humans. Although
the enormous catalytic poten-
tial is essential, it does pose a
problem: if it was not regu-
lated, all reactions in a cell
would rapidly reach equilib-
rium and, once again, life as
we know it would not be pos-

The early history of enzymes is
associated with the process of
brewing and the production of
wine because of the economic
importance of these processes
in Europe in the nineteenth
century. Following on from the
work of Pasteur, it was
Biichner and others who
showed that an extract of yeast

known to possess catalytic
activity and have been termed
ribozymes.

most of which are proteins. Not
only are they catalysts, but
their catalytic powers are enor-
mous: they can increase the

sible. Two questions, there-
fore, are: (i) What are the
mechanisms that account for
the enormous catalytic activity

carried out fermentation (i.e.
the conversion of glucose to
alcohol) as well as the yeast
cell itself. The agents that did
this catalysis in the extract

rate of a reaction by several orders of magnitude. Indeed,
in the absence of enzymes, life as we know it would
not be possible. One remarkable example of the use of
the catalytic power of two enzymes in biology is the
Bombardier beetle: it uses the enormous catalytic power
of the enzymes catalase and a peroxidase to deter predators
(Box 3.1).

Enzymology is therefore central to biochemistry and
many books, chapters in books and review articles have
been written on this topic. The aim of this chapter is to
provide the reader with sufficient information to under-
stand the key aspects of enzymology, how enzymes main-
tain the life of a cell and help it to perform its physiological
functions that contribute to the life of a human and, finally,
to show how individual enzymes can provide quantitative
information on certain aspects of biochemistry and physi-

were simply described as ‘in
yeast” which, from the Greek
en(in) and zyme, is the name
enzyme was derived.

of enzymes? (ii) What are the
properties of enzymes in the
cell that allow this catalytic

activity to be controlled?

Answers to these questions provide an understanding of
some of the basic principles of enzymology that apply in
the cell.

There are only a limited number of chemical manipula-
tions that a single enzyme can perform, so that for a major
chemical change, more than one enzyme is required; for
example, to convert glucose into ethanol or lactic acid,
more than ten enzymes are required and they function as
a coordinated sequence. Such a sequence is called a
pathway. Since the first pathways to be elucidated were in
the field of metabolism, the term metabolic pathway is
a familiar term to almost all biochemists. However, the
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Box 3.1 Catalytic power and
the Bombardier beetle

The Bombardier beetle possesses, at the end of its
abdomen, a combustion chamber that contains a hydroqui-
none and hydrogen peroxide. When a predator approaches,
the cells in the walls of the combustion chamber secrete
two enzymes, catalase and peroxidase. Catalase causes
decomposition of hydrogen peroxide to produce oxygen;
peroxidase catalyses the oxidation of the hydroquinone to
produce a quinone.

2H202 = 2H20 Tr 02
hydroquinone + H,O, — quinone + H,O

The catalytic power ensures that the reactions take place
so rapidly that they result in an explosion.
The three things produced in the reaction are:

e heat;

* the gas, oxygen, which expands with the heat and acts
as a propellant;

e the quinone, which acts as the deterrent.

The beetle directs the end of its abdomen towards the
predator which is sprayed with a hot quinone, which deters
further interest in the beetle.

It is unlikely that the terrorists who, in July 2005,
attempted to cause explosions on the London Under-
ground by using a mixture of hydrogen peroxide and
flour, obtained the idea of this explosive mixture from a
knowledge of the biology of the Bombardier beetle. The
mixture failed to explode through failure of the detonators.
The secretion of enzymes with their enormous catalytic
potential ensures no such failure in the beetle.

term pathway also applies to other biochemical processes
such as protein synthesis, gene expression or signal
transduction and the same kinetic and energetic principles
that apply to metabolic pathways also apply to these other
pathways. Unfortunately, the depiction of pathways in
textbooks, on wall charts or in handouts given to students
conceals the fact that they have thermodynamic and kinetic
structures that are based on the principles of physical
chemistry and on the properties of enzymes. Indeed, it can
be argued that understanding these aspects of enzymology
is more important, for discussions in health and disease,
than is knowledge of the three-dimensional structure of an
enzyme (see below). A cell contains a remarkably large
number of enzymes. There are approximately 2000 in a
single bacterial cell and at least ten times more in a mam-
malian cell. The properties of the enzymes explain how
this large number can be organised to allow the normal
functioning of the cell and the physiological functions of
the tissues that maintain the health of the individual.

Nomenclature and classification

The early elucidation of biochemical pathways resulted
in the discovery of a large number of enzymes, which
were given names according to their function. Those that
catalysed degradation reactions were named simply by
addition of the suffix -ase to the name of the substrate. For
example, arginase catalyses the hydrolysis of arginine, and
urease catalyses the hydrolysis of urea. This practice was
extended to non-degradative enzymes by the addition of
-ase to a term descriptive of the catalysed reaction; for
example, kinases, isomerases, oxidases and synthases.
Such terms were generally prefixed by the name of the
substrate or, in the case of the synthases, that of the
product. More etymologically inventive biochemists
coined names such as cocoonase (for an enzyme secreted
by some emerging silk moths to catalyse the hydrolysis of
the silk of their cocoon) and nickase (for an enzyme cata-
lysing the hydrolysis of a single phosphodiester bond in a
strand of a DNA molecule). The natural growth of this
unsystematic terminology resulted in single enzymes being
given more than one name and, worse still, in more than
one enzyme bearing the same name. To overcome these
difficulties, in 1961 the International Union of Biochemis-
try adopted a systematic nomenclature and classification
of enzymes, prepared by its Enzyme Commission (EC).
For each well-characterised enzyme, the EC proposed a
systematic name and a unique numerical designation (see
Enzyme Nomenclature, 1992). Because the systematic
names were frequently cumbersome and the numbers dif-
ficult to memorise, the EC also proposed that a single rec-
ommended (trivial) name should be retained (or invented)
for each enzyme. For example, the enzyme catalysing the
reaction:

ATP+AMP & 2 ADP

bears the systematic name ATP: AMP phosphotransferase,
the number EC 2.7.4.3 and the recommended name,
adenylate kinase. The previously used name of myokinase,
which erroneously suggested that the enzyme was restricted
to muscle, was abandoned.

The EC system of classification is based on the division
of enzymes into six major classes according to the reaction
they catalyse (Table 3.1). Each class is subdivided. In class
1, oxidoreductases, this is done according to the nature of
the electron donor: 1.1 with CHOH group as donor; 1.2
with aldehyde or oxo group as a donor; 1.3 with CH,-CH,
group as donor, etc. A further subdivision is achieved by
consideration of the electron acceptor: 1.1.1 with NAD" as
acceptor; 1.1.2 with cytochrome as acceptor; 1.1.3 with O,
as acceptor, etc. Finally, each enzyme that catalyses a
unique reaction is given a fourth number so that, for
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Table 3.1 Major classes in the Enzyme Commission system for
enzyme nomenclature

Number  Group Reaction

1 Oxidoreductases  oxidation-reduction reactions.

2 Transferases group transfer reactions.

3 Hydrolases hydrolytic reactions.

4 Lyases non-hydrolytic removal of

groups to form double bonds.

Isomerases isomerisations.

6 Ligases bond formation with

concomitant breakdown of
nucleoside triphosphate.

example, enzyme 1.1.1.1 is alcohol dehydrogenase (or, to
give it its systematic name, alcohol: NAD" oxidoreductase)
and catalyses the reaction:

alcohol + NAD" & aldehyde (or a ketone)+ NADH +H*

Even within a single organism, the same enzyme, as
defined by the reaction it catalyses, can exist in more than
one form, each of which is the product of a different gene.
These are known as isoenzymes. The properties of the two
enzymes are usually different and this may explain the
different roles of the isoenzymes within either a single type
of tissue or within different tissues, e.g. glucokinase and
hexokinase in the hepatocyte (see below).

Basic facts

There are three characteristics of enzymes that form the
basis of most of their properties: the active site, the enzyme-
substrate complex and the transition state.

The active site

Of all the macromolecules in living organisms, only pro-
teins have the diversity of structure necessary to create the
immense number of catalysts required for the large number
of reactions that occur in the cell. The smallest enzyme
consists of just over 100 amino acids whereas the largest
consists of several thousand. The amino acids are linked
through peptide bonds to form one or more peptide chains,
and an enzyme may comprise several chains. The flexibil-
ity of the peptide permits interaction between the side-
chain groups of the amino acids that cause the peptide to
fold into a three-dimensional structure that is unique to that
protein. This folding brings together amino acids, most of
which are not adjacent in the primary sequence, so that
some amino acids (about ten) form a three-dimensional
structure that binds with the substrate to form the enzyme-

substrate complex (Figure 3.1).
This complex results in
catalysis. The remainder of the
amino acids in the enzyme
are involved in maintenance
of the three-dimensional struc-
ture of the enzyme, attaching
the enzyme molecule to intra-
cellular structures (e.g. mem-

A similar number of amino
acids in other proteins are
involved in binding specific
molecules, e.g. an antigen to
the antibody receptor protein
on B lymphocytes, a
neurotransmitter to the receptor
in a postsynaptic nerve, a
hormone or growth factor to a
receptor on the surface of a
cell.

branes) or in binding molecules
that regulate the activity of the enzyme. An introduction
to the chemistry involved in reactions, and the bonds that
are involved in the structures of small and large molecules
is provided is Appendix 3.1. This should help students with
material in this and other chapters.

The enzyme-substrate complex

Enzymes bind substrates to produce an enzyme-substrate
complex as follows:

E+s:<ﬁEs
2

Weak bonds, generally non-covalent ones, are involved in
formation of the complex, so that the reaction is readily
reversed. The rate of the forward reaction is given by
the concentration of substrate multiplied by the rate
of constant k;, and rate of the reverse reaction is given by
the concentration of the product multiplied by the rate
constant k,. The dissociation constant for the ES complex
is ky/k;. This is analogous to the formation of other com-
plexes: for example receptor-hormone complex; receptor-
neurotransmitter complex; antibody-antigen complex.
Formation of the enzyme-substrate complex can occur
only if the substrate possesses groups that are in the correct
three-dimensional orientation to interact with the binding
groups in the active site. A ‘lock and key’ analogy has
been widely used to explain specificity but it is inadequate
because the formation of the enzyme-substrate complex
involves more than a steric complementarity between
enzyme and substrate. Chemical interactions occur between
enzyme and substrate that have no counterpart in the
mechanical analogy. Furthermore, the binding of substrate
can modify the structure of the enzyme around the active
site so that additional groups interact with the substrate,
which further increases the effectiveness of its binding.

The transition state

In a chemical reaction, a substrate is converted to a product;
that is, one stable arrangement of atoms (the substrate) is
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Figure 3.1 Amino acid side-chain groups involved in binding NAD* at the active site of an enzyme. The enzyme is glyceraldehyde
dehydrogenase. More than 20 amino acids, the position of which in the primary structure is indicated by the number, counting
from the N-terminal amino acid, are involved in the binding. This emphasises the complexity of the binding that is responsible
for the specificity of the enzyme for NAD* (depicted in bold). The molecular structure of nicotinamide adenine dinucleotide (NAD*)

provided in Appendix 3.3.

converted to another (the product). As this change pro-
ceeds, the atoms pass through an unstable arrangement,
known as the transition state, which can be thought of as
the ‘halfway house’ between the substrates and the prod-
ucts. For a reaction,

AB+C— AC+B

the transition state is ACB, i.e. the reaction follows this
sequence:

AB+C— ACB— AC+B

The relevance of the transition state to Kinetics is that the
rate of the overall reaction depends on the number of mol-
ecules in this state: the more molecules in the transition
state, the greater is the rate. The role of an enzyme is to
increase the number of molecules in this state, which is
achieved by one or more of the mechanisms, described
below. Detail of the kinetics and the thermodynamics of the
formation of the transition state is given in Appendix 3.2.

Mechanisms by which an enzyme
enhances the rate of a reaction

Examples of the enormous catalytic potential of enzymes
are hexokinase, which increases the rate of glucose phos-
phorylation by a factor of >10'°, and urease, which increases
the rate of hydrolysis of urea by >10". Just five mecha-
nisms provide for these enormous catalytic effects: (i)
general acid/base catalysis; (ii) covalent reaction with sub-
strate; (iii) proximity and orientation; (iv) strain within the
substrate; (v) nature of the environment within or sur-
rounding the active site. The making and breaking of cova-
lent bonds involves a redistribution of electrons. Indeed,
reaction mechanisms in organic chemistry are usually
depicted in terms of electron shifts. Since the transition
state possesses the least stable electron distribution, an
agent capable of supplying or withdrawing electrons to or
from stable parts of the molecule in order to destabilise it,
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accelerates the rate of a reaction. All these mechanisms
facilitate such electron shifts.

General acid/base catalysis

Addition of a proton (H*) from an acid to a molecule can
cause an electron to be withdrawn from one part of the
molecule to the part which binds the proton. A base removes
a proton from or within a molecule which will also cause
electron shifts. If these shifts favour formation of the transi-
tion state, the rate of the reaction increases. Enzymes
possess, in the active site, side-chain groups of the amino
acids that act as acids or bases; that is, they can donate or
withdraw electrons from the substrate, resulting in electron
shifts that favour formation of the transition state (Figure
3.2).

The contribution of these groups is greatly enhanced if
they act in a concerted manner so that, as an electron is
withdrawn from one part of the substrate, another is
donated to a different part. This is known as a ‘push-pull’
mechanism. It is only possible when the relevant groups
in the active site are held in precisely the correct orienta-
tion so as to interact in this way with the substrate. One of
the more versatile side-chains in this respect is the imid-

Amino acids with e-donating groups

Aspartate, Céo C¢O +e
lut te >
glutamate N o ~ OH
+
Histidine @N — 7% /”NH + €
N N
H H

Amino acids with e-withdrawing groups

+
NH NH
z 2 Z
Arginine & + —NH-CZ ~ —> —NH.C”
“NH, “NH,
NH
Histidine ¢ + —G —> —{\/”N
N N
H H
Tyrosine € + @—OH—»—@O‘
Cysteine €+ —SH —> — 8§~

Figure 3.2 Examples of amino acids with electron-donating or
electron-withdrawing groups. An electron is represented by €.
Note that the imidazole group of histidine can either donate or
withdraw electrons.
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Table 3.2 Metal ions that are part of the active site of some

enzymes
Pages in the
text where
these enzymes
Metal ion Enzyme are discussed
Iron Cytochromes 185-186
Aconitase 183
Catalase 185
Zinc Carbonate dehydratase 89
Superoxide dismutase App. 9.6
Manganese Pyruvate carboxylase 114
Superoxide dismutase App. 9.6
Molybdenum Xanthine oxidase 218
Copper Superoxide dismutase App. 9.6
Cytochrome oxidase 185

These metal ions perform a variety of functions and are attached to the
proteins, either by a weak or a strong bond, in diverse ways (Williams &
de Silva, 1991).

App. is abbreviation for Appendix.

azole group of the amino acid histidine. In one environ-
ment it can act as a donor (i.e. an acid) whereas, in another
environment, the same group can act as an acceptor of
electrons (i.e. a base). This occurs with two histidines in
the same active site. Some enzymes contain metal ions
within their active site, where they serve as centres of high
positive charge, to withdraw electrons from substrates
(Table 3.2).

Covalent catalysis (formation
of an intermediate)

Most enzymes bind their substrates in a non-covalent
manner but, for those that do bind covalently, the interme-
diate must be less stable than either substrate or product.
Many of the enzymes that involve covalent catalysis are
hydrolytic enzymes; these include proteases, lipases,
phosphatases and also acetylcholinesterase. Some of these
enzymes possess a serine residue in the active site, which
reacts with the substrate to form an acylenzyme intermedi-
ate that is attacked by water to complete the hydrolysis
(Figure 3.3).

Proximity and orientation

The effects of proximity are easier to comprehend than the
chemical mechanisms of rate enhancement. In a reaction
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Acetylcholine + H,O —> Acetate + Choline

(a) Catalytic mechanism
e
- CH,OH + CHyCO-OCH,CH,N*(CHy)g

Acetylcholine

— CH,O-CO-CH; + HO-CH,CH,N*(CHy)s

— H,0

—CH,OH + CHCOO™

LI'HZ-(NZITIJ Lm§<NZmJ Lm§-<NZITI

(b) Reaction with inhibitor
E )
N F.__OCH(CHy),
¢ FCHOH + P
72N
i o OCH(CHj3),
— Diisopropylfluorophosphonate
E
N
Z -CH,0~ _OCH(CHy)
M //P\
L= 0”7 TOCH(CH,)

Figure 3.3 (a) Covalent catalysis: the catalytic mechanism of a
serine protease. The enzyme acetylcholinesterase is chosen to
illustrate the mechanism because it is an important enzyme in
the nervous system. Catalysis occurs in three stages: (i) binding
of acetyl choline (ii) release of choline (iii) hydrolysis of acetyl
group from the enzyme to produce acetate. (b) Mechanism of
inhibition of serine proteases by diisopropylfluorophosphonate.
See text for details.

involving two substrates, the two must come together in
order to react. The chance of them doing so depends upon
their concentration in the solution: this is increased locally
by providing adjacent binding sites for each substrate
within the active site. This can increase the effective con-
centrations of the substrates about 1000-fold.

Even when a collision between two substrates occurs it
is unlikely that they will both be in the correct orientation
for a reaction to take place. Another property of the active
site is that it binds the substrates in such a way that their
orientation favours the reaction, i.e. it facilitates electron
shifts that favour formation of the transition state.

Strain (distortion)

The structural precision between substrate and side-chain
groups of the amino acids within the active site can be
increased if the binding of the substrate changes the three-
dimensional arrangement of the groups within the active
site. This is known as ‘induced fit’. Alternatively, the initial

binding in the active site can result in a slight change in
structure of the substrate, known as strain or distortion, that
favours formation of the transition state.

Environment of the active site

In many enzymes, the active site is present within a struc-
tural cleft in the protein structure. This can produce a
chemical environment that favours a change in the struc-
ture of the substrates that enhances electron shifts within
the substrate.

Cofactors and prosthetic groups

Despite the diverse chemical nature of side groups of
amino acids in the active site, compounds other than amino
acids may be co-opted to provide additional reactive
groups. Such compounds play a part in the catalytic mech-
anism, so that they remain unchanged at the end of the
catalytic process. Those that remain bound to the enzyme,
even when catalysis is not occurring, are known as pros-
thetic groups (Figure 3.4). Compounds that have a similar

Part of the enzyme

O | / e
o NeH, ek, cH
A0 “NH
CH, . /
SCH, e
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CQZ Biotin is first
CH, carboxylated by CO,
N\H with the hydrolysis of
S c=0 ATP. The carbon_yl
// group is
Ny subsequently

/C=O transferred to the substrate.

&
(b)
/
co
CH— (CH,), —NH-CO /CQZ /C¢ /ng
CH, "CH, CH “CH,
NH I I
\ Lysyl group s—-sS

Part of the enzyme

Figure 3.4 Structure of two prosthetic groups (@) biotin (b)
lipoate. Biotin functions as a carboxyl group carrier, e.g. in
acetyl-CoA carboxylase. Lipoate is presented in its oxidised form
(-S-S-). It is a cofactor for pyruvate dehydrogenase and oxoglu-
tarate dehydrogenase.



In assays of enzyme activities a
cofactor, but not a prosthetic
group, can be easily lost from
the enzyme by dilution during
extraction or purification, or
removed by agents that will
bind the cofactor. For these
reasons, an excess of cofactor
is routinely added to the assay
medium (e.g. Mg®" in kinase
assays) for the measurement of
enzyme activity.

FACTORS THAT CHANGE THE ACTIVITY OF AN ENZYME 41

role but only bind to the
enzyme during catalysis are
known as cofactors. Because
the distinction between pros-
thetic group and cofactor
depends only upon the strength
of binding to the enzyme, it is
not a very precise one and is of
little theoretical significance.
Unfortunately, the term
‘coenzyme’ is sometimes con-

fused with ‘cofactor’, but the difference is fundamentally
important. Coenzymes do not function as part of the
enzyme. They are, in fact, substrates (or products) in the
reaction. The term coenzyme is usually used to describe

An enzyme in a biochemical
pathway may have two
substrates, one of which is a
cofactor. The other which is
usually the substrate involved in
the primary flax through the
pathway is termed a pathway-
substrate in this book.

Acetyl* group transfer

y

compounds that link together
different reactions or proces-
ses, so that they can transfer
groups between biochemical
pathways (Figure 3.5). To
avoid the implication that
‘coenzymes’ have anything to
do with the catalysis of the

reaction, the term ‘co-substrate’ is introduced to provide a
complementary term to ‘pathway-substrate’.

Factors that change the activity
of an enzyme

Many factors can change the catalytic activity of an
enzyme. Those discussed in this book are the concentra-
tions of substrates, protons (pH), temperature and inhibi-
tors. The effects of these are discussed from a qualitative
point of view, with more quantitative descriptions pre-
sented in Appendices 3.3, 3.4 and 3.5.

The effects of these factors and the means by which they
are studied are usually described as enzyme kinetics. The
basic information required to study enzyme kinetics is as
follows.

Enzyme kinetics: the basics

e Conditions under which the catalytic activity is
measured should ensure that the rate of the reaction is
proportional to the concentration of the enzyme; that is,
if the enzyme concentration is doubled, the catalytic
activity must double.

* A satisfactory method for measuring the rate of the
reaction catalysed by the enzyme is essential. The
principles underlying some of the methods are described
in Appendix 3.3, where methods for measuring the
activities of two enzymes are given as examples.

¢ The rate of reaction that is measured is the initial rate,
i.e. that which is measured over the first few seconds or
minutes of the reaction, before a significant proportion
of the substrate has been used or the product formed
(Figure 3.6). The rate is known as the enzyme activity.

* The enzyme activity is usually reported in units of sub-
strate consumed or product produced over a given period
of time, at near-saturating concentration of substrate and
at a given pH or temperature. For a pure enzyme, specific
activity can be reported, for example, as tmol or mmol/
min per mg enzyme-protein.

Acetyl group Coenzyme A
removal Acetylation
Acetyl-CoA
Hydrogen atom transfer
NAD*
Reduction Oxidation
NADH

Phosphoryl group transfer
Oxidative ADP )
phosphorylation Phosphorylation

of substrate

ATP

Y f

Figure 3.5 Group transfer by coenzymes.

For an enzyme in an extract
of a cell or tissue, enzyme
activity is usually reported
as wmol or mmol/min per
mg protein or per mg DNA,
in the extract, or per gram of
fresh or dry weight of tissue
from which the extract was

The most fundamental unit for
reporting enzyme activity is its
turnover number, the number of
substrate molecules converted
to product by one molecule of
the enzyme in one minute. Its
calculation, however, requires
pure protein and knowledge of
the enzyme’s molecular mass.
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Tangent at zero time

Product formation

Time

Figure 3.6 The practical principle for measuring initial activity
of an enzyme. The catalytic rate must be linear with time: the
precise activity can be obtained by plotting the amount of
product formed against time, and drawing a tangent to zero time:
it is known as the initial activity or simply ‘enzyme activity"

made. For an enzyme in a biological fluid (e.g. blood),
the activity is usually reported as umol/min per litre.

Effect of substrate concentration on enzyme activity

The activity of an enzyme (v) varies according to the
substrate concentration [S]. In most cases, the relationship
is hyperbolic, that is:

* At very low substrate concentrations, the reaction
rate is approximately first order (i.e. activity increases
approximately linearly with increase in substrate
concentration).

e At very high substrate concentrations, the rate of re-
action approaches zero order (i.e. the increase in sub-
strate concentration has very little effect on the rate of
reaction).

e At intermediate substrate concentrations, the order is
intermediate between zero and first order (Figure 3.7).

In this discussion, enzymes with a single substrate are
considered but the same principles apply to enzymes with
more than one substrate.

A hyperbolic curve is described by an equation of the
form:

=2
b+y
In the case of an enzyme,
| _ _als]
b+[S]

A hyperbolic curve results when v is plotted against the
concentration of S, where [S] indicates concentration of S
and a and b are constants. Two questions arise:

A

Approaching
AN zero order

Between first
and zero order

Enzyme activity

~— First order

Substrate concentration

Figure 3.7 First and zero order components of a hyperbolic curve
of enzyme activity against substrate concentration. For the first
order, rate is directly proportional to concentration: at zero
order, rate is independent or almost independent of substrate
concentration.

1 What is the mechanism of catalysis that accounts for the
hyperbolic relationship?

2 In relation to the mechanism, what are the constants a
and b?

The answer to question 1 was provided by L. Michaelis
and M.L. Menten in 1913. The mechanism is, in fact, very
simple. The enzyme, E, binds the substrate S to produce
an enzyme-substrate complex, which then breaks down to
give rise to the product, P, and the free enzyme:

E+s::>lEsL>E+P
2

where k,, k, and k; are rate constants. From this mecha-
nism, a hyperbolic equation is derived:

- Vinax [S]
K., +[S]

where v is the enzyme activity, V.. is the maximum
catalytic activity, and K, is the Michaelis constant and is
given by katks

1
Thus, the answer to question 2 is, @ = V., and b = K.
The derivation of the equation is provided in Appendix
3.4.

The values of both K, and V,,,, are of both physiological
and biochemical importance. The latter is usually discussed
in detail in textbooks on enzymology. This chapter focuses
on their physiological importance.

The values for these constants can be obtained from the
hyperbolic curve when v is plotted against the concentra-
tion of S; this method is not very accurate unless calculated
using a computer program but the most commonly used



FACTORS THAT CHANGE THE ACTIVITY OF AN ENZYME 43

1 1
method is the double-reciprocal plot (— VS. mj
v
Other methods for obtaining values are also described in
Appendix 3.4.

Specificity

Enzymes exhibit a range of specificities. A few react with
only one substrate. For example, the enzyme urease, which
hydrolyses urea, only reacts with urea: this is known as
absolute specificity. Others exhibit group specificity: for
example the enzyme hexokinase phosphorylates several
hexose sugars: glucose, fructose, mannose and 2-deoxy-
glucose. Stereospecificity, the property of enzymes to
catalyse reactions with only one of a pair of stereoisomers,
is a consequence of the three-dimensional nature of an
active site and the fact that an enzyme interacts with its
substrate at more than two points (Figure 3.1). For example,
enzymes involved in the metabolism of unsaturated fatty
acids are almost always specific for either the cis or the
trans geometric isomer, and hexokinase will catalyse the
phosphorylation of D-glucose, the naturally-occurring
optical isomer, but not of L-glucose. Stereoisomerism is
explained in Appendix 3.1.

Effect of hydrogen ion
concentration (pH)

In living systems, the hydrogen ion concentration is usually
very low, so that the negative logarithm is more frequently
used to indicate the concentration. For an explanation of
pH and its relationship to the hydrogen ion concentration,
see Appendix 3.5.

The hydrogen ion concentration has an effect on enzyme
activity because many of the amino acid groups in an
enzyme bear ionisable groups. Changes in pH will alter
the degree of ionisation of some of these groups and so
affect the ionisation of the enzyme molecule as a whole,
modifying enzyme activity in at least three ways:

» Extremes of pH (typically below pH 4.0 or above pH
10.0) change the degree of

ionisation of so many groups
that the three-dimensional
structure is disrupted, resulting
in irreversible loss of enzyme
activity, which is known as

Practical use can be made of
the denaturation by extremes of
PH, since addition of excess
acid or alkali to a solution
containing an enzyme will
immediately stop catalysis.

denaturation.

* Smaller changes of pH (within the range of approxi-
mately pH 4.5 to 9.5) affect a smaller number of ionisa-

Reversible pH range

= ;
= :
"6 il
© :
(0] '
€ :
E Optimum
L pH=75

pH

Figure 3.8 Plot of enzyme activity against pH.

ble groups. If these happen to be present in the active
site, a marked change in enzyme activity can result, but
the effect is reversible.

* Changes in pH may also cause changes in ionisation of
the substrate and so affect catalytic activity by modifying
the binding between substrate and enzyme.

For many enzymes, a plot of activity against pH gives a
bell-shaped curve with a well-defined pH optimum (Figure
3.8). Most enzymes are adapted to function at the particu-
lar pH of their environment and, since the cytosolic pH is
about 7.1, most intracellular enzymes have a pH optimum
about 7.0. In contrast, the normal pH in the stomach is
around 2.0, and most enzymes secreted by cells in the
stomach have very low pH optima (e.g. pepsin, whose pH
optimum is 2.0).

Effect of temperature

An increase in temperature increases the rate of chemical
reactions. This is also the case for reactions that are cata-
lysed by enzymes, except that above temperatures of 60—
70°C most of the bonds that are involved in maintenance
of the three-dimensional structure are broken, the enzyme
is denatured and the catalytic activity lost. The conse-
quence of these opposing effects of an increase in tempera-
ture is that the graph of enzyme activity against temperature
exhibits a maximum (Figure 3.9). Since thermal denatur-
ation is a time-dependent process, the shape of the graph
and the position of this ‘optimal temperature’ will depend
upon the length of time the enzyme remains at the high
temperature. All enzymes are moderately stable in vivo at
temperatures that are normally experienced by the organ-
ism but the temperature at which denaturation occurs
varies from enzyme to enzyme. Most are very rapidly
denatured at 100 °C and show decreased activity after quite
short exposures to temperatures above 60°C. However,
some bacteria live in hot springs in which the normal



44 CH 3 ENZYMES: ACTIVITIES, PROPERTIES, REGULATION AND PHYSIOLOGY

3

Enzyme activity
o

Temperature

Figure 3.9 Plot of enzyme activity against temperature. The
activity depends upon the time of incubation at a given tem-
perature: 1 is low temperature (15-20°C), 2 & 3 physiological
temperature, 20-40°C, and 4 >70°C.

temperature is greater than 90 °C: they are known as ther-
mophilic bacteria. Enzymes in these bacteria remain active
at such high temperatures, DNA polymerase is from such
bacteria is purified for use in the polymerase chain reaction
below).

It is not usually appreciated that the effect of an increase
in temperature on the rate of a reaction is remarkable
because the effect is concealed by the temperature scales
that are usually used. The rel-

When a gas is cooled by 1°C,
from 0°C to —1°C, it loses %5
of its pressure. Since pressure
is due to movement of the gas
molecules, Lord Kelvin realised
that a gas would have no
pressure at —273 °C; that is,
there would be no movement of
the gas molecules: —273°C is
absolute zero. Since the rate of
a reaction depends upon the
movement and hence collision
of molecules, the relevant
temperature scale for chemical
(and therefore biochemical)
reactions is one whose zero is
—273°C. It is known as the
Kelvin or absolute scale.

evant temperature scale for
assessing the effect of a tem-
perature on a reaction rate is
not the Celsius but the absolute
or Kelvin scale (Figure 3.10).
An increase from 4 to 20°
Celsius is a fivefold increase
on this scale yet, on the Kelvin
scale, the increase is from 277
to 293°, only a 6% increase.
Nonetheless, most life on earth
exists within this temperature
range. Of considerable clinical
im-portance, even a very small
decrease in the absolute tem-

perature can have a profound effect on physiological pro-

cesses (Box 3.2).

The reason for this remarkable effect of such a very

373° —— 100°
Animal
life
273° —14— 0
°K °C
0° 4 -273°
Absolute
zero

Figure 3.10 Temperature scales: Celsius and Kelvin (absolute).
On the Celsius scale, absolute zero is —273 °C. The temperature
at which water boils is, therefore, 373 °K. Most life on earth
exists only between 277 and 293 °K.

Box 3.2 Temperature in heart surgery, in
transfer of organs for transplantation surgery
and in patients with trauma to the head

During surgery on the heart, it is cooled to about 32-33 °C
by surrounding it with a ‘slush’ of ice or by infusion of
the coronary arteries with a cold solution. Either treatment
stops contractions of the heart. In addition, it lowers the
metabolic rate so that glycolysis in cardiomyocytes is
reduced and they are protected from damage that could be
caused by lactic acid. For the same reason, an organ for
transplantation is transferred between hospitals at a low
temperature (4 °C). Some hospitals now use ice to cool the
head in patients admitted with trauma to the head. These
manipulations are successful despite the fact that a decrease
in temperature from 37 °C to about 30 °C is only 2.3% on
the Kelvin scale.

small temperature change is that the relationship between
the rate of a reaction and the temperature is exponential,
as shown first by S. Arrhenius (Figure 3.11).

The Arrhenius equation is

k = Ae BGTRT

where k is the rate constant for the reaction, A is a constant,
R is the gas constant, 7 is the absolute temperature
and AG™ is the free energy change for formation of the
transition state.

The equation demonstrates
that the rate constant, which is
the factor that determines the
rate of the reaction, changes
exponentially with tempera-
ture, so that even a small
increase or decrease in the
absolute  temperature  can
change the rate of a biochemi-

An exponential response is
also important in regulation of
enzyme activity. When a small
percentage change in a
regulator concentration is
required to increase a flux by
several- or many-fold, the
mechanisms by which this is
achieved may produce an
exponential response. This is
discussed below.
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Figure 3.11 The variation of the rate of a reaction with tempera-
ture. The plot is based on the Arrhenius equation. Note that the
reaction rate is not zero at 0°C.

cal reaction quite markedly. The effect on a living organ-
ism can be quite dramatic: a cold-blooded animal may be
totally inactive at 4°C but fully active at 20°C, yet the
increase on the absolute scale is very small (Box 3.3).

Effect of inhibitors

A compound that reduces the activity of an enzyme is
known as an inhibitor. Inhibitors are usually small mole-
cules but some are peptides or proteins. For example,
there are a number of proteolytic enzymes in the blood that
have serine in their active site. If the activities of these
enzymes are too high, they can cause problems. Conse-
quently, inhibitor proteins, known as serine proteinase
inhibitors (serpins), are present in blood: indeed, about
10% of all the plasma proteins are serpins (Box 3.4).

To help clarify the effect of inhibitors, it is useful to
divide inhibition into four classes: reversible, allosteric,
irreversible covalent, enzyme-catalysed covalent.

Reversible inhibition

Inhibition is termed reversible if, when the concentration
of the inhibitor is reduced, the extent of inhibition is
reduced (i.e. the dissociation constant for the binding of
the inhibitor to the enzyme is not extremely high). Most
inhibitors bind either to the enzyme or the enzyme sub-
strate complex. In both cases, the binding is an equilibrium
process, as follows:

E+I:ﬁ'EI

Box 3.3 Hibernation, migration or insulation
in warm-blooded animals. Manipulations to
overcome the effects of low temperatures

Most organisms are exposed to fluctuations in their envi-
ronmental temperature which, according to the Arrhenius
equation, will lead to considerable changes in the rates of
their biochemical reactions and, therefore, considerable
changes in their physiology. To compound the problem,
not all rates would be similarly affected, so that precise
coordination and control of biochemical processes would
be difficult to achieve. Mammals and birds have overcome
the problem by maintaining a constant internal tempera-
ture (homoiothermy) and one that is well above most
normal environmental temperatures. The benefits are con-
siderable but so is the cost; a greatly increased metabolic
rate which needs to increase further as the temperature
falls and the animal loses more heat. Hence, a fairly con-
stant source of food, or a large store of fuel, is essential
to survive a winter. However, if sufficient food is not
available or fuel is not stored, when the environment tem-
perature falls to low values, survival is only possible by
changes in behaviour. These are (i) migration to a warmer
climate; (ii) hibernation to reduce metabolic rate and
hence the requirement for food; or (iii) increase in insula-
tion. And biochemistry plays a role in the first two (for
migration, see Chapter 7; for hibernation, see Chapter 11).
Nonetheless, if some food is available, insulation improves
the chance of survival. In addition, mechanisms exist for
increasing heat formation (Chapter 9) so that by a combi-
nation of insulation and thermogenesis, survival in a cold
environment or during the cold season is possible. All of
these changes are necessary, it can be argued, because of
the Arrhenius equation.

or
ES+ 1%% ESI
2

where I is the inhibitor.

These equilibrium-binding relationships give rise to
four different kinetic responses: competitive inhibition,
uncompetitive inhibition, non-competitive inhibition,
mixed inhibition. Details of the kinetics of these types of
inhibition and how dissociation constants for the reactions
can be measured are provided in Appendix 3.6.

Allosteric inhibition

Reversible inhibition in which the inhibitor binds to a
specific site on the enzyme that is remote to the active site,
i.e. a distinct binding site, is known as allosteric inhibition.
It is of considerable physiological importance and is con-
sidered in detail below.
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Irreversible covalent inhibition

Irreversible inhibition should be more correctly termed
‘difficult-to-reverse inhibition’ because any inhibition
due to the binding of inhibitor molecules can be
reversed theoretically by lowering the concentration of
inhibitor to zero. The exceptions are some protease inhibi-
tors (e.g. the serpins) since, once the inhibitor-enzyme
complex is formed, it is destroyed by phagocytosis.
It is, therefore, a specific form of irreversible inhibition
(Box 3.4).

Some of the groups in the active centre of enzymes have
greater reactivity than would be expected from the behav-
iour of the group when it is not in an active centre (this is
known as ‘enhanced reactivity’) and is a consequence of
the particular environment within the active centre. These
groups, therefore, are particularly vulnerable to agents that
will react with them to produce a strong bond, so that, once
bound to the enzyme, the agent does not dissociate (i.e. the
value of the dissociation constant approaches zero). The
result is irreversible inhibition. In the cell, the concentra-
tion of most enzymes is very low (107 mol/L or lower),
so that low concentrations of these agents can cause severe
inhibition and they can be very toxic. The only way such
inhibition can be reversed is by providing a compound to
which the inhibitor binds more strongly than with the
group in the active centre or by degradation of the enzyme-

inhibitor complex, followed by its replacement by newly
synthesised enzyme protein.

There are several such toxic agents that cause consider-
able medical, public and political concern. Two examples
are discussed here: the heavy metal ions (e.g. lead, mercury,
copper, cadmium) and the fluorophosphonates. Heavy
metal ions readily form com-

plexes with organic com-
pounds which are lipid soluble
so that they readily enter cells,
where the ions bind to amino
acid groups in the active site of

An irreversible enzyme
inhibitor of clinical value is
aspirin, which inhibits
cyclooxygenase and therefore
prostaglandin formation
(Chapter 11).

enzymes. These two types of

inhibitors are discussed in Boxes 3.5 and 3.6. There is also
concern that some chemicals in the environment, (e.g.
those found in industrial effluents, rubbish tips and agri-
cultural sprays), although present at very low levels, can
react with enhanced reactivity groups in enzymes. Conse-
quently, only minute amounts concentrations are effective
inhibitors and therefore can be toxic. It is suggested that
they are responsible for some non-specific or even specific
diseases (e.g. breast tumours).

Enzyme-catalysed covalent inhibition

Although not normally considered to be a form of enzyme
inhibition, the enzyme-catalysed interconversion of active

Some irreversible covalent modifications of enzymes are
physiologically important. One type of enzyme is inhibited
by binding to another protein to form a complex (enzyme-
inhibitor complex) that is taken up by liver cells or macro-
phages and degraded. Most proteolytic enzymes in the
blood contain serine in the active centre and are inhibited
by serine proteinase inhibitors (serpins). There are more
than 40 serpins in blood and they play an important role
in inhibition of some powerful proteolytic enzymes, e.g.
those involved in blood clotting (see Chapter 17). Not surpris-
ingly, they can be involved in pathology. Two examples
are given.

One of the best-known examples of a serpin is o,-antipro-
teinase (antitrypsin), which inhibits an enzyme known as
elastase. The latter is a proteolytic enzyme that is secreted by
macrophages: it is one of the many weapons used by these
cells to kill or damage invading pathogens. The macrophages
are particularly important in the lung, since it is a relatively
easy point of entry for pathogens. However, once the pathogen
has been killed, elastase activity must be inhibited and this is
achieved by release of o -antitrypsin. Unfortunately, the free
radicals in tobacco smoke cause chronic damage to the cells

Box 3.4 Serpins and pulmonary emphysema: chronic obstructive pulmonary disease (COPD)

in the lung, one effect of which is to decrease their ability to
secrete o-antitrypsin so that elastase is not inhibited. This
results in further damage to the lung. The process is, therefore,
a vicious circle, which eventually results in emphysema, a
chronic inflammation of the airways. There is excessive
growth of mucus-secreting cells and poor removal of mucus,
which causes a permanent cough. Poor lung function results
in wheezing, breathlessness and tightness in the chest.

Cytokines are peptides that are produced and secreted
by cells of the immune system. They organise the immune
response to invasion by a pathogen by communicating between
the different cells. They are synthesised in the immune cells
as precursor proteins (pro-proteins) from which a peptide is
removed by a proteolytic enzyme to produce the active cyto-
kine, prior to secretion. This enzyme is a serine protease.
Perhaps surprisingly, some viruses are capable of synthesising
serpins which inhibit this enzyme in the immune cells, so that
secretion does not occur and communication and integration
of the immune response to the viral infection is lost. This is
one of many biochemical mechanisms by which pathogens
can reduce or overcome the defence mechanisms of the host
(Chapter 17).
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Box 3.5 Heavy metals and inhibition of enzymes

There are a number of metals that are irreversible inhibitors
of enzymes. Those that are found in increasing quantities in
the environment and hence are causing concern include lead,
mercury, cadmium and copper. Enzymes that possess the
amino acid cysteine in their active site are most vulnerable,
since the sulphydryl group (—=SH) in this site readily reacts
with the metal ions (Appendix 3.7).

Metal ions are particularly toxic in a complex with organic
molecules, because the latter increase their lipid solubility so
that they readily cross the plasma membrane to enter cells.
They also cross the blood-brain barrier so that they very
effectively gain access to nerve cells in the brain.

Organic heavy metal compounds are produced by the
chemical industry (e.g. tetracthyl lead was produced and
added to petrol as an ‘anti knocking agent’ for more than 30
years in the UK, until unleaded petrol became available in the
mid-1980s). They can also be synthesised in some living
organisms (e.g. bacteria).

Inorganic mercury compounds were discharged into the sea
at Minamata Bay in Japan, from where they were taken up by
bacteria and converted into methylmercury compounds. These
bacteria entered the food chain to be taken up eventually by
fish. Since fish are an important source of food in Japan, in a
very short time many people died and many more were per-
manently affected by mercury poisoning.

The treatment of metal poisoning is to administer a com-
pound that binds the metal ion more strongly than does the
group in the active centre of the enzyme. These compounds
are known as chelating agents. For lead, the compound ethyl-
enediaminetetraacetic acid (EDTA) is used. For mercury,
dimercaptopropanol (dimercaprol) is used.

There is now particular concern about the heavy metals
that are present in most electronic machines. The constant
upgrading of computers means that some are discarded without
care so that the metal ions within them are gradually escaping
into the environment. It is estimated that, in the USA alone,
60 million new computers are purchased each year and world-
wide the number is about 130 million. Many of these are
replaced within a few years, and disposal of old computers
leads to large amounts of electronic waste (known as
‘e-waste’). It is estimated that 5% of all solid waste in the USA
is e-waste, accounting for about 70% of all the heavy metals
in waste dumps. The problem of e-waste and human health is
discussed in a book entitled Challenging the Chip, eds Smith,
Sonnenfeld, et al. (2006).

Copper ions bind to and inhibit many enzymes. Of more
importance, perhaps, is that in free solution or when bound to
proteins, copper ions catalyse the Fenton reaction which pro-
duces the highly dangerous hydroxyl radical, OH™ (Appendix
9.6).

Box 3.6 Fluorophosphonates: nerve (war) gases and insecticides

The story began in the 1930s when the compounds known as
dialkylphosphorofluoridates (now known as dialkylfluoro-
phosphonates) were synthesised and their toxicity was
recognised. Only much later was it realised that these
organophosphorus compounds transferred dialkylphosphoryl
groups to enzymes that possessed serine groups in their active
site. One such enzyme, which is present at low concentrations
and in specific sites in the body, is acetylcholinesterase (see
page 40). This enzyme is localised in nervous tissue at syn-
apses and at neuromuscular junctions. When a nervous
impulse reaches a muscle, acetylcholine is released, which
stimulates the muscle to contract. This effect is stopped by the
activity of acetylcholinesterase (Chapter 13).

Symptoms of fluorophosphonate poisoning are difficulty in
focusing the eye for near vision and difficulty in breathing,
since the poison causes sustained contraction of the smooth
muscles of the respiratory tract, which causes death by
asphyxiation.

During the Second World War, even before the mechanism
of toxicity had been established, related compounds including
sarin and tabun were developed for use as so-called nerve
gases. These compounds possess exceptionally high mam-

malian toxicity and are still stored as agents of chemical
warfare. A plant disguised as a soap-making factory was
opened near the German-Polish border in 1942 for production
of tabun. By the end of the Second World War, 12000 tons
had been manufactured, although it was never used. As
recently as May 1995, sarin was released into the Tokyo
underground by terrorists: 12 people were killed and 5000
injured (Sneader, 1985).

Insects are very sensitive to fluorophosphonates, so that
the compound parathion was synthesised and used as an
insecticide soon after the Second World War. However, it
entered the food chain and eventually found its way into
mammals and caused death. An important breakthrough
occurred with the synthesis of malathion, an insecticide which
has high toxicity to insects, where it is converted to malaoxon,
a potent acetylcholinesterase inhibitor. However, malathion is
much less toxic to mammals, since it is readily detoxified
(Appendix 3.8).

Treatment of fluorophosphonate poisoning involves the
use of oximes, such as pralidoxime, which bind the phos-
phoryl group very strongly so that it is removed from the
enzyme.
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and inactive forms of an enzyme is a very widespread
mechanism of enzyme activity regulation. There are three
important points:

e Each covalent modification is achieved in an enzyme-
catalysed reaction.

e It is termed reversible, since the covalent modifica-
tion that is catalysed by one enzyme is reversed by
another enzyme. However, each individual reaction is
irreversible.

* In one reaction, the target enzyme is activated whereas,
in the other, it is inactivated.

The most common form of such modifications is
phosphorylation and dephosphorylation of the hydroxyl
group of a serine, threonine or tyrosine amino acid in
the protein. The reactions are catalysed by kinases
(protein kinases) or phosphatases (protein phosphatases),
respectively.

kinase

Enzyme + ATP ———— Enzyme-P + ADP

(inactive) (active)

Enzyme-P+ H,0 —————Enzyme +P,

phosphatase

(active) (inactive)

A well-known example, indeed the first enzyme that
was shown to be regulated by the phosphorylation/
dephosphorylation mechanism, is glycogen phosphorylase,
which catalyses the breakdown of glycogen (Box 3.7).

glycogen, + P, — glucose 1-phosphate + glycogen,,_,,

where glycogen,, _ ;) represents glycogen containing
one less glucose molecule, and P; represents the phosphate
ion.

Since the change in rate of glycogen degradation,
catalysed by glycogen phosphorylase, depends on a
balance between the two activities, which constitute a
cycle, the relationship is also known as an interconversion
cycle. By convention, the active form is the a form and the
inactive form is the b form (Figure 3.12).

Allosteric inhibition

The development of the concept of allosteric inhibition of
enzymes began in the early 1950s but, surprisingly, not
with studies on enzymes. It was discovered that addition
of an amino acid to a culture of bacteria (Escherichia coli)

In the 1940s Carl and Gertrude Cori isolated and purified an
active form (phosphorylase a) and an inactive form (phos-
phorylase b) of an enzyme from muscle. Phosphorylase b is
activated by AMP (see page 64). In 1955, Fischer & Krebs
found an enzyme that catalysed the conversion of phosphory-
lase b to phosphorylase a, together with hydrolysis of ATP to
ADP. Thus it appeared to bring about phosphorylation of the
enzyme. The enzyme was termed phosphorylase b kinase, was
partially purified and the interconversion was established as

phosphorylase b + ATP — phosphorylase a + ADP

This suggested that the inactivating enzyme was a phospha-
tase and a protein phosphatase was purified, which catalysed
the following reaction:

phosphorylase a + H,O — phosphorylase b + P;

The existence of two forms of phosphorylase with different
catalytic activities, which were capable of being enzymati-
cally interconverted, suggested that the two forms might be
involved in regulation of glycogenolysis in muscle tissue.
However, in the early studies, whenever phosphorylase was
assayed in extracts of muscle it was always found to be in the
a form. This was the case even in extracts prepared from

Box 3.7 Discovery of reversible phosphorylation in the regulation of enzyme activity

resting muscle, in which it is known that glycogen is not
degraded. At this stage, Fischer & Krebs realised that, if the
distribution of the two forms of phosphorylase in muscle was
to be accurately assessed, it was vital to inhibit the intercon-
verting enzymes during extraction of the muscle tissue.
Knowledge of the properties of these enzymes indicated suit-
able inhibitors: the phosphatase was inhibited by fluoride ions
and the kinase was inhibited by EDTA, which chelates the
essential Mg”" ions. Under these conditions, extracts of resting
muscles contained almost no phosphorylase a but this was
increased by muscle activity. The theory developed that phos-
phorylase b was the inactive species of the enzyme and that,
whenever glycogenolysis was necessary, phosphorylase b had
to be converted to phosphorylase a via the protein kinase. This
work by Krebs & Fischer was the first to show that phosphory-
lation of an enzyme by a protein kinase and dephosphoryla-
tion by a protein phosphatase was involved in changing the
activity of an enzyme involved in regulation of a key bio-
chemical process. For the discovery of the reversible phos-
phorylation of an enzyme, Edwin Krebs and Edmond Fischer
were awarded the Nobel Prize for Chemistry in 1992. It is
now known that approximately 1000 different enzymes or
other proteins are regulated by this mechanism, many of
which are involved in signal transduction pathways.
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Figure 3.12 The regulation of phosphorylase activity by reversible
phosphorylation. A reversible phosphorylation process is also
known as an interconversion cycle: the latter term is preferred
in this text, since the individual reactions must be irreversible,
which can be confusing if the term ‘reversible” is used to describe
the overall process. In resting muscle, almost all phosphorylase
is in the b form.

which were growing solely on glucose and ammonia,
inhibited the synthesis of that particular amino acid. All
other amino acids were synthesised normally. For example,
addition of the amino acid isoleucine inhibited the synthe-
sis of isoleucine but not that of any other amino acid.

It was subsequently discovered that the first enzyme in
the pathway for isoleucine synthesis, which is threonine
deaminase, was inhibited by isoleucine in an extract of E.
coli. No other amino acid caused inhibition of the enzyme.
Threonine deaminase is, in fact, the rate-limiting enzyme
in the pathway for isoleucine synthesis, so that this was
interpreted as a feedback control mechanism (Figure
3.13(a)). Similarly it was shown that the first enzyme in
the pathway for cytidine triphosphate synthesis, which is
aspartate transcarbamoylase, was inhibited by cytidine tri-
phosphate (Figure 3.13(b)). Since the chemical structures
of isoleucine and threonine, or cytidine triphosphate and
aspartate, are completely different, the question arose,
how does isoleucine or cytidine triphosphate inhibit its
respective enzyme? The answer was provided in 1963,
by Monod, Changeux & Jacob.

The 1963 allosteric model: separate
catalytic and regulator sites

To provide a mechanism for the feedback inhibition of
these enzymes, the allosteric model was put forward in
1963. It was proposed that the enzyme that regulates the
flux through a pathway has two distinct binding sites, the
active site and a separate site to which the regulator binds.
This was termed the allosteric site. The word allosteric
means ‘different shape’, which in the context of this mech-
anism means a different shape from the substrate. The
theory further proposed that when the regulator binds to
the allosteric site, it causes a conformational change in

Precursor
TTTTT > E1

1st intermediate

: E,
i 2nd intermediate
5 Bs
5 l E,
*~---- Product
(a)
Threonine Carbamoyl phosphate
+ Aspartate
Threonine As%ar tate .
T deaminase carbamoyl- (===~ -
transferase
carbamoyl-
Oxobutyrate aspartate

| |
| b
l b
| |

~---Isoleucine

(b)

Figure 3.13 (a) Feedback control of a hypothetical pathway.
(b) Feedback control of threonine deaminase in the isoleucine
synthetic pathway and of aspartate carbamoyltransferase in the
cytidine triphosphate synthetic pathway in the bacterium E.
coli.

the enzyme molecule that changes the three-dimensional
structure of the active site, so that the enzyme activity is
decreased. This conformational change can be considered
as the means of transmission of information between the
two sites (Figure 3.14). It should be noted that allosteric
effects can also be positive; that is, binding of an allosteric
regulator can increase rather than decrease the activity of
an enzyme. That such a change could occur in an enzyme
and produce a precise modification of the enzyme activity
was a completely novel concept in 1963. Prior to this, it
was unclear how small molecules could regulate the activ-
ity of an enzyme.

Not only does allosteric regulation have a profound
influence on our understanding of biochemical regulation
but the concept has considerable biological importance.
These two sites within the enzyme, catalytic and allosteric,
can evolve independently to provide the most efficient
systems for both catalysis and regulation.
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Figure 3.14 Diagram illustrating regulation of enzyme activity by
an allosteric regulator. Note the representation of the conforma-
tional change.

The allosteric model of 1965: sigmoid
responses and cooperativity

The allosteric model of 1963 was extended in 1965 by
Monod, Wyman & Changeux. Unfortunately, this 1965
paper has sometimes caused confusion between the two
models, possibly because the term ‘allosteric’ occurs in
both models. In fact, the two models are totally different
and they do two quite separate things. The 1963 paper put
forward a simple but fundamental concept that an enzyme
activity could be regulated by a factor that is structurally
unrelated to either the substrate or the product and that
binds at a specific regulator site on the enzyme molecule.
The 1965 paper put forward a mechanism to account for
the fact that the activity of many enzymes, which are
involved in regulation, responds to an increase in substrate
concentration in a sigmoid, rather than in a hyperbolic
manner (Figure 3.15(a)) (Appendix 3.9). These enzymes
are usually multi-subunit so that the enzyme binds more
than one molecule of substrate and it is the interaction of
these identical binding sites that provides the basis for the
sigmoid response. The effect has been termed cooperativ-
ity. A sigmoid res-ponse can

also occur in res-ponse to an
allosteric inhibitor when it
binds to more than one site on

In fact, sigmoid binding of a
small molecule to a protein was
discovered long before that of
enzymes. Bohr showed, in

1904, that a plot of the
concentration of oxygen (i.e.
partial pressure) against the
extent of saturation of
haemoglobin with oxygen was
sigmoid.

the enzyme (another coopera-
tive effect) (Figure 3.15(a)).
The physiological importance
of this effect is that the sigmoid
response increases the sensi-

tivity of the change in enzyme
activity to the change in concentration of the substrate, or
to the change in concentration of the allosteric regulator,
over a particular range of concentrations (i.e. the physio-
logical range) of either substrate or regulator (Figure
3.15(b)) (also see below).

(@)

v
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Substrate concentration

v
(activity)

Inhibitor concentration

Saturation
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Hb with O,

[O2]
(b) 1001

% of maximum inhibition

0 2 4 6 8 10
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Figure 3.15 (a) Three examples of sigmoid responses. Enzyme
activity against substrate concentration; enzyme activity against
inhibitor concentration; saturation of haemoglobin (Hb) with
oxygen against the concentration (i.e. the partial pressure) of
oxygen. (b) Hyperbolic and sigmoid responses of the percentage
inhibition against changes in the inhibitor concentration. Note
the greater inhibitory effect provided by the sigmoid response
to the same changes in the inhibitor concentration (i.e. a change
that normally occurs in the living cell). The numbers represent
percentage inhibition of enzyme activity caused by a doubling
of the concentration of inhibitor.
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The physiological significance
of K,, and V., values

The methods for measuring the value of these constants
are described in Appendix 3.4. They are important to bio-
chemists and enzymologists interested in kinetics and
mechanisms of enzyme catalysis. It is not, however, always
appreciated that they are also important in physiology and
in the medical sciences.

Significance of the values of the
maximum catalytic activity (V.,)

The maximum catalytic activity (V,,..) is measured at satu-
rating concentrations of substrate and in the presence of
activators and in the absence of inhibitors of the enzyme.
It is the values of V,,,, of the enzymes that are obtained in
extracts of cells, tissues or organs that are of importance
in physiology: for example to establish or confirm (i)
the role of an enzyme in a particular pathway, in vivo;
(ii) the role of a particular pathway in a cell or tissue; or
(iii) the maximum flux through a pathway in vivo.

In some cases it is necessary to isolate cell organelles
before V.. is measured (Figure 3.16). A number of cells,
a whole tissue or a sample of a tissue is taken, the cells
are broken and the organelle in which the enzyme is
present is separated, usually by centrifugation. The
organelle is then extracted to provide a medium which can
be used to measure the enzyme activity by a specific
method.

Five examples of the physiological use of the V,,,, are
given.

(i) The precursor for lactic acid formation
in human muscle

The maximum rate of lactic acid formation in quadriceps
muscle of an adult human during sprinting is about 50
units. The precursor for this process is either glucose or
glycogen. Which precursor is used? The enzyme commit-
ting glucose to this process is

hexokinase; the enzyme com-
mitting glycogen to this process

Units are umol/min per g of
fresh muscle at 37°C.

is phosphorylase. The V,,,, for
hexokinase, in an extract of the quadriceps muscle of an
adult human, is about 2 units, whereas that for phosphory-
lase is about 50 units. It is, therefore, clear that glycogen,
not glucose, is the fuel to generate ATP to provide the
energy for sprinting (Figure 3.17). (For further discussion,
see Chapter 13.)

Plunger depressed to sever

biopsy sample ¢
Cells
separated
and
broken in
homogeniser Muscle
Transferred to
centrifuge

Low-speed
centrifugation

Intact cells, )
membrane, High-speed
nuclei, etc. centrifugation
(discarded)

Supernatant (cytosol)

Mitochondria

Vinax OGDH

Max. rate Krebs cycle

Vinax PHOS

—
HK

Max. rate glycogenolysis

V,
Max. rate glucose utilisation «— ™

Figure 3.16 Procedures for obtaining a sample of muscle, prepa-
ration of an extract of the sample and preparation of two compart-
ments within the cell, for measurement of enzyme activity. A
sample of muscle (or other tissue) is obtained by a biopsy
needle. The fibres (cells) in the biopsy sample are damaged or
broken (i.e. extracted) in an homogeniser (or other device), and
then centrifuged to remove cellular ‘debris” (e.g. unbroken cells,
connective tissue) followed by high-speed centrifugation to
prepare cytosol and mitochondria. Then the maximum activity
of specific enzymes can be measured in these preparations, e.g.
hexokinase (HK) or glycogen phosphorylase (Phos) in the cytosol,
and oxoglutarate dehydrogenase (OGDH) in the mitochondria.
These measurements indicate the maximum possible rates of
glucose utilisation, glycogenolysis or Krebs cycle, in the tissue,
respectively.

(i) Enzyme activity assessment of maximum flux
through the Krebs cycle

The flux through the Krebs cycle can be estimated from
the oxygen consumption of a cell or tissue. This has been
done in a single human muscle during maximum physical
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Figure 3.17 Different capacities of glycolysis from glycogen or

glucose in muscle. In the pathway for the conversion of glycogen
to pyruvate and then to lactate in skeletal muscle, the limiting
(flux-generating) enzyme activity is phosphorylase. The large
capacity of the pathway is indicated by the thick line: the low
capacity from glucose, due to the low activity of hexokinase, is
indicated by the thin line. However, in anaerobic muscle during
exercise the pyruvate produced from glucose, via hexokinase, is
not normally converted to lactate but enters the mitochondria
for complete oxidation, in the Krebs cycle. At rest, some glucose
is converted to lactate but at a low rate (Chapter 6).

Oxidation of one molecule of
glucose requires six molecules
of oxygen: two are required for
conversion of glucose to acetyl-
CoA (oxidation of four
molecules of NADH) two are
produced in glycolysis and two
in conversion of pyruvate to
acetyl-CoA) and four required
for the two turns of the Krebs
cycle. Hence one turn of the
cycle consumes one-third of the
total oxygen consumption of a
cell, tissue or organ. i.e. in

activity. The flux is similar
to that calculated from the
activity, in the extract of mito-
chondria of oxoglutarate dehy-
drogenase. This suggests that
this activity can be used to
estimate the maximum flux,
through the Krebs cycle, in
cells or tissues where oxygen
consumption is impossible to
measure. (Chapter 9).

conditions of maximum rate of
glucose/glycogen oxidation,
one-third of oxygen
consumption by the active
muscle represents the
maximum flux through one turn
of the Krebs cycle (i.e. the
maximum capacity of the
cycle). (See also Chapter 9)

(iii) Fuels for immune cells

For many years it was assumed
that glucose was the only fuel
used by cells of the immune
system (lymphocytes, macro-

phages, neutrophils). However,
studies in the 1980s on the
activity of enzymes in these cells showed that the V,,,, of
the enzyme glutaminase was similar to, if not higher than,
that of hexokinase. As glutaminase is the first enzyme in
the pathway for utilising glutamine, these results suggested
that glutamine, as well as glucose, could be an important
fuel for immune cells. This was confirmed from measure-
ment of glucose and glutamine utilisation by the cells in
culture or during incubation for a short period (e.g. one or
two hours). It was, therefore, the V,,,, of an enzyme that
first established that immune cells could use glutamine
as well as glucose as a major fuel. This finding was and
still is of considerable clinical importance. For example,
glutamine is present in many commercial feeds for patients
in intensive care units in hospitals to reduce the risk of
infection (Chapters 17 and 18).

Ketone bodies

Ketone bodies
Y

*co,

Glucose 7

Glucose

Figure 3.18 Oxidation of glucose and ketone bodies by the brain.
Glucose is the sole fuel used by the brain, except in prolonged
starvation in adults or relatively short-term starvation in chil-
dren. In both cases, ketone bodies plus glucose are used.

(iv) Ketone bodies and the brain

When experiments in the 1960s, using arteriovenous dif-
ference concentration across the human brain demonstrated
that the brain could use the fat fuel, ketone bodies (aceto-
acetate and hydroxybutyrate) in addition to glucose, many
physiologists and clinicians were sceptical. It was current
dogma that the brain could use only glucose as a fuel.
When it was shown that the V., for the enzymes that are
involved in the oxidation of ketone bodies were very high
in samples of human brain taken at post mortem, the scep-
ticism disappeared (Figure 3.18). Indeed, ketone bodies are
now known to be quantitatively the most important fuel
for the brain during prolonged starvation in adults and are
particularly important during even short-term starvation in
children (Chapter 16).

(v) Source of ammonia for buffering urine

During conditions of acidosis, hydrogen ions are excreted
(secreted) by the kidney to maintain the normal pH of the
blood. These ions are buffered in urine by ammonia, in the
reaction

NH; +H" — NH,"
and ammonium chloride is excreted
NH,* +Cl~ — NH,Cl

For some years, the source of the ammonia was not known.
The kidney does not take up ammonia from the blood, so
it had to be produced within the kidney. The V,,,, values
of two enzymes catalysing reactions that produce ammonia
were shown to increase markedly in the kidney during
acidosis, demonstrating their significance. The two enzymes
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are glutaminase and glutamate dehydrogenase and they
function in sequence:

Glutamine T) glutamate T} oxoglutarate

NH; NH;

The increases in the V,, values are due to increased
concentrations of the enzymes, as a result of acidosis
increasing expression of the genes encoding these two
enzymes (Chapter 10).

Significance of the values of the
Michaelis constant (K,,)

It is necessary to know the K, value of an enzyme in order
to determine its maximal activity (V,,) which must be
measured at saturating substrate concentrations. In practice
this means that the substrate concentration must be at least
ten times the K, value (Appendix 3.3).

Knowledge of the K, value also provides information
about the role of enzymes in metabolic pathways. Two
examples are given.

Identifying flux-generating enzymes

In a biochemical pathway there will be one reaction that
is non-equilibrium and for which the enzyme approaches
saturation with its substrate (pathway substrate). That is,
the enzyme catalyses a zero order process (Figure 3.7).

In practical terms, that is the substrate concentration
must be about or at least 10 times higher than the value of
the K. This reaction is called the flux-generating reaction
(Appendix 3.10) (Figure 3.19).

Glucose-phosphorylating isoenzymes

There are two different glucose-phosphorylating enzymes,
hexokinase and glucokinase, which catalyse the reaction:

glucose + ATP — glucose 6-phosphate + ADP

This reaction is important since it is the first glucose-
utilising reaction in a cell.

These are isoenzymes, so that their properties are differ-
ent, which is physiologically very important: (i) the K,
of hexokinase for glucose is 0.1 mmol/L, that for glucoki-
nase is 100-fold higher (about 10 mmol/L) (Figure 3.20);
(i1) hexokinase phosphorylates not only glucose but also
fructose and mannose, whereas glucokinase is specific for
glucose; (iii) hexokinase activity is inhibited by glucose
6-phosphate but glucokinase is not. These isoenzymes
are present both in liver cells (hepatocytes), and in
insulin-secreting cells (B-cells) in the pancreas, but it is

Flux-
generating
steps
( ) Brain
Glycogen ~—>» Glucose §\—> Skeletal muscle
Amino \ Heart
acids Kidney
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Protein — 2’;'{;‘80 <> Essential peptides
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TAG —> FFA <> Heart

“ADIPOSE TISSUE ——————————~/ Kidney

Figure 3.19 Example of flux-generating reactions in carbohy-
drate, protein and fat metabolism. The flux-generating reaction
for provision of glucose for the body in conditions, such as
starvation, is glycogen phosphorylase in the liver (Chapter 6).
The flux-generating step for provision of amino acids for the
formation of glucose in the liver (gluconeogenesis) during star-
vation, and other conditions (e.g. trauma) is the hydrolysis of
muscle protein (Chapter 8). The flux-generating reaction for
provision of long-chain fatty acids for oxidation during starva-
tion and other conditions (e.g. physical activity, trauma) is
hydrolysis of triacylglycerol (TAG) in adipose tissue (Chapter 7).
FFA - long-chain fatty acids.
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Figure 3.20 A plot of the percentage of maximal activity of
glucokinase and hexokinase against the glucose concentration.
Hexokinase is present in most if not all cells. Glucokinase is only
present in hepatocytes and B-cells of the Islets of Langerhans
in the pancreas (known as the endocrine pancreas). The enzyme
is physiologically very important in both tissues; e.g. a low
activity in the B-cells can be a cause of one type of diabetes
mellitus.
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glucokinase that is physiologically important in both. The
transport of glucose across the plasma membrane in these
cells is very rapid, that is the glucose transporter is very
active, so that the process is near-equilibrium and the intra-
cellular glucose concentration in these cells is identical to
the concentration in the plasma. Although the concentra-
tion of glucose in the plasma in the peripheral circulation
remains relatively constant, the liver and the pancreas
receive blood from the hepatic portal vein, which drains
the intestine, so that the concentration of glucose in this
blood changes from about 4 mmol/L in short-term starva-
tion (e.g. after the overnight fast), to 20 mmol/L or higher
after a meal. Similar changes, therefore, occur within the
hepatocytes and the B-cells. The K, of hexokinase is such
that its activity will not change over this range of glucose
concentrations (i.e. even at 4 mmol/L it is already nearly
saturated). In contrast, the activity of glucokinase increases
proportionally with the increase in the plasma glucose con-
centration. These changes in activity of glucokinase have
important and different roles in liver and B-cells.

Glucose phosphorylation in the liver

As the plasma glucose concentration increases after a
meal, due to absorption from the intestine, the activity
of liver glucokinase results in a higher rate of conversion
of glucose to glucose 6-phosphate, which is subsequently
converted to glycogen. This synthetic process is, in fact,
stimulated by the increases in the glucose and glucose 6-
phosphate concentrations in the liver cell, since they
increase the activity of glycogen synthase (Chapter 6).
Consequently, the enzyme glucokinase ensures that, after
a meal, some of the increased amount of glucose in the
plasma is converted to glycogen in the liver. This not only
guarantees an increase in the store of glycogen in the liver
but also restricts the increase in the plasma glucose level
after the meal (Figure 3.21). In contrast, the role of hexo-
kinase in the liver is to phosphorylate sugars other than
glucose (e.g. mannose, fructose) and it is not involved in
glycogen synthesis.

Glucose and the secretion of insulin by the B-cells

The role of the B-cells in the Islets of Langerhans is to
secrete insulin in response to an increase in the glucose
concentration in the plasma. It does this by assessing the
increase in plasma glucose concentration: the higher the
plasma glucose, the higher is the intracellular level of
glucose in the B-cell, the greater is the rate of insulin
secretion and hence the higher the level of insulin in the
blood. It is the activity of glucokinase that senses the
increase in the glucose concentration within the B-cell
and gives rise to the metabolic changes in the cell that
result in secretion of insulin (Figure 3.22).
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Figure 3.21 The conversion of glucose to glycogen and the role
of glucokinase in the liver. Starch is hydrolysed to glucose in the
intestine and the glucose is absorbed into the blood from where
most of it can be taken up by the liver and converted to glyco-
gen. It is glucokinase activity that responds to the increase in
the plasma glucose level and plays a key role in conversion of
some of this increased amount of glucose that is absorbed into
the blood to glycogen. The broader arrows indicate the increased
flux of glucose to glycogen in the liver.

Significance of glucokinase in regulation
of the plasma glucose level

The primary role of glucokinase in liver cells and B-cells
of the Islets of Langerhans is to restrict the increase in the
peripheral plasma glucose level after a meal and also to
restrict the decrease in the plasma level during short periods
of starvation. In summary, the properties of glucokinase
and its presence in the liver and in the B-cell play a key
role in regulation of the plasma glucose concentration
(Figure 3.23).

This is clinically important because a failure to control
the blood glucose level adequately can lead to diabetes
mellitus. Therefore, it can be argued that glucokinase is
essential to prevent the development of diabetes in normal
humans. Indeed, a deficiency of glucokinase in the B-cell
gives rise to one type of diabetes, known as maturity onset
diabetes in the young (MODY).

Enzymes as tools

Enzymes have been used as tools in many fields.

* For example, measurement of the concentrations of bio-
chemical compounds that are of physiological or clinical
value.
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Figure 3.22 Role of glucokinase in the control of insulin secreted
by the [-cells in the endocrine pancreas. Starch is hydrolysed to
glucose in the intestine and the glucose is absorbed into the
blood which increases the blood glucose level. The glucose level
in the B-cells rises, which increases glucokinase activity. This
stimulates the flux through glycolysis which increases the intra-
cellular levels of ATP, intermediates of the Krebs cycle and some
amino acids. These changes increase the conversion of proinsulin
to insulin and the secretion of insulin. This increases the plasma
level of insulin, which stimulates glucose uptake by muscle and
helps to maintain the normal blood glucose level.
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Figure 3.23 A sequence of processes explaining the role of
glucokinase in the liver and [-cells in regulation of the blood
glucose concentration. The increase in the plasma insulin
increases glucose uptake by muscle and decreases fatty acid
mobilisation from adipose tissue which lowers the plasma fatty
acid level which also increases glucose uptake (Chapter 12).
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* Measurement of the activities of some enzymes in blood:
this is one factor involved in the diagnosis of disease.

* In forensic science and genetic investigations.

All these uses depend upon one or both of the two
paramount properties of enzymes: catalytic power and

specificity.

Use of enzymes in biochemical and
clinical measurements

In biochemistry, physiology, pathology and medicine,
there are usually two major problems in measuring the
concentration of a compound:

(i) The compound is usually present at very low
concentrations.

(i) The compound is usually present in a solution that
contains a large number of other similar compounds.

The immense catalytic power of enzymes means that a
compound, even at a very low concentration, can rapidly
be converted to a product whose concentration can then be
measured by a sensitive technique. The specificity of
enzymes ensures that they react with only one compound,
even in the presence of many other similar compounds.
This property can be used, for example, in measuring the
concentration of glucose in body fluids.

One other class of biochemical proteins that offers a
similar advantage in clinical biochemistry is antibodies,
which are highly specific for interaction with other proteins
(i.e. with antigens) and bind with a high affinity. The
combination of antibodies with radioisotopes produces
very sensitive and very specific assays. This system has
been used particularly for measuring the concentrations of
hormones (see below) peptides and cytokines.

Measurement of the concentration of glucose

The concentration of glucose in ablood sample, for example,
can be measured using the enzyme, glucose oxidase, which
catalyses, specifically, the oxidation of glucose:

glucose + O, + H,0 — gluconate + H,0, + H*

The reaction proceeds almost totally to the right. Conse-
quently, the amount of hydrogen peroxide (H,0O,) produced
is the same as that of glucose originally present in the
sample. The amount of H,O, is then measured using a
second enzyme, peroxidase, which catalyses a reaction
between the hydrogen peroxide and a reducing agent,
which becomes oxidised:

H,0, + AH, — 2H,0+ A
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In this hypothetical reaction, the compound AH, is the
reducing agent. It is chosen because, when it is oxidised
to form A, the colour changes, i.e. compound A absorbs
light at a different wavelength from AH,, so that its con-
centration can be measured at a specific wavelength in a
spectrophotometer. The change in absorption of light is,
therefore, proportional to the concentration of glucose in
the original sample of blood. Because glucose is the only
compound with which glucose oxidase reacts, the presence
of even very similar compounds (e.g. fructose) is not a
problem.

An extension of this assay has made it very flexible and
easy to use. Absorbent plastic-backed strips are impreg-
nated with the glucose oxidase and peroxidase, plus a
compound (e.g. a dye) that reacts with hydrogen peroxide.
When a drop of blood is placed on the strip or the strip is
dipped into a sample of urine, the reactions outlined above
proceed and the dye changes colour. By comparing the
colour produced with a colour chart, the approximate con-
centration of glucose is determined. The approximate value
may be all that is required for gaining information on the
clinical relevance of any glucose in the urine.

A further extension is that the reaction catalysed by
glucose oxidase can be modified in such a way that it gener-
ates a change in an electric signal, which is proportional to
the glucose concentration, and the magnitude of the electric
current can be displayed digitally. Such a device is gener-
ally known as a biosensor (Appendix 3.11).

Enzyme-linked immunoabsorbent assays

A method that combines the specificity of an antibody
with the catalytic power of an enzyme, a marriage between
enzymology and immunology, is known as an enzyme-
linked immunoabsorbent assay (ELISA). To illustrate the
method, measurement of the concentration of a hypotheti-
cal peptide X is described:

(i)  An antibody to peptide X is produced, which is the
primary antibody.

(ii)) Anenzyme (e.g. peroxidase) is attached to a second
antibody to peptide X.

(iii)
(iv)

The primary antibody is attached to a solid support.

A solution (e.g. diluted blood) containing an
unknown concentration of X is added to the immo-
bilised primary antibody and, provided that the anti-
body is present in excess of X, the immobilised
antibody will bind all of X in the sample. (The
unbound material is washed away.)

(v)  The second peroxidase-linked antibody is now
added: it binds to the already immobilised X. This
procedure is carried out in the well of a small
plate.

(vi) This, too, is then washed to remove excess of the
second antibody.

(vii) The substrate for peroxidase is then added to the solid

support (i.e. in the well) and the reaction allowed to

proceed for a fixed period of time (e.g. 10 minutes).

(viii) The product of this reaction is a compound that can
be readily measured, e.g. a compound that is coloured
so that it absorbs light at a specific wavelength. The
amount of product that is formed in the period of
time of the incubation is proportional to the amount
of enzyme which, in turn, is proportional to the
amount of X present in the original sample.

(ix)

A standard curve is prepared with known quantities
of X.

(x) The advantage of the technique is its precision in
measuring very low concentrations of peptides (in
the nanomolar to the micromolar range).

Restriction enzymes and analysis of DNA

Bacteria contain enzymes that catalyse the breaking of
phosphodiester links between nucleotides in DNA at
specific sites, to which the enzyme is directed by a short
sequence of bases. These are known as restriction enzymes
and they have resulted in remarkable progress in analysing
sequences of DNA fragments. They are endonucleases,
i.e., they cleave DNA at the phosphodiester bonds within,
rather than at the ends, of DNA chains. They cleave bonds
such that sequences of nucleotides, typically 4-8 base

pairs, are produced. These are
the restriction sequences.
There are more than 2000
restriction enzymes, each with
their own specificity for re-
striction sites, so that several
enzymes can result in many
different short fragments of
DNA. A reaction with one
type of restriction enzyme
results in a defined set of DNA

Some bacteria are able to
take up DNA from their
surroundings and exchange
regions with their own DNA.
This recombination is the basis
of a primitive sexual process
known as transformation.
However, recombination with
DNA from species other than
the same as the bacterium is
unlikely to be beneficial and
it is likely that restriction
enzymes have evolved to
destroy such ‘foreign’ DNA.

fragments (known as restric-
tion fragments) due to the DNA being cut at each copy
of the recognition site and nowhere else along the chain.
The different fragments can then be separated by chroma-
tography or electrophoresis (Figure 3.24).

The sequences of some recognition sites for some
restriction enzymes are given in Table 3.3.

Restriction enzymes are used in a number of areas, for
example:

* In forensic science, such as helping to identify a suspect
from a sample of tissue or body fluid obtained from the
site of the crime.
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Sample Sample
A B
4 4 3
Restriction enzymes hydrolyse
| DNA at points marked by arrows.
Sample A has one more point
8 of attack than sample B.

Chromatography of the fragments
on agarose gel separates them

according to size but they remain

invisible.

Transfer by blotting to a nylon
membrane allows the heat
treatment involved in hybrid-
isation to take place. Southern
blotting technique.

The fragments are hybridised with
DNA probes which have been
made radioactive or fluorescent.
This enables the patterns to be
visualised for comparison.
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Figure 3.24 Restriction fragments from digestion of two samples
of DNA. These are produced as a result of the activity of restric-
tion enzymes on the samples of DNA and separation of the
fragments by the Southern blotting technique (Appendix 3.12).
Numbers refer to the length of the fragments. (i.e. number of
nucleotides).

Table 3.3 Recognition sites for some restriction enzymes

Microorganism of Identity of Position of
origin enzyme hydrolysis
Arthrobacter Alul AGlCT
luteus TCTGA
Escherichia coli EcoR1 GLAATTC
CTTAATG
Klebsiella Kpnl GGTACIC
pneumoniae CTCATGG
Nocardia Notl GClGGCCGC
otitidis-caviarum CGCCGGTCG

The sequences are written 5~3 in the top strand and 3’-5" in the bottom
strand. The phosphodiester bonds cleaved by each enzyme are marked
in the top strand and T in the bottom strand. The shorthand used to iden-
tify specific restriction enzymes can be confusing to a student reading a
scientific paper, in which the shorthand is not explained.

* The identification of the biological father in paternity
cases.

Restriction enzyme techniques are frequently used in con-
junction with the polymerase chain reaction.

Polymerase chain reaction (PCR)

The polymerase chain reaction uses the enzyme DNA
polymerase to produce rapidly very many identical copies
of a length of DNA. To catalyse the reaction, the poly-
merase has the following requirements:

* A length of DNA.

* The four deoxynucleotides (dATP, dGDP, dCMP, and
dTPP) (Chapter 20).

* A primer for each strand of DNA: this comprises a small
sequence of nucleotides that bind to the 5" end of one
strand and the 3" end of the other strand of the DNA to
initiate the polymerase reaction (Chapter 20).

e Mg** ions to bind the nucleotides to the polymerase.

The sequence of manipulations in the method is presented
in Figure 3.25. An initial problem with the method was
that, since the temperature used to separate the strands is
about 90°C, repetitive separation resulted in inactivation
of the polymerase, so that fresh enzyme needed to be
added for each cycle. The problem was solved by using a
DNA polymerase extracted from the organism Thermus
aquaticus, which lives in hot springs, so that the enzyme
is stable at the high temperature needed to separate the
strands.

DNA fingerprinting

DNA fingerprinting is a way of uniquely identifying a
human. The technique depends on the fact that within the
human genome there are multiple and highly variable
repeats of small sequences of DNA. These sequences
appear to have no function so that somatic mutations in
them are not lost by natural selection. Consequently, each
individual will have many such unique sequences, although
there will be some similarity between individuals of the
same family. The pattern of these sequences is revealed by
hydrolysis of DNA with restriction enzymes. Since the
pattern of restriction fragments is unique to each individ-
ual, it provides a ‘DNA fingerprint’.

Provided a sample of DNA can be obtained, a restriction
analysis can be carried out. A match between the restric-
tion fragments from a sample of DNA left at the scene of
a crime and that of a suspect is a valuable tool in forensic
science. The usefulness of this technique is increased enor-
mously by combining it with the polymerase chain reac-
tion, since the amount of DNA extracted from a very small
amount of tissue can be increased enormously, providing
enough for a restriction analysis. Tissue samples as small
as a single cell, a hair, a drop of saliva, a piece of dandruff
or a smear of semen are sufficient to produce enough DNA.
It has produced a revolution in forensic science. However,
caution must be applied to interpretation of the results: for



58 CH 3 ENZYMES: ACTIVITIES, PROPERTIES, REGULATION AND PHYSIOLOGY

—— Target sequence —
5 T I
g I

Part of the DNA
molecule which acts
as a template for the

polymerase
Denaturation | to separate N
at91 °C strands -
5 .
Kguusm I
Cooling to to attach
50 °C (annealing) | primer
5 T I
Primer
Primer [ Denaturation
3 I at91°C
Incubation at to separate
72 °C with DNA | to extend strands.
polymerase chains Each cycle
and NTPs doubles
the number
of the DNA
AR copies.
3
Extension
complete
5 N
- _J

3

Figure 3.25 Polymerase chain reaction. The steps involved in
the chain reaction are as follows: (i) Incubation of the DNA at
a temperature above 90°C in order to separate the two strands
of the DNA duplex. (ii) Cooling of the solution to about 50°C
to allow annealing of the primers to the template (i.e. the
nucleotides bind to the template DNA according to the base-
pairing rules). (iii) Finally, addition of the polymerase and Mg**
ions to extend the nucleotide primer and complete the synthesis
of the complementary DNA, which takes place at about 70°C.
(iv) The sequence (i) to (iii) is repeated to allow another exten-
sion to occur; many repetitions can be carried out which results
in enormous multiplication of the DNA strands. NTPs - deoxyri-
bonucleoside triphosphates.

example, a hair of a victim found on a suspect may have
been passed on accidentally due to a common point of
contact, independent of the crime scene.

Enzymes in diagnosis

Enzymes, especially those in the cytosol, may escape from
a damaged or diseased cell and appear in the blood. Since
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Figure 3.26 (a) A plot of the increases in activities of creatine
kinase, aspartate aminotransferase and lactate dehydrogenase in
the blood against time after chest pain. These enzymes are
assumed to be released from the heart and therefore indicate
damage to heart muscle and support diagnosis of a myocardial
infarction. (b) Relative activities of aspartate aminotransferase,
alanine aminotransferase, lactate dehydrogenase and creatine
kinase in the blood in the following conditions: a myocardial
infarction, viral hepatitis, cholestatic jaundice and a pulmonary
embolism. These activities can be used as an aid to diagnosis.

different tissues contain different enzymes, or different
amounts of isoenzymes, analysis of the enzymes in serum
can identify which tissue is affected by the disease and
hence can help with a diagnosis (Figure 3.26(a) and (b)).

The measurement of enzyme activities in tissues
other than blood can also be carried out, for example, in
extracts of tissue obtained by biopsy, from red or white
blood cells or from cerebrospinal fluid. Such measure-
ments are valuable in diagnosis of genetic diseases in
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which enzymes are either absent or present at very low
activities.

Enzymes as therapeutic agents

In theory, it should be possible to alleviate the symptoms
of an enzyme deficiency by administering the missing
enzyme but this is made difficult because enzymes do not
cross membranes and so fail to enter cells and they also
induce an immune response. A solution is the use of lipo-
somes — small lipoprotein vesicles in which enzymes are
entrapped so that they fuse with the plasma membrane in
vivo and introduce the enzymes into the cell. The liposome
protects the introduced enzyme from both the host’s
immune system and from degradative enzymes. This
approach has been used particularly in the treatment for
deficiencies of enzymes in the lysosomes.

The heart attack

Many heart attacks are due to formation of a blood clot
in one of the arteries supplying the muscles of the left
ventricle. Clots in the coronary arteries can sometimes be
removed by use of enzymes that dissolve them. The
enzymes, which catalyse the hydrolysis of the fibrin fibres
that support the clot, include streptokinase, which is
obtained from bacteria of the genus Streptococcus, or
urokinase and plasmin, which are present in human blood.
These enzymes if infused sufficiently early, into blood can
prevent serious damage. Other enzymes that have been
used are plasminogen activators, which convert inactive
plasminogen, already present in blood, to plasmin, the
natural fibrinolytic enzyme (Chapter 17). Plasminogen
activators are now produced in large quantities by genetic
engineering.

Enzymes as targets for therapy

The roles of enzymes in biochemical pathways or specific
reactions makes them ideal targets for drugs. There are,
however, important constraints on this approach. Most
enzymes are contained within cells and, indeed, within
organelles, so that any drug must traverse one or more
membranes to be effective. Although in principle drugs
could act on enzymes either to increase or decrease their
activity, the kinetic structure of biochemical pathways
means that activation of an enzyme within the pathway
may have no effect on the flux. Only if the enzyme cataly-
ses the flux-generating step would an increase in activity
increase the flux through the pathway. Even if this could

be achieved, the effect may be negated by feedback inhibi-
tion mechanisms, i.e. the normal control mechanism could
overcome the effect of the drug. The same reservations
apply even if the drug stimulated gene expression to
increase the amount and hence the activity of the enzyme.
Consequently, almost all drugs are inhibitors of enzymes.
However, most drugs act on receptors which are involved
in signalling, which are mostly located on the outer surface
of the plasma membrane and can be inhibited on activated
(antagonists or agonists).

Five examples of diseases that are influenced by drugs
that inhibit enzymes are presented: depression, hyperten-
sion, bacterial infections, viral infections (retroviruses) and
cancer.

Depression

This condition is caused by a deficiency of one or more
of the monoamine neurotransmitters in the brain (e.g.
noradrenaline, dopamine, 5-hydroxytryptamine). One
means of increasing the concentration of the neurotrans-
mitters is to inhibit one of the enzymes that degrade the
neurotransmitter in the brain. For the monoamines, a key
degradative enzyme is monoamine oxidase, which cataly-
ses the reaction

R.CH,NH, +10, — R.CHO + NH,

Drugs that inhibit this enzyme result in an increase in the
concentration of the monoamines and this can alleviate the
depression, at least in some patients (Chapter 14).

Essential hypertension

The cause of this disease is not known, but one factor that
increases blood pressure is a plasma protein, angiotensin-
II, which is produced via an enzyme cascade in blood, as
follows:

. . 1 . . 2
angiotensinogen ——s angiotensin-I —2—
. . 3 . .
angiotensin-I —2— amino acids

The enzymes in this pathway are (1) renin, (2) angiotensin-
converting enzyme (ACE) and (3) aminopeptidase. The
key enzyme in this pathway is ACE. Drugs that inhibit
this enzyme decrease the formation and hence the con-
centration of angiotensin-II, which lowers blood pressure.
Compounds that inhibit this enzyme are very successful
antihypertensive drugs (discussed in detail in Chapter
22).
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In 1904 Paul Ehrlich showed that a dye, Trypan Red, killed
trypanosomes, which cause sleeping sickness. In 1927, 1G
Farbenindustrie opened a laboratory for experimental pathol-
ogy. Its first director, Gerhard Domagk, screened azo-dyes for
their ability to cure mice infected with Streptococcus pyo-
genes, a major cause of fatal pneumonia at the time. It turned
out that the azo-dyes, although toxic to bacteria in culture,
were ineffective in the mice. However, when diazotised sul-
phonamides (originally developed to improve the binding of
azo dyes to wool) were used, the situation was reversed; the
drug was now more effective in the mouse than in culture.
Furthermore, it was remarkably non-toxic. A patent for ‘pron-
tosil rubrum’ and other sulphonamides was submitted on 25
December 1932. By 1935, prontosil had proved its clinical
value in the treatment of puerperal fever in Queen Charlotte’s
Maternity Hospital, London, and Domagk was awarded the
Nobel Prize for Medicine in 1939. On Hitler’s instructions he
was persuaded to reject it. He had to wait until 1947 to receive
the medal in Stockholm (Sneader 1985).

It was discovered that the active part of the prontosil mol-
ecule was not the azo group but the 4-aminobenzenesulpha-
mide (sulphanilamide) which was released from the parent
compound within the patient. Other sulphanilamide drugs

Box 3.8 The first drugs to inhibit an enzyme in bacteria

were developed, including sulphapyridine produced by May
& Baker Laboratories, in 1937. It was this drug, generally
known as M&B, that cured Winston Churchill (the British
Prime Minister during the Second World War) of pneumonia
during his visit to North Africa in December 1943. [An
extract from The Second World War, by Winston Churchill
(p-89) (Heron Books) emphasises the benefit he obtained
from M&B. ‘The admirable M and B, from which I did not
suffer any inconvenience, was used at the earliest moment,
and after a week’s fever the intruders were repulsed. . .
There is no doubt that pneumonia is a very different illness
from what it was before this marvellous drug was
discovered.’]

Donald Woods discovered that sulphonamides exerted their
action by inhibiting an enzyme used by bacteria to synthesise
folic acid. The compound 4-aminobenzoic acid is the precur-
sor for folic acid, and is structurally similar to sulphonamide.
Bacteria that were unable to synthesise folic acid were unable
to achieve de novo synthesis of purines for their DNA and
RNA synthesis and hence could not proliferate. Such com-
petitive inhibitors, which mimicked normal metabolites,
became known as antimetabolites (many are used in cancer
chemotherapy, Chapter 21).

Bacterial infection

To be an effective antibacterial agent, a drug must inhibit an
enzyme that is present in the bacteria but not in the host. One
well-known example is a transpeptidase involved in cell
wall synthesis in some bacteria. Inhibition prevents bacte-
ria from synthesising their cell wall so that proliferation
stops. A drug that inhibits this enzyme is the antibiotic,
penicillin first used in 1941 (see Chapter 17). However, the
first durg to inhibit bacterial growth was developed from a
dye (Box 3.8).

Anti-retroviral drugs and AIDS

The genetic material in a retrovirus is RNA not DNA. The
best known retrovirus is the human immunodeficiency
virus (HIV) which infects lymphocytes and hence inter-
feres with the immune system, giving rise to the disease
AIDS. Once the virus infects its host, it converts its RNA
into DNA by an enzyme known as reverse transcriptase
and the DNA is then inserted into the genome of the host
cell (in this case the lymphocyte):

viral RNA —— viral DNA —— host cell genome

Reverse transcriptase is a retroviral-specific enzyme and is
essential to the virus. Drugs that inhibit this enzyme are

used to treat the infection and hence the disease AIDS. As
well as reverse transcriptase, the virus needs other proteins
(e.g. an enzyme that catalyses insertion of the viral DNA
into the genome of the host cell). These enzymes are first
formed as pro-enzymes (precursor proteins) so that they
require activation by a proteolytic enzyme, which is also
specific to the virus. Inhibitors of this enzyme, protease
inhibitors, have had some success in improving life expec-
tancy of AIDs patients, presumably because they kill the
virus (Chapter 17).

Cancer

Drugs that can be used to control tumour cell prolifera-
tion inhibit a variety of enzymes, including thymidylate
synthase and topoisomerase (Chapter 20). The enzyme
aromatase converts a ring in a steroid to an aromatic ring.
It converts, for example, adrenal steroid hormones into
female sex hormones, which bind to oestrogenic receptors
in the ovary or breast and increase the risk of ovarian or
breast cancer. Aromatase inhibitors are used to treat
patients with breast or ovarian cancers that are sensitive
to oestrogen. Unfortunately, none of the inhibitors is spe-
cific for enzymes in tumour cells and they can therefore
have severe side-effects (Chapter 21).
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Kinetic structure of a
biochemical pathway

Many enzymes in the cell are organised into sequences,
so that the reactions they catalyse are integrated into
pathways or processes. In these pathways, a precursor or
substrate is converted to a product, e.g. glucose is
converted to lactic acid; amino acids are polymerised to
form protein; glutamine is converted to aspartate. These
pathways have both a thermodynamic and a kinetic
structure. The thermodynamic structure is presented in
Chapter 2. The kinetic structure is described here. There
are three basic facts that must be appreciated before the
kinetic structure is explained.

* Reactions in a pathway can be divided into two classes:
those that are very close to equilibrium (near-equilib-
rium) and those that are far removed from equilibrium
(non-equilibrium). This is discussed in Chapter 2 but is
summarised here using kinetic principles to explain how
enzyme catalysis can give rise to two separate types of
reaction in one pathway.

* One of the enzymes that catalyses a non-equilibrium
reaction approaches saturation with substrate, so that
it is the flux-generating step, (i.e. the beginning of the
pathway).

* The kinetic and thermodynamic structure of a pathway
or process in a cell or a tissue can only be maintained
because living systems are open: that is, they exchange
matter and energy with the environment (Chapter 2).

Equilibrium and non-equilibrium
reactions: a kinetic explanation

A reaction in a metabolic pathway is likely to be non-
equilibrium if the maximum catalytic activity of the
enzyme that catalyses the reaction is low in comparison
with those of other enzymes in the pathway. In conse-
quence, the concentration of substrate of this reaction is
likely to be high whereas that of the product is likely to be
low, since the next enzyme in the sequence readily cataly-
ses its removal. Because the concentration of this product
is low, the rate of the reverse component of the reaction is
very much less than the rate of the forward component.
This situation characterises a non-equilibrium process.
Conversely, a reaction is near-equilibrium if the maximum
catalytic activity of the enzyme is high in relation to those
of other enzymes in the pathway; in this case, the rates of
the forward and the reverse components of the reaction
are similar and both are much greater than the overall flux
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Figure 3.27 Representation of the rates of the forward and reverse
reactions for non- and near-equilibrium reactions in one reaction
in a hypothetical pathway. The values represent actual rates, not
rate constants. The net flux through the pathway is given by
(V-V,). In the non-equilibrium reaction, the rate of the forward
reaction dominates, so that the net flux is almost identical to
this rate. In the near-equilibrium reaction, both forward and
reverse rates are almost identical but considerably in excess of
the flux.

through the pathway. A quantitative explanation should
help to clarify and is presented in Figure 3.27. From this
explanation, it should be clear why the terms reversible
and irreversible are sometimes used in place of equilib-
rium and non-equilibrium. The latter terminology is used
in this text. The concept of the flux-generating reaction is
now discussed.

Flux-generating reactions

Consider an enzyme at the beginning of a pathway whose
pathway-substrate concentration is much less than that
required to saturate the enzyme (see Figure 3.7), e.g.
similar to or lower than that of the K. As the catalysis
proceeds, the concentration of substrate falls so that the
activity of the enzyme decreases more and more. Conse-
quently, the activity of such an enzyme cannot maintain a
constant flux through a pathway, so that a steady state
cannot be achieved.

In contrast, if the enzyme is saturated with its pathway-
substrate, (i.e. zero order) a decrease in the concentration
will not decrease its activity, so that it could generate a
constant flux through the reaction and hence through the
pathway. It is, therefore, an enzyme that can generate a
constant flux: a non-equilibrium reaction that is saturated
with pathway-substrate is termed a flux-generating
reaction. Examples of some flux-generating reactions are
given in Figure 3.19. The physiological significance of
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such enzymes is discussed for specific pathways in later
chapters. The kinetic significance in establishing a pathway
and defining how the flux is transmitted through a pathway
is now discussed.

Transmission of flux: the kinetic
structure of the pathway

If a biochemical pathway possesses a flux-generating
reaction and, by definition, it should, it follows that the
flux through all reactions in the pathway must conform to
that of the flux-generating step. To see how this works,
consider an increase in the activity of enzyme E;, the flux-
generating reaction of the hypothetical pathway depicted
in Figure 3.28. The immediate consequence will be a rise
in the concentration of A, which will increase the rate of
E,, since it is not saturated with substrate. This will raise
the concentration of B, and hence the activity of E;, and
so on along the pathway, so that the rates of all the reac-
tions will increase in parallel with the rate of the reaction
catalysed by E; and, in time, a new steady-state will be
established. This mechanism of regulation of the activities
of E, and E; etc. by changes in the concentrations of their
substrates can be described as internal regulation, i.e.
regulation is internal to the pathway. The activity of E,
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Figure 3.28 A hypothetical pathway and modes of regulation

(a) The hypothetical pathway in which E; is the flux-generating
step.

(b) Factor X activates E;, which results in increased concentra-
tions of all the intermediates in the pathway (i.e. the
transmission sequence).

(c) Factor Y activates E,, concentration of C decreases, which
stimulates E; (because it is an inhibitor).

(d) Enzyme E, is absent, so that C accumulates and it is then
converted to G by a side reaction and G is excreted in urine,
and can cause damage to the all or other tissues.

results, therefore, in a steady-state flux through the whole
pathway which is described as a transmission sequence.

Regulation of flux through a pathway

If a compound (e.g. X, an allosteric activator) increases the
activity of E,, the flux through the transmission sequence
will increase. This type of regulation is termed external
regulation (i.e. it is achieved by a factor external to the
pathway). However, a change in the activity of any other
enzyme would not change the flux. For example, a change
in flux through the pathway would not occur if only the
activity of E, increased: it would result only in a decrease
in the concentration of C, until the activity of E, decreased
to its previous value. However, if E, communicated with
E,, such a change could modify the flux. Appropriate com-
munication could come about if compound C is an alloste-
ric inhibitor of E;. Thus an increase in activity of E,,
via an effect of an allosteric regulator, would lower the
concentration of C, which would then increase the activity
of E,, so that the flux through the transmission sequence
would increase (Figure 3.28(c)). Such inhibition, from a
final product or a precursor of the product of the pathway
is common in the control of biochemical pathways, and it
is known as feedback inhibition (see Figure 3.13).

From this discussion it should be clear that if the activity
of any enzyme in the sequence was decreased, for any
reason, to such an extent that its maximum activity fell
below that of E,, the concentration of its substrate would
rise sufficiently to saturate the enzyme, when the activity
could increase no longer. If there were no feedback regula-
tion, i.e. no control-structure to the pathway, this increase
would continue until the substrate was removed by a side
reaction or escaped from the cell to be modified and excreted
in the urine. Such a loss of enzyme activity is exceedingly
rare. When it occurs, it is usually due to a genetic defi-
ciency; that is, the enzyme is inactive due to an ‘inborn
error’ or an enzyme deficiency disease. Since the enzyme is
not part of a coordinated regulatory mechanism, nothing
prevents the substrate concentration from increasing
excessively, even to pathological levels (Figure 3.28(d)).

Well-known examples of enzyme deficiency diseases
include:

* Phenylalanine hydroxylase deficiency, giving rise to
phenylketonuria (PKU) (Box 3.9).

* Pyruvate dehydrogenase deficiency giving rise to lactic
acidosis (Chapter 9).

* Glycogen phosphorylase deficiency in muscle gives rise
to muscle weakness, frequent cramp and ease of fatigue
(McArdle’s syndrome). It also gives rise to hypoglycae-
mia if the liver enzyme is deficient (Chapter 6).
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Box 3.9 Phenylketonuria

Phenylketonuria (PKU) is a group of inherited disorders
caused by a deficiency of the enzyme phenylalanine
hydroxylase (PAH) that catalyses the conversion of phe-
nylalanine to tyrosine, the first step in the pathway for
catabolism of this amino acid. As a result, the concentra-
tion of phenylalanine in the liver and the blood increases.
This high concentration in the liver increases the rate of a
side reaction in which phenylalanine is converted to phe-
nylpyruvic acid and phenylethylamine, which accumulate
in the blood and are excreted in the urine.

The disease develops at 3 to 6 months of age and it is
characterised by developmental delay, eczema, hyperac-
tivity and mental retardation. Newborn babies are rou-
tinely screened for PKU in many countries. Treatment is
a phenylalanine-restricted diet and supplementation with
tyrosine.

Diet — phenylalanine -->tyrosine -->

phenylpyruvate

Regulation of enzyme activity

Investigating the regulation of enzyme activity requires
identification of the external regulators and how regulation
of the enzyme activity affects the flux through a pathway.
There are four important questions that must be answered
before mechanisms of regulation can be usefully discussed.
These are:

(i) Which enzyme(s) in a pathway is subject to external
regulation?

(i1)) What is the biochemical mechanism by which the
enzyme activity is regulated by an external regulator?

(iii)) How does regulation of the activity of an enzyme
regulate the flux through a pathway?

(iv) What is meant by sensitivity in regulation?
These questions are considered below.

(i) The enzyme that catalyses the flux-generating step
must be regulated to change the flux through the
pathway. Enzymes that catalyse non-equilibrium
reactions are more likely to be regulated by external
factors than those that catalyse near-equilibrium reac-
tions, so it is these enzymes that are studied in (ii).

(i) The biochemical mechanisms by which enzyme activ-
ity is regulated are suggested by studying the proper-
ties of the enzyme in vitro. The proposed mechanism
must then be investigated in vivo. (This approach is

used to establish a mechanism for different pathways
or processes, in many chapters in this book.)

(>iii) Once the mechanism(s) has been identified, the means
by which it can change the flux requires information
on how each enzyme is involved in the transmission
sequence.

(iv) In many biochemical or physiological processes, a
weak stimulus produces a large response. For example,
the increase in flux through glycolysis in the leg
muscle of a sprinter leaving the blocks, to achieve a
maximum power output, is approximately 1000-fold.
Yet the factors that regulate glycolysis change nothing
like 1000-fold. Similarly, the increase in the Krebs
cycle from rest to maximum aerobic physical activity
in muscle is approximately 50-fold. To understand
how such marked changes in activity can be produced
by small changes in the concentration of a regulator,
the concept of sensitivity in regulation must be
addressed.

Sensitivity in regulation is defined as the quantitative rela-
tionship between the relative change in enzyme activity
and the relative change in concentration of the regulator.
For example, if an enzyme activity needs to increase 100-
fold to produce the necessary change in flux through the
pathway, how large an increase in concentration of regula-
tor is required? The greater the change in response of
enzyme activity to a given change in regulator concentra-
tion, the greater is the sensitivity. This is defined mathe-
matically as follows.

The concentration of a regulator (x) changes by Ax,
so that the relative change in concentration is Ax/x. This
results in a change in flux, J, by AJ, so that the relative
change in flux is AJ/J. The sensitivity of the flux to
the change in concentration of x is given by the ratio

where S is the sensitivity.

AJIJ to Ax/x, ie. S= AljJ
Ax/x

The next quantitative problem is to understand the basic
mechanism of interaction between the regulator (in this
case x) and its binding to the target enzyme (i.e. the enzyme
that regulates the flux through the pathway).

Equilibrium-binding of a regulator to an enzyme

To modify the activity of an enzyme, or any protein, the
regulator must bind to the protein and, in almost all cases,
the binding is reversible. Such binding is described as
equilibrium-binding.

E+X 2 E*X

where E is the enzyme, X is the regulator and E* is the
altered form of the enzyme. The asterisk indicates that the
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binding of X has changed the conformation of the enzyme
so that the structure of the catalytic site has changed to
increase or decrease the catalytic activity.

The normal response of enzyme activity to the binding
of the regulator (or the binding of the substrate) is hyper-
bolic, as described above. Unfortunately, this response is
relatively inefficient for sensitivity in regulation of the
activity of the enzyme. The maximum sensitivity, as
defined quantitatively above, is unity. This is the part of
the response that is first order (see Figure 3.7). For example,
a twofold change in regulator concentration will change
the enzyme activity by no more than twofold (i.e. the value
of S, in the above equation, is unity). This interpretation
may be difficult to accept from simply viewing the initial
part of a hyperbolic curve. However, it must be appreciated
that sensitivity is not the slope of the plot of activity versus
concentration of substrate or regulator; it is the relationship
between the relative change in activity and the relative
change in concentration of the regulator.

Since the hyperbolic response is the simplest relation-
ship between protein and regulator, it can be considered as
the basic response with which any mechanism for improv-
ing sensitivity can be compared. Four such mechanisms
are now examined.

Mechanisms for improving sensitivity

Multiplicity of regulators

It is possible for an enzyme to be regulated by several dif-
ferent external regulators that all bind at different allosteric
sites on the enzyme. In this case, if the concentrations of
all the regulators change in directions to change the activ-
ity of the enzyme in the same direction, the effect of all
external regulators could be cumulative (Figure 3.29).

Cooperativity

For many enzymes that play a role in regulation, the
response of their activity to the substrate or regulator con-
centration is sigmoid, not hyperbolic. This phenomenon is
known as cooperativity (see above). For part of the con-
centration range of the substrate or regulator, the effect on
the enzyme activity is greater than that provided by the
hyberbolic response, i.e. the sensitivity is greater than
unity (see Figure 3.15(b)).

Substrate cycles

A totally different mechanism for improving sensitivity is
known as the substrate cycle. It is possible for a reaction
that is non-equilibrium in the forward direction of a
pathway (i.e. A—B, see below) to be opposed by a reaction

Glycogen

+ P;
AMP-->
IMP >
O~ ATP
- G6P

Glucose
1-phosphate

Figure 3.29 Control of an enzyme activity by multiple allosteric
regulators. The enzyme glycogen phosphorylase b in muscle is
regulated by changes in the concentrations of AMP and inosine
monophosphate (IMP) (which are activators) and ATP and
glucose 6-phosphate (G6P), which are inhibitors.

ATP ADP

phosphofructokinase
fructose bisphosphatase

Pi

Fructose
6-phosphate

Fructose 1,6-
bisphosphate

Figure 3.30 The fructose 6-phosphate/fructose 1,6-bisphosphate
cycle. The forward reaction is catalysed by the enzyme phospho-
fructokinase, the reverse reaction by fructose bisphosphatase.

that is non-equilibrium in the reverse direction of the
pathway (i.e. B—>A). For example,

E2
E E E
s—,A7 Np_Z,cup

N
Es

The substrate cycle between A and B, is catalysed by
enzymes E, and E; in the pathway S — P. The reactions
must be chemically distinct and non-equilibrium and cata-
lysed by different enzymes (i.e. E, and Es, above). It is
possible that these two opposing reactions are components
of two separate pathways that function under different
conditions (e.g. glycolysis and gluconeogenesis in the liver
— see Chapter 6) but the reverse reaction (E5 in the above
example) may not be part of any other pathway but only
present in the cell to provide a cycle for regulation of flux,
through that reaction; that is, for improving sensitivity in
regulation. An example is the fructose 6-phosphate/
fructose bisphosphate cycle in muscle (Figure 3.30).

If the two enzymes are simultaneously active, A will be
converted to B and the latter will be converted back to A,
thus constituting the cycle. There are, thus, two fluxes: a
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linear flux through the cycle, A to B, as part of the pathway
by which S is converted to P, and a cyclical flux between
A and B. Both fluxes are to a large extent independent and
calculations show that the improvement in sensitivity is
greatest when the cyclical flux is high but the linear flux
is low, i.e. the ratio, cycling rate/flux, is high (Table 3.4,
Figure 3.31).

In some conditions, to achieve satisfactory regulation of
flux, an enzyme activity may have to be reduced to values
approaching zero. Even with a sigmoid response, this
would require that the concentration of an activator be
reduced to almost zero or that of an inhibitor be increased
to an almost infinite level. Such enormous changes in con-
centration never occur in living organisms, because they
would cause osmotic and ionic problems and unwanted
side reactions; that is, they are physiologically unaccept-
able. However, the net flux through a reaction can be
reduced to very low values (approaching zero) via a sub-
strate cycle (Figure 3.32).

It is possible that, via a cycle, the direction of a flux can
be completely reversed. An example is glucose metabo-
lism in the liver: at a low blood glucose level the liver
releases glucose, whereas at a high concentration of blood
glucose the liver takes up glucose. This is the result of a

substrate cycle between glucose and glucose 6-phosphate
in the liver (Figure 3.32) (discussed in detail in Chapter
6).

Since the net result of a cycle, in addition to an increase
in sensitivity, is the hydrolysis of ATP, it is unlikely that
high rates of cycling will be maintained for any prolonged
periods of time. One means of providing high sensitivity,
but low rates of cycling transiently, is to increase the rate
of cycling only when increased sensitivity. Chronically, is
required. For example, a stressful condition increases the
release of the stress hormones, adrenaline and noradrena-
line. These hormones could increase the activity of both
enzymes, i.e. those that catalyse the forward and reverse
reactions in the cycle (e.g. by a change in a specific mes-
senger, e.g. cyclic AMF). The role of these hormones is to
prepare the body for ‘fight or flight’, i.e. increased physical
activity. An increase in the rate of cycling and hence an
increase in sensitivity in preparation for increased ATP
generation, would be an advantage if fight or flight had to
take place (Figure 3.31).

In some circumstances, substrate cycles may operate not
only to regulate flux through biochemical pathways but to
achieve the controlled conversion of chemical energy (i.e.
ATP) into heat. This occurs in two conditions.

Table 3.4 Effect of an increase in the concentration of a regulator on net flux through a reaction that is requlated by a direct
effect of the regulator on the activity of an enzyme. The hypothetical pathway is

EZ
E] /\
S——A
\_/
ES

E, E,

B—C——P

The quantitive effect is examined when there is no substrate cycle and when there is substrate cycle.

Enzyme
activities®
(units/min)
Concentration Net flux Relative fold increase
of regulator (x) E, E; A to B (J) in flux Sensitivity (S)
No cycling (i.e. enzyme Es
is inactive)
Basal 10 Zero
Fourfold above basal 40 Zero 40 4 1.0
Cycling (i.e. enzymes E,
and E; are active)
Basal 10 9.8 0.2
Fourfold above basal 40 1.0 39 195 approx. 50.0

“The units are arbitrary.

E represents the enzymes catalysing the reactions in the pathway. Simultaneous activities of E, and Es produce a substrate cycle between A and B.

In the no cycling condition, enzyme Es is absent (or inactive).

In the cycling condition, the regulator not only increases the activity of E, but decreases that of Es. However, the improvement in the relative
increase is not much greater if Es activity does not change. The relative change in the concentration of regulation (i.e Ax/x) is 4.0 in both conditions;
in the no cycling condition AJ/J (the relative change in flux) is 4.0 but it is approx. 200 in the cycling condition. Consequently the values for AJ/J/Ax/x
(i.e. sensitivity, S) are unity and about 50, in the no cycling and cycling contitions, respectively.
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50 X : 50
(a) —— Fructose 6-phosphate  Fructose bisphosphate ———
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Figure 3.31 Representation of the role of a substrate cycle improving the sensitivity of the regulation of the flux through the reaction
in which fructose 6-phosphate is converted to fructose bisphosphate in muscle during sprinting. The upper arrow represents phospho-
fructokinase activity and the lower arrow represents fructose bisphosphatase activity. (a) Resting before the sprint, when cycling
rate is low, and flux is low; (b) on the starting block, when stress hormones increase the cycling rate markedly (i.e. ‘preparation
for flight or fight’); (c) about six seconds after the start of the sprint, when allosteric regulators have increased the activity of
phosphofructokinase and decreased that of fructose bisphosphatase. The enzyme activities represent (a) the relaxed sprinter, (b)
the stressed sprinter immediately before the race and (c) the sprinter at maximum speed. The activities are hypothetical. From this
it can be seen that a 25-fold increase in activity of phosphofructokinase and a 50% decrease in that of fructose bisphosphatase,
both caused by changes in allosteric regulator concentrations, at the beginning of the sprint, increase the glycolytic flux 1000-fold:
a well-established biochemical fact. Indeed, this increase in sensitivity must be required in most sporting activities (Chapter 13).
It must be noted that the activity of glycogen phosphorylase must also increase by a thousand fold. This is achieved by an inter-
convention cycle.

a b ;
() ATP ADP ®) <—— Glucose uptake ——>
S '
S
glucokinase 3 ) )
- Glucokinase dominates
Glucose g‘:llfs?heag 2 Glucose :
glucose-6- s release - — — ——— ———— —— —— Zero
phosphatase 8
o
% Glucose 6-phosphatase dominates
o
P; H,O .
I 1 1 )
Net reaction: 0 5 10 15 20
ATP + HyO ——= ADP + P, Glucose concentration (mmol/L)

Figure 3.32 Generation of a threshold response of a reaction in a pathway to a change in regulator concentration. The example is
that is provided by the glucose/glucose-6-phosphate cycle. (a) The glucose/glucose-6-phosphate cycle. (b) The net reaction is
achieved by subtracting the activity of the enzyme that catalyses the reverse reaction from that of the enzyme catalysing the
forward reaction. A threshold (vertical dotted line) is achieved since there is zero net flux, when both activities are identical. The
example given is the cycle between glucokinase and glucose 6-phosphatase in liver. When glucose 6-phosphatase activity exceeds
glucokinase activity, glucose is released from the liver; when glucokinase activity exceeds glucose 6-phosphatase activity, glucose
is taken up from the blood. This remarkable effect is achieved solely by changing the activity of glucokinase, but not that of
glucose 6-phosphatase. It depends solely on changes in the concentration of glucose, the substrate for glucokinase (see above
and Chapter 6).
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* To produce heat so as to maintain body temperature
(known as non-shivering thermogenesis) (Chapter 9).

* To reduce body mass by ‘burning off” stored fuel. This
is put forward as one mechanism by which the amount
of triacylglycerol stored in adipose tissue can be reduced
(Chapters 7, 12 and 15).

Interconversion cycles

The topic of interconversion cycles in providing inhibition
or activation of a target enzyme, the activity of which
regulates the flux through a pathway, is discussed above.
In brief, an enzyme exists in two forms, conventionally
designated a and b, one being a covalent modification
of the other. This is brought about, for example, by
phosphorylation with ATP, so that one form is a phos-

phorylated modification of the other. Since only one of the
two forms, a, has significant catalytic activity, the flux can
be regulated by altering the amount of the target enzyme
in this form (Box 3.7). The basis for improving sensitivity
by this mechanism is discussed above and indicated in
Figure 3.12. It is also discussed in Chapter 20 where
enzyme interconversion cycles are compared with control
of the concentration of a regulatory protein by protein
synthesis and protein degradation.

It is important to point out that these four mechanisms
are not mutually exclusive. Indeed, it is probable that,
for some reactions, all four mechanisms play a role in
regulation of flux and this combination could provide an
enormous increase in sensitivity. An example is the regula-
tion of the enzyme phosphorylase in muscle and liver, and
hence the process of glycogenolysis (Chapters 6 and 12).
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Transport into the Body:
The Gastrointestinal Tract, Digestion

and Absorption

October 21" 1779, for 5 people, dinner (between 1 and 3pm) consisted of leg of pork (boiled), a

roasted turkey and a couple of ducks.

For supper (probably 6—7.30pm) the same people had a couple of fowls boiled, a fine pheasant

roasted and some cold things, pears, melons, apples and walnuts.

(Woodforde, 1935)

225 g sugar, 50 g tea, 1,800 ml milk, 50 g butter, 100 g margarine, 50—100 g cheese, 1 shelled egg
(or I packet dried egg), 100 g bacon or ham, meat to the value of 6p, 75 g sweets.

(Information provided by Second World War Coastal Defence Battery,

Battery Gardens, Brixham, South Devon, England.)

The capacity of the human intestine to adjust digestion and
absorption to accommodate a huge range of quantity and
content of food, is remarkable. A comparison can be made
between the content and composition of dinner and supper
given by Parson James Woodforde in England in the 18th
century on a single day and the weekly ration for one adult
in wartime Britain in 1944.

William Beaumont (1785-1853) experimented with the
gastric juices of a patient with a permanent hole in his
stomach. He published his results in 1833, and was the first
to explain how the stomach could digest food. Extracts
from this publication are fascinating:

[ think I am warranted, from the results of all the experi-
ments in saying that the gastric juice, so far from being
‘inert as water’, as some authors assert, is the most general
solvent in nature . .. even the hardest bone cannot with-
stand its action. We must, I think, regard this fluid as
a chemical agent, and its operation as a chemical
action . . . Its taste, when applied to the tongue is similar
to thin mucilaginous water, slightly acidulated with
muriatic acid [hydrochloric acid].

Not only did Beaumont explain the basis of digestion, but
also the bactericidal nature of gastric juice:

a powerful antiseptic, cheating the putrefaction of meat;

and effectually restorative of healthy action, when applied

to old foetid sores, and foul, ulcerating surfaces.
(Beaumont, 1833)

The macronutrients — carbohydrate, fat and protein — are
the major components of food. To be utilised by the body,
they must be broken down to compounds that are small
enough to be absorbed through the cells of the intestine
and transported by the blood to appropriate tissues and
organs. The gastrointestinal tract is responsible for both the
breakdown and the absorption of the products of break-
down. The structure of the tract, and biochemical events
within it, both contribute to the following: transport of
material from mouth to anus; secretion of enzymes, other
proteins and ions; hydrolysis of large molecules (diges-
tion); absorption of the products of digestion; transport of
these products into blood or lymph; and generation of ATP
to support these processes.

The control of gut function involves interplay between
neurones and peptide hormones. Information from a variety
of receptors along the digestive tract is processed by a
network of nerves, the enteric nervous system, which also
receives input from the brain.

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech

© 2010 John Wiley & Sons Ltd
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Gross structure of the
gastrointestinal tract

The gastrointestinal tract is about 4.5 metres long, running
from mouth to anus. Its division into a number of clearly
defined regions, each of which possesses a variety of dif-
ferently specialised cells, enables it to carry out its diverse
functions (Figures 4.1(a)&(b)). In general, the substructure
of the wall of each region is the same (Figure 4.2).

Buccal cavity

Food is taken into the buccal cavity, where it is masticated
by the teeth and mixed with saliva from three pairs of sali-
vary glands. It moistens the food and dissolves some mol-
ecules enabling them to interact with the taste receptors on
the tongue. Saliva contains Na*, K*, CI~ and HCO;™ ions
and a protein, mucin, which is a component of mucus that
lubricates the chewed food on its way down the oesopha-
gus. The pH of saliva is about 7.8, which neutralises acid
formed by bacteria in the mouth: this protects tooth enamel

Buccal cavity
Pharynx

Oesophagus
Liver —— Diaphragm
Gall bladder — Stomach

Duodenum

Pancreas

Colon

Small intestine
(jejunum + ileum)

Caecum

Appendix
Rectum

(a)

from acid attack. The enzyme amylase is also present in
saliva and it initiates digestion of the starch in the food.

Stomach

The stomach receives food from the buccal cavity, it par-
tially digests protein, fat and carbohydrate and it then
delivers the resulting mixture (chyme) into the small intes-
tine. The inner surface of the stomach is folded into ridges,
to allow for distension after a meal, they contain gastric
pits into which several gastric glands discharge their secre-
tions (Table 4.1).

Gastric secretions

The stomach secretes pepsinogens, which are inactive pro-
teolytic enzymes, and protons — the high concentration of
which initiates hydrolysis of the pepsinogens to form
active pepsins, which then continue their own activation,
via an autocatalytic, hydrolysis (Appendix 4.1).

pepsinogen LN pepsin + peptide

ORGAN FUNCTION
Mouth
Buccal cavity E j Mastication
Oesophagus ’ ‘
Y
Temporary storage; endocrine
Stomach and paracrine communication;
digestion of protein.
Gall bladder Q @ Reservoir of bile (from liver)
Pancreas D ( Secretes digestive enzyme
Duodenum \\\ Digestion

(0]

c

"§ Jejunum Digestion + absorption

E

g

o | lleum Absorption

2

% | Colon Reabsorption of fluid;

2 Fermentation

B

§ Rectum U Storage of faeces

Anus

—
O
-

Figure 4.1 (a) The gastrointestinal tract and its position in the body. (b) General organisation and functions of the organs of the

gastrointestinal tract. (Not to scale)
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Serosa
"""" Muscularis
propia
}— Submucosa
Mucosa
—— Epithelium
Villi
LUMEN

Muscularis mucosa

Circular muscle

Longitudinal muscle

Figure 4.2 Substructure of the wall in the gastrointestinal tract.
(Not to scale). Epithelial cells of the villi possess micro villi
which extend into the lumen (Not shown). The epithelium con-
sists of absorptive enterocytes, endocrine cells that secrete
peptide and goblet cells that secrete mucus.

Table 4.1 Main secretions into the lumen by the stomach

Compounds secreted Cells responsible

Acid (i.e. protons) Parietal

Mucus Mucous cells
Hydrogencarbonate ion Parietal

Pepsinogens Chief (zymogen) cells
Gastrin G-cells

Gastric lipase Chief and mucous cells
Ghrelin (see Chapter 12)

The protons are secreted by the parietal cells in exchange
for potassium ions (Figure 4.3). This process is unique to
the parietal cells (Box 4.1).

As well as functioning as a lubricant, the mucus secreted
by the cells serves to protect the epithelial cells from the
damaging effects of pepsin and

Pathogens need to adhere to the
cell surface of the epithelial
cells in order to enter the cells,
so the mucous layer protects
against attack by pathogens.

the protons. The mucous layer
itself is protected from the
protons, since they are secreted
by the gastric gland with

sufficient hydrostatic pressure

that they form narrow channels known as ‘viscous fingers’

that do not mix well with the mucus. Despite this protec-

tion, the lifespan of a gastric epithelial cell is only about
48 hours.

None of these functions are vital; provided food is

ingested, a little at a time, and in a suitable form, it is

R
ADP.
H* h H*
K+
ATP
GASTRIC
LUMEN
K+
BN
Ccr

-

Figure 4.3 The H'/K*-ATPase: transport of H* and K* ions in the
stomach. The H* ions are derived from carbonic acid and the
resultant hydrogencarbonate ion is transported out of the cell
into the interstitial space and hence into the blood. The H" ions
are transported into the lumen of the stomach in exchange for
K* jons, which requires ATP hydrolysis. K* jons are transported
back into the lumen of the stomach along with CL™ jons.

possible to survive partial or
total gastrectomy. However,
vitamin B, must be provided
otherwise the patient will
become anaemic. This is
because an additional function
of the parietal cell is secretion

One means of losing weight
(i.e. adipose tissue), when all
others have failed, is by
reducing the volume of the
stomach by a surgical process
known as stomach stapling:
this restricts the amount of food
that can be eaten at one time.

of a protein which is required

Deficiency of vitamin B,
interferes with production of
red blood cells so that anaemia
(megaloblastic anaemia)
develops (Chapter 15).

for the absorption of this
vitamin. The protein is called
the intrinsic factor. The
complex formed between B,

and intrinsic factor binds to
a specific receptor protein present on cells in ileum, from
where it is absorbed. This vitamin is essential for some of
the reactions that synthesise nucleotides, and hence for
RNA and DNA synthesis.

Control of acid secretion

The basal rate of proton secretion is around 10% of maximal
but the perception of food (smell, taste, sight or even just
the thought of it) increases secretion. This is the cephalic
effect of food. Nervous signals from the brain cause release
of acetylcholine, histamine and gastrin to stimulate acid
secretion from the parietal cells. When food actually
reaches the stomach, distension, proteins, peptides and
amino acids further stimulate the release of gastrin.

Small intestine

The small intestine is divided into three regions: the duo-
denum, jejunum and ileum. The duodenum, which is the
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Box 4.1 Acid, bacteria and drugs

The acid and proteolytic enzymes in the stomach would
damage epithelial cells if they were not protected by a
layer of mucus. However, if secretion of mucus is impaired
or acid is over-produced, damage can result. Slight pene-
tration of the defences causes dyspepsia but, if the mucus-
secreting cells are damaged, a vicious circle develops
causing damage to epithelial cells and development of an
ulcer. If excess acidic chyme leaves the stomach, a duo-
denal ulcer can also develop. The condition is exacerbated
by agents which increase acid secretion, such as alcohol
and caffeine, and especially aspirin or other non-steroidal
anti-inflammatory drugs (Chapter 11). Some relief is
obtained by the use of antacids: sodium hydrogencarbon-
ate, magnesium hydroxide or aluminium hydroxide, which
neutralise the acid. A pharmacological breakthrough
occurred, however, when James Black developed com-
pounds which blocked the H, receptor for histamine on
the surface of parietal cells. The receptor blocker, raniti-
dine, became a best-selling drug. Alternatively, drugs that
inhibit the H'/K*-ATPase in the parietal cells also reduce
acid secretion.

A surprising discovery was that a bacterium, Helico-
bacter pylori, survives and proliferates even in the acid
conditions of the stomach; its presence can contribute to
development of stomach ulcers. The infection is difficult
to treat since antibiotics are not very effective in acidic
conditions.

Anti-inflammatory drugs (e.g. aspirin) are beneficial in
reducing the pain of arthritis but the side-effect of excess
acid secretion is a major problem. Since the drugs are
required chronically, there is a risk of development of an
ulcer. Unfortunately, a drug that reduced pain of arthritis
but minimised acid secretion had severe side-effects and
was withdrawn (Chapter 11).

shortest (~30 cm), is most clearly defined. Digestion starts
in the duodenum, which receives an enzyme-rich secretion
from the pancreas and bile from the gall bladder. Absorp-
tion is normally completed before the end of the jejunum
is reached. The structure of all parts of the small intestine
is similar: an inner ridged surface with each fold bearing
numerous villi, slender extensions of the absorptive surface
that greatly increase its surface area (Figure 4.4). Various
cells in the duodenum secrete the following: bicarbonate
to neutralise the acid entering from the stomach; about
three litres of mucus each day; peptides that control the
secretion of other substances (Table 4.2) and opioid pep-

tides that inhibit the contrac-

tion of the smooth muscles,
which slows the movement of
food along the intestine. Most
of the epithelial cells lining the

Consequently the opioid drugs
(e.g. codeine, morphine), which
are normally used to control
pain, can cause constipation.

LUMEN Capillary bed
Lacteal
Epithelium

Crypt of
Lieberkihn
Arteriole
Muscularis Venule
mucosa

[
Artery Vein Lymph duct
Figure 4.4 Diagram of the structure of a villus. Most of the
absorbed materials enter the blood vessel, but chylomicrons

enter the lymph in the lacteals.

Table 4.2 Some regulatory peptides secreted by the gastro-
intestinal tract and main effects

Compound Main effects

Cholecystokinin (CKK) Stimulates enzyme secretion
from pancreas and contraction
of gall bladder.

Enhances insulin secretion by
the endocrine cells in the
pancreas.

Enhances insulin secretion and

Gastric inhibitory
peptide (GIP)

Glucagon-like peptide

(GLP) suppresses glucagon secretion.
Gastrin Stimulates acid secretion by
stomach.
Ghrelin Stimulates appetite.
Motilin Increases motility of intestine.
Neurotensin Inhibits emptying of stomach

and acid secretion.

Decrease motility of intestine.

Stimulates secretion of HCO5~
from pancreas.

Relaxes smooth muscle in blood
vessels to increase blood flow.

Opioid peptides
Secretin

Vasoactive intestinal
polypeptide (VIP)

villi are enterocytes, which absorb the products of diges-
tion. Numerous microvilli (each about 0.1 pm in diameter)
produce a luminal border for these cells, known as the
brush border. Altogether, the folds, villi and microvilli
increase the surface area by about 600-fold. The total area
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is estimated at 200 m’, which is larger than a doubles
tennis court!

Most cells have a superficial layer of polysaccharide,
known as the glycocalyx, which is attached to the cell
surface. This is particularly well developed in enterocytes.
Some of the digestive enzymes from the lumen are adsorbed
onto the glycocalyx. The bulk of digestion occurs in the
lumen of the intestine, but the enzymes on the glycocalyx
catalyse the final stages of some processes.

Colon

The colon is the main part of the large intestine. It is wider
but shorter (100-150 cm) than the small intestine and it
contains wide tubular crypts. The colon is divided into
ascending, transverse and descending sections (Figure
4.1). The epithelium contains three types of cells: colono-
cytes, mucus-secreting and peptide-secreting cells. An
important function of the colonocytes is reabsorption of
water, sodium ions and chloride from the lumen while
secreting potassium and hydrogencarbonate ions into it.
This results in the formation of more solid faeces. The
lumen contains a massive number (approx. 10'*) of micro-
organisms (microflora) which degrade those carbohydrates

that are not digested in the

small intestine. The resultant
sugars are fermented by the
microflora to produce short-
chain fatty acids (Chapter 6),
which are important fuels for
the colonocytes. In addition,
butyrate reduces proliferation
of colonocytes, which might
reduce the risk of cancer of
the colon (Box 4.2). Burkitt

Ingestion of commercial
preparations that contain
digestion-resistant starches and
bacteria (e.g. homolactic
lactobacilli) increases volatile
fatty acid formation in the
colon. This provides more fuel
for colonocytes: it is claimed
regular intake of these
preparations improves intestinal
function and hence mood,
known sometimes as the ‘feel
good’ factor.

(1975).

Dietary fibre

Dietary fibre was defined by Hugh Trowell as ‘the plant
polysaccharides and lignin which are resistant to hydroly-
sis by the digestive enzymes of

humans’. This definition lacks
chemical precision, because
non-fibrous pectins and gums
are also present. The term non-
starch polysaccharide (NSP) is
often preferred, although the
term dietary fibre still persists.
Unfortunately, NSP is also not
satisfactory since some starch,
known as ‘resistant’ or ‘par-

Adults in developed countries
may consume about 40 g of
such starch and between 10 and
20 g of fibre each day. Certain
types of dietary fibre increase
the faecal loss of bile salts. The
loss can be increased artificially
by the administration of ion
exchange resins that bind the
bile salts. This is one means of
lowering the liver and blood
levels of cholesterol (Box 4.2).

tially resistant starch’, does not undergo hydrolysis, or
complete hydrolysis, in the small intestine, due to its physi-
cal form in food, which depends upon processing and
cooking of the food and even on the ripeness of fruit. For
example, 90% of the starch in unripe bananas is resistant.
Since resistant starch is degraded to sugar by the micro-
flora, and is fermented, it could be included in the defini-
tion of dietary fibre. The term dietary fibre, as used in this
text, includes NSP. Fibre is most abundant in cereals, bread
made from whole grain flour, leafy and root vegetables,
mature leguminous seeds, nuts and fruits. One component
of fibre is cellulose, which is not digested by humans but
can be degraded to glucose by some microorganisms,
which then ferment the glucose. It is not known how much
cellulose can be digested by microorganisms in the human
intestine and it probably varies from one human to another.
However, it is well developed in ruminants (Box 4.3).

Urea salvage

Approximately 30% of the urea produced by the liver
diffuses into the colon where it is degraded by some
of the microorganisms, i.e. those that possess the enzyme
urease, to form ammonia

urea — NH; + CO,

The microorganisms use the ammonia to synthesise essen-
tial and non-essential amino acids and hence protein. When
they die, their protein is degraded and some of the amino
acids are absorbed into the bloodstream, to be used by the
host. This process, urea salvage, is quantitatively signifi-
cant in provision of amino acids for the host, especially for
individuals on a protein deficient diet (Chapter 8).

Biochemistry of cooking and
food preparation

Chewing of food and salivation in the buccal cavity is often
considered to be the first stage of digestion but, for humans,
it can be considered that cooking and preparation of the
food can be included. An excellent discussion of the chem-
istry and biochemistry of cooking is provided by Pond
(1998). Plant tissues that are rich in starch are not palatable
and are difficult to chew and digest. This is because starch
consists of two glucose polymers, one of which is branched
(amylopectin) and the other linear (amylose). The amylose
lies within the branches of amylopectin producing a tightly
packed structure (similar to that of reinforced concrete).
The heat of cooking (boiling, baking or frying) breaks
down this structure and promotes the uptake of water or
fat, which loosens the carbohydrate structure. For example,
pasta when boiled takes up so much water that its volume
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Box 4.2 Dietary fibre and health

The health benefits of dietary fibre were first brought to
general attention by Denis Burkitt, Peter Cleave and Hugh
Trowell in 1960s (Box 4.4). As much as 50% of the contents
of the colon are accounted for by bacteria and between 400
and 500 different species are present. Much of the increase
in stool bulk arising from a high-fibre diet is actually due
to an increase in the number of bacteria. A high intake of
fibre decreases transit time through the gut and increases
the bulk of the stool. It is a traditional remedy for constipa-
tion. A high-fibre diet has also been used in the successful
treatment of diverticular disease, where pockets form in the
wall of the colon. However, the greatest impact on the
general public has come from claims that cardiovascular
disease, diabetes, obesity and, particularly, colon cancer may
be caused by a lack of fibre in the diet. In response, manu-
facturers of some foods provide information on fibre content
of the food.

It is not clear how the presence of fibre on partly fermented

fibre in the gastrointestinal tract could exert such
protective effects but a number of hypotheses have been put
forward:
(1) Fibre binds carcinogenic substances; in the intestine this
should prevent their absorption into the colonocytes.
Alternatively, the increase in faecal mass due to the
presence of fibre could simply ‘dilute’ a potential
carcinogen.

(ii) Fibre binds bile salts so that they are lost in the faeces
which decreases their re-uptake from the intestine,
causing the liver to make more at the expense of blood
cholesterol, the concentration of which decreases, with
possible cardiovascular benefits.

The volatile fatty acid, butyric acid, formed by fermenta-
tion of carbohydrate in the fibre by the microorganisms,
inhibits proliferation of colonocytes and facilitates DNA
repair.

Fibre slows the absorption of glucose from the small
intestine and hence it reduces the increase in the blood
glucose after a meal. In particular, a chronic decrease in
the peak concentration of glucose could reduce glycosyl-
ation of low density lipoprotein (LDL) in the blood:
glycosylated (‘damaged’) LDL is involved in develop-
ment of atherosclerosis (Chapter 22) (Trowell & Burkitt
1981).

(iii)

@v)

The bacteria in the human colon also produce a consider-
able volume of gas which includes carbon dioxide, hydrogen
and methane. Indeed, the extent of fermentation in the gastro-
intestinal tract can be estimated from the amounts of hydrogen
and methane that appear in exhaled air. If too much gas is
produced, flatulence can result which can be relieved by
taking charcoal-containing tablets to absorb the gas. Since the
two gases are flammable, diets that reduce their formation are
important for long-term space flights.

Box 4.3 Digestion of cellulose

The largest amount of renewable energy on the planet is con-
tained in cellulose, a linear polymer of glucose. There is,
however, only one enzyme that degrades cellulose to produce
glucose: this is cellulase. Although animals do not produce
this enzyme, some bacteria and fungi do and are made use of
by animals, a remarkable example of symbiosis. For example,
ruminants (e.g. cows, sheep) have developed a large and com-
partmentalised stomach to provide an environment for the
bacteria. The largest of the compartments is the rumen, a vast
fermentation chamber (100 litre capacity in the cow) in which
bacteria thrive. Some of these possess cellulase and hydrolyse
the cellulose ingested to produce glucose. The glucose is fer-
mented by the microflora in the rumen, as in the colon of other
mammals, to produce a mixture of acetic, propionic, lactic and
butyric acids (the volatile on short chain fatty acids). A pro-
digious volume of methane is also generated — cows need to
belch up to 80 litres of gas each day and, if this is prevented,
a distressing condition known as ‘bloat’ can develop. It is
believed that the quantities of methane produced by ruminants
throughout the world contributes to global warming!

The contents of the rumen pass steadily into the third
chamber of the ruminant ‘stomach’, the omasum, where the
fatty acids, together with water and salts, are absorbed. These
fatty acids provide much of the energy for the ruminant but
a price is paid: virtually all the carbohydrate in the diet is
fermented and almost none enters the body. Consequently,
glucose must be synthesised to provide lactose in the lactating
animals. The lactic and propionic acids are the precursors for
the glucose (Chapter 6). It is unclear if some of this glucose
is used by the brain of the ruminant.

Finally, the contents of the omasum, now a thick slurry of
microorganisms, pass into the abomasum into which are
secreted acid and proteinases to produce an environment cor-
responding to that of the human stomach. Some of the micro-
flora passing from the rumen to the omasum die and are
digested by the acid and the enzymes. This provides the rumi-
nant not only with an additional energy source but with vita-
mins and essential amino acids that its own tissues cannot
synthesise.
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Box 4.4 Peter Cleave and fibre

Peter Cleave was a surgeon in the Royal Navy, with no sci-
entific training. He noticed that certain diseases were more
prevalent in developed countries than in underdeveloped
countries. These are sometimes known as the “Western Dis-
eases’. On the basis of these observations he came up with
the concept of ‘the saccharine disease’ (Cleave 1974).

The contribution of Peter Cleave to the appreciation of the
importance of fibre and refined carbohydrate has been admi-
rably summarised by Sir Richard Doll:

Interest in dietary fibre is . . . so recent that we can still
recognise its origin in Peter Cleave’s concept of ‘the
saccharine disease’. Under this title Cleave brought
together a variety of conditions characteristic of indus-
trial society which, he thought, were due to overcon-
sumption of carbohydrates, made easy to absorb and
unsatisfying to the appetite by the refinement that they
had undergone in the course of their preparation for
the Western market. Stimulating though this idea was,

it did not attract much support, because it failed to
provide a comprehensible explanation for the patho-
genesis of many of the diseases concerned. When,
however, Trowell and Burkitt inverted the idea by sug-
gesting that the dietary fibre that had been removed in
the course of the refinement of carbohydrate was a
specific nutrient and that many pathological effects
could be attributed to a deficiency of it, a whole new
vista of possible mechanisms was revealed . . . and the
corollary that we should return to a more natural diet
corresponded so well with the ecological spirit of the
times, that the idea was widely accepted and national
diets began to be modified, while the scientific evidence
lagged behind. Now, however, the biochemical and
physiological facts are beginning to emerge.

Sir Richard Doll, foreword to Dietary Fibre,

Fibre-depleted Foods and Disease

(Trowell et al., 1985)

increases threefold. This makes it softer, easier to chew
and improves access for the digestive enzymes. Similarly,
an uncooked potato is difficult to eat but, when cut into
pieces and fried, it becomes easier to eat and very
palatable.

Fats Fat boils at higher temperatures than water, thus
speeding up the cooking process. Unfortunately, the high
temperatures involved in frying or baking can cause
oxidation of unsaturated fatty acids to form toxic products,
so that mixing and boiling, which increase access to oxygen,
should be avoided. Slow cooking at a lower temperature
reduces the risk of oxidation. Another important role of fat
is to dissolve spices, many of which are not soluble in
water. Most sauces that contain spices are based on oil or
fat.

The high temperatures used in cooking convert solid
fat in the food into liquid fat, which more readily forms
an emulsion, especially in combination with bile acids in
the small intestine. In this form, the fat is more accessible
to digestive enzymes (see below).

Protein  Except in vegetarians, most of the dietary protein
is from muscle of other animals, which is fibrous. These
fibres must be broken down for palatability, ease of eating
and digestion. Breakdown is more readily achieved if the
meat is cut into thin strips and heated to a high temperature
by baking, frying or grilling. If the meat is boiled, it must
be cooked for a longer time relative to baking as the tem-
perature is much lower. One method of preparation, now
not commonly used in developed countries, is ‘hanging’

the meat for several days before cooking, during which
time the proteolytic enzymes within the fibres begin to
degrade the myofibrils, so that the meat becomes tender.
A similar result can be achieved by injection of commer-
cially available proteolytic enzymes into the meat.

Digestion and absorption

The nutrients discussed in this section are carbohydrate,
fat, protein and nucleic acids. The nucleic acids, upon
digestion, provide phosphate, bases and nucleosides (Chap-
ters 10 and 20). Each is discussed under four separate
headings:

* Digestion.

* Transport of the products of digestion from the lumen
into the enterocyte.

* Metabolism of some of the absorbed compounds within
the enterocyte.

* Transport of the compounds across the basolateral
membrane into the interstitial space and then into the
blood.

Carbohydrate

Carbohydrate accounts for about 40% of the energy content
of a normal meal. In the UK, the daily intake is typically
60 g starch, 120 g sucrose, 30 g lactose, 10 g of glucose
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and fructose. Starch, sucrose and lactose are digested to
glucose, fructose and galactose, which are the carbohy-
drate molecules absorbed by the enterocytes.

Digestion

Digestion of starch involves the hydrolysis of the bonds
between the glucose molecules. Two classes of hydrolytic
enzymes are required: amylases and oligo- and di-
saccharidases (Figure 4.5). The disaccharidases are also
involved in hydrolysis of sucrose and lactose.

Amylases

The enzyme amylase is present in saliva and in the pan-
creatic secretions. It hydrolyses bonds both in amylose and
amylopectin. The products are maltose (a disaccharide of
two glucose molecules), maltotriose and oligosaccharides.
Digestion of starch begins in the mouth, continues in the
stomach and is completed in the lumen of the duodenum,
where the oligosaccharidases and disaccharidases are also
present. Some of these two enzymes are attached to the
glycocalyx, so that they are close to the enterocytes, which
increases the local concentration of the monosaccharides
to facilitate their absorption. In addition, it decreases the
availability of glucose for pathogens that may be present
in the lumen.

The most abundant sugar in the human diet is sucrose,
which is hydrolysed to glucose plus fructose by a disac-
charidase, sucrase

sucrose — glucose + fructose

Amylose
amylase

OCO

Oligosaccharide

oligosaccharidase

QO OO

Disaccharide

QO

disaccharidase

O O

Monosaccharides

Figure 4.5 Digestion of starch and saccharides. The three enzymes
hydrolyse the bonds between the glucose molecules.

Lactose is the sugar present in milk, which is hydrolysed
by the enzyme lactase

lactose — glucose + galactose

The galactose and fructose produced in these reactions are
absorbed and transported to the liver, where they are con-
verted to glucose.

Transport of monosaccharides into the enterocyte

Monosaccharides are transported across the luminal surface
of the enterocytes that line the microvilli. There are two
transporter systems: one for glucose and galactose, which
is dependent upon Na' ions, and the other for fructose,
which does not require Na* ions: a molecule of glucose is
transported into the cell against its concentration gradient
and the energy for this is obtained from the transport of a
Na" ion down its concentration gradient (Chapter 5). This
ensures that the glucose concentration in the enterocyte is
higher than that in the bloodstream, so that glucose is
transported across the contralateral membrane into the
interstitial space (and then into the blood) by a glucose
transporter that does not require Na* ions. In contrast, the
concentration of fructose in the lumen of the intestine will
be higher than in the enterocyte, so that it enters the entero-
cyte down its concentration gradient and the transporter
does not require Na* ions (Figure 4.6).

LUMEN Fructose

Glucose,
galactose

Na*

DV

Glucose,

galactose ENTEROCYTE

Fructose

>_/

GLUT-2

—

SUBMUCOSA
Fructose

Glucose,
galactose

Figure 4.6 Transport of glucose, galactose and fructose in and
out of the enterocyte. The transporter GLUT-5 is specific for
fructose: GLUT-2 is non-specific (see Chapter 6).



DIGESTION AND ABSORPTION 77

Basal lamina Intercellular space
basement membrane
( ) Brush border
(microvilli with
glycocalyx)
Junctional complex
—
— ranscellular_ | | | _ _ _ _ _ _ _ _ _
absorption )
LUMEN
— _ Paracelular | ||| oo
absorption
Mucus layer
BLOOD y
Apical membrane
L~
Endothelial cell-"

of capillary

Basolateral membrane

'Enterocyte

Figure 4.7 Entry into the blood via transcellular and paracellular routes.

Another means of transport across the intestine is via the
paracellular route, that is between the adjacent enterocytes.
Water can enter the intestinal space through this route and
take with it small molecules including glucose, amino
acids and small peptides. This is known as ‘solvent drag’
(Figure 4.7). Unfortunately, the quantitative importance of
this route is not known.

Metabolism of monosaccharide within the enterocyte

Not all of the glucose or fructose taken up by the entero-
cyte passes directly through and into the blood. Hexo-
kinase and the other glycolytic enzymes are present in
these cells and some glucose and fructose is converted into
lactic acid. How much glucose is metabolised in this way
is not known, since the lactic acid is taken up by the liver
and converted back to glucose. It may be as high as 50%
of the glucose absorbed (Chapter 6).

The ATP generated from glycolysis will provide energy
to maintain the Na" ion gradient for the transport of glucose
and amino acids and for the formation of chylomicrons in
the enterocyte.

Fat

Adults in developed countries ingest about 100 g of fat each
day (about 40% of the total energy intake) most of which is
from the adipose tissue of other animals oily fish, where fat
is present in the muscle (e.g. salmon, mackerel, sardine)
and the seeds or fruits of a number of plants (sunflower,
peanut, safflower, palm, olive). The best place to see the fat
that is eaten by humans is in a butcher’s shop or the meat
counter in a supermarket: the adipose tissue is in separate
depots, which can be readily observed in animal carcasses

but there is also a considerable quantity attached to the
meat, especially in commercially reared animals, which are
largely the ruminants (Figure 4.8). The fat consists of tria-
cyglycerol, in which the three hydroxyl groups of glycerol
are esterified with long-chain fatty acids (Chapter 7).

The digestion and absorption of fat is considerably more
complex than that of carbohydrate or protein because it is
insoluble in water, whereas almost all enzymes catalyse
reactions in an aqueous medium. In such media, fat can
form small droplets, an emulsion, which is stable in
this medium. Formation of an emulsion is aided by the
presence of detergents: these possess hydrophobic and
hydrophilic groups, so that they associate with both the fat
and the aqueous phases. Such compounds are known as
emulsifying agents and those involved in digestion are
mainly the bile salts and phospholipids.

Isolated
adipocytes

Figure 4.8 Fat in a lamb or pork chop. Adipose tissue consists of
connective tissue in which adipocytes are dispersed. Adipocytes
are small spherical cells comprising 90% triacylglycerol (Chapter
7).
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Digestion

The hydrolysis of triacylglycerol is catalysed by lipases,
two of which are present in the stomach. These are lingual
lipase, which is secreted by the soft palate, and gastric
lipase, which is secreted by the gastric glands of the
stomach. Gastric lipase is particularly important in the
newborn since, at this stage of life, pancreatic secretions
contain relatively little lipase.

Lingual and gastric lipases catalyse only partial lipolysis
to produce fatty acids and diacylglycerol.

triacylglycerol — fatty acid + diacylglycerol

This lipolysis is important for four reasons:

The long-chain fatty acids stimulate the secretion of
cholecystokinin, which increases secretion of gastric
lipase (i.e. positive feedback).

The long-chain fatty acids (containing mainly 16 or 18
carbon atoms) have antibacterial activity.

Diacylglycerol is a better substrate than triacylglycerol
for the lipolytic enzymes that are secreted by the
pancreas.

pancreatic lipase

diacylglycerol ————+—— monoacylglycerol + FA

pancreatic esterase

monoacylglycerol =—————"="— fatty acids

The formation of monoacylglycerol aids fat absorption
(see below).

Emulsifying agents

Since triacylglycerol is immiscible with the aqueous phase,
lipase activity is restricted to the surface of lipid droplets.
The smaller the droplets, the greater their surface area and
the more readily the lipase can hydrolyse the triacylglyc-
erol. Emulsifying agents facilitate the formation of very
small droplets; such agents in the intestine are: monoacyl-
glycerol, phospholipids and bile salts. The latter are syn-
thesised in the liver and enter the lumen via the bile. In
addition, colipase, a protein, is secreted by the pancreas
and facilitates the binding of the lipase to the triacylglyc-
erol in the emulsion. The process of peristalsis, which
moves the chyme through the intestine, also churns the
contents, which helps to maintain the small size of the
droplets in the emulsion.

Absorption

The products of triacylglycerol digestion, mainly
monoacylglycerol and long-chain fatty acids, interact with
bile salts to form micelles, which comprise bile salts/
monoacylglycerols/phospholipids and fatty acids. The
micelle aids the absorption of monoacylglycerol and fatty

acids by effectively increasing the solubility of these com-
pounds and hence their diffusion through the aqueous con-
tents of the lumen to the epithelial cell surface. At this
surface, the monoacylglycerols, fatty acids and phospho-
lipids are released from the micelle to be absorbed into the
enterocyte (Figure 4.9). The bile salts remain in the lumen
to continue their role in the absorption of the fat. They are
eventually absorbed from the ileum by a specific transport
system (see below). The uptake of fatty acids into the
enterocytes is facilitated by the presence of a fatty acid
binding protein (FABP) in the cytosol. FABP is a small
protein with a very high affinity for long-chain fatty acids,
so that it lowers their concentration in the cytosol, promot-
ing diffusion into the cell (Chapter 7). The concentration
of FABP increases in enterocytes in response to a fat-rich
diet.

Triacylglycerol

Lipase
Colipase

27?

Monoacyl-
"MW — glycerol

LUMEN

Bile salts

ENTEROCYTE

D
47 ;

Figure 4.9 Formation of a micelle and its role in the uptake
of fatty acids and monoacylglycerol into enterocytes. The micelle
is stable in the aqueous environment of the intestinal lumen
and is necessary for movement of the monoacylglycerol and fatty
acids in the lumen.
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Figure 4.10 Monoacylglycerol pathway for synthesis of triacylg-
lycerol and formation of chylomicrons within the enterocyte.

Metabolism of the monoacylglycerol and fatty acids
in the enterocyte: formation of chylomicrons

After their entry into the enterocyte, fatty acids and
monoacylglycerols are re-esterified to form triacylglycerol
(Figure 4.10). The triacylglycerol so formed then associ-
ates with phospholipids and cholesterol ester, together with
a specific protein (apolipoprotein B-48) to form complexes
known as chylomicrons (Figure 4.11). These are secreted
into the lymphatic vessels, or lacteals, within the villi (see
Figure 4.4). The lymph then flows through the lacteals
into the large thoracic duct of the lymphatic system and
the chylomicrons enter the blood via the subclavian vein.
Subsequently, the triacylglycerol in the chylomicrons is
hydrolysed by a lipoprotein lipase in adipose tissue and
muscle and the fatty acids are taken up by these tissues.
Chylomicrons are secreted into the lymphatic system rather
than into the hepatic portal vein in order to bypass the liver.
They are large particles which might become trapped
within the capillaries or sinusoids of the liver and hence
block the blood supply.

Phospholipids, cholesterol, bile salts

Phospholipids are digested and absorbed in a similar
manner to that of triacylglycerol. Pancreatic lipase has
some hydrolytic activity towards phospholipids and
removes the fatty acid from the 1-position. The product is
a lysophospholipid such as lysolecithin (Figure 4.12). It
also acts as a detergent and contributes to the stability of
the mixed micelles.

Monoglyceride
] - Smooth
Fatty acid endoplasmic
reticulum

Apolipoprotein

Phospholipid
+ cholesterol

Se
- )/(
LACTEAL

Figure 4.11 Details of the formation of a chylomicron and its
structure. Triacylglycerol is synthesised upon the smooth endo-
plasmic reticulum, chylomicrons are synthesised in the cytosol
and then secreted into the lacteal via the Golgi.

CIJHZOCO(CHz)MCHs
CH-OCO(CHj);CH = GH(CHj);CH,
CH20P03(CH2)2N+(CH3)3

H,0 Lecithin
Phospholipase A,
9H20CO(CH2)14CH3
CH-OH Lysolecithin

CIJHZOPOS(CH2)2N+(CH3)3
+
CHjz(CH,);,CH = CH(CH,),CO0O~
Oleate

Figure 4.12 Hydrolysis of a phospholipid (lecithin) in the lumen
by a phospholipase. Lysolecithin is a lysophospholipid and is a
detergent. At high concentrations it can damage membranes. It
is also produced during repair of damaged phospholipids (Chapter
11)

About 1 g of cholesterol is ingested by adults each day
in developed countries. A similar amount enters the lumen
via the bile, synthesised from acetyl-CoA in the liver, is
also released from sloughed epithelial cells. Absorption of
cholesterol also occurs from the mixed micelles. Within
the enterocyte, it is esterified and the cholesterol ester is
incorporated into the chylomicrons.

Bile salts In contrast to cholesterol, bile salts are absorbed
mainly in the jejunum. They are returned to the liver
through the hepatic portal vein (in association with pro-
teins) and can thence be re-secreted into the bile. The
transport of bile salts between liver and intestine is known
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Figure 4.13 Uptake of bile acids in the jejunum. Bile acids (BA)
and cholesterol (C) are secreted from the liver, via the bile, into
the duodenum. Cholesterol is transported back into the blood,
from the enterocyte, within chylomicrons. The latter enter the
lymphatic system (i.e. the lacteals). Bile acids are absorbed from
the jejunum into the hepatic portal vein for re-uptake into the
liver.

as the enterohepatic cycle of bile salts (Figure 4.13). Some
of these salts and cholesterol are, however, lost in the
faeces, necessitating the synthesis of new bile salts from
cholesterol in the liver (Figure 4.14) (Appendix 4.2).

Protein

About 90 g of protein is ingested each day by an adult on
a typical Western diet and a similar amount enters the
intestine from the secretion of enzymes, proteins and from
sloughed epithelial cells (Chapter 8). The proteins are
hydrolysed by proteolytic enzymes.

Digestion

Protein digestion occurs in two stages: endopeptidases
catalyse the hydrolysis of peptide bonds within the protein
molecule to form peptides, and the peptides are hydrolysed
to form the amino acids by exopeptidases and dipeptidases.
Enteropeptidase initiates pro-enzyme activation in the
small intestine by catalysing the conversion of trypsinogen
into trypsin. Trypsin is able to achieve further activation of
trypsinogen, i.e. an autocatalytic process, and also activates
chymotrypsinogen and pro-elastase, by the selective hydro-

) ) OH
Cholic acid COOH
*
HO OH
Chenodeoxy-
cholic acid
COOH
*
HO OH

Figure 4.14 Structures of cholic and chenodeoxycholic acids which
are the acids that form the bile salt. The asterisk indicates the
position at which an ester bond is formed with taurine or glycine
so that bile salts are taurocholate, chenodeoxytaurocholate, gly-
cocholate, and glycochenodeoxycholate are formed. The structure
of taurine is H,NCH,CH,S0; and glycine is H,NCH,COOH.

lysis of a small number of peptide linkages (Appendix 4.1).
The processes can be summarised by the equations:

enteropeptidase

trypsinogen ———————— trypsin + peptide
chymotrypsinogen —222 5 chymotrypsin + peptide
pro-elastase —223" elastase + peptide

These proteolytic enzymes are all endopeptidases, which
hydrolyse links in the middle of polypeptide chains. The
products of the action of these proteolytic enzymes are a
series of peptides of various sizes. These are degraded
further by the action of several peptidases (exopeptidases)
that remove terminal amino acids. Carboxypeptidases
hydrolyse amino acids sequentially from the carboxyl end
of peptides. They are secreted by the pancreas in pro-
enzyme form and are each activated by the hydrolysis of
one peptide bond, catalysed by trypsin. Aminopeptidases,
which are secreted by the absorptive cells of the small
intestine, hydrolyse amino acids sequentially from the
amino end of peptides. In addition, dipeptidases, which are
structurally associated with the glycocalyx of the entero-
cytes, hydrolyse dipeptides into their component amino
acids.

Although amino acids are
the major products of protein
digestion that are absorbed,
some dipeptides and tripep-
tides are produced and are
absorbed  without  further

Peptides are now included in
some parenteral feeds for
patients because they have less
effect than amino acids on the
osmotic pressure of the
solution. Osmotic pressure can
be a problem since the feed
enters the blood directly.

digestion.
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Absorption of amino acids and small peptides

Amino acids and some small peptides are absorbed into
the enterocytes in the jejunum. The transport of amino
acids from the lumen into the cell is an active process,
coupled to the transport of Na" ions down a concentration
gradient. There are at least six carrier systems with differ-
ent amino acid specificities: neutral amino acids (i.e. those
with no net charge, e.g. branched-chain amino acids);
neutral plus basic amino acids; imino acids (proline,
hydroxyproline) and glycine; basic amino acids (e.g. argi-
nine and lysine); B-amino acids and taurine; acidic amino
acids (glutamic and aspartic acids).

Additional ‘back door’ carriers are needed to transport
amino acids across the basolateral membrane of entero-
cytes into the interstitial space and then into the blood.
These ‘back door’ carriers are similar to those present in
other cells (see Chapter 5).

Metabolism of amino acids within the enterocyte
Some metabolism of amino acids occurs in the enterocyte:

» Several peptides are synthesised, for example, glutathi-
one (which is a tripeptide consisting of glutamate, glycine
and cysteine. Chapter 8), and peptides that control activi-
ties within the intestine (see Table 4.2).

* Arginine is converted to citrulline, which is released
into the blood. This protects arginine from uptake and
degradation in the urea cycle in the liver. Citrulline is
released into the blood and transported to the kidney,
where it is converted back to arginine (Chapter 8).

* Some of the glutamine that is absorbed is metabolised in
the enterocytes. It is used, along with glucose, as a fuel
to generate ATP (Chapter 8). The ammonia and the
alanine that are produced enter the blood for uptake by
the liver.

* Glutamate and aspartate are transaminated to their
respective oxoacids (oxoglutarate and oxaloacetate)
which are oxidised to generate ATP. Therefore, they do
not enter the bloodstream, so that their concentrations in
the blood are very low (Chapter 8). This is important
because these amino acids act as neurotransmitters in the
brain, where their concentrations are strictly controlled.
The transaminase enzymes in the intestine can, there-
fore, be considered to act as detoxifying enzymes. A
health problem can arise if a large amount of glutamate
is ingested in one meal (Chapter 8).

Most of the amino acids that enter the portal blood are
taken up and metabolised by the liver. Hence, some syn-
thesis of peptides taken place in the enterocytes where there
is a plentiful supply of amino acids for these processes.

Nucleic acids

In common with the digestion of other macromolecules,
nucleic acids are hydrolysed in a stepwise manner, by
pancreatic nuclease (diesterase enzymes) which hydrolyse
the bonds between two adjacent phosphate groups in RNA
and DNA. The resultant oligoribonucleotides and oligode-
oxy ribonucleotides are hydrolysed to form nucleoside
monophosphates, which lose their phosphate to form
nucleosides, by the action of pancreatic phosphatase. In
brief, the process is:

nucleic acid — oligonucleotides — nucleoside
monophosphates — nucleosides

(For details of these reactions, see Chapter 10).

Absorption

Nucleosides are absorbed into the enterocyte by nucleoside
transporters and are then transferred to the interstitial space
and into the blood. They are taken up by cells in various
tissues and converted back to nucleoside triphosphates,
which can then be re-incorporated into nucleic acids
(Figure 4.15).

Nucleosides

INTESTINE
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Figure 4.15 A summary of the fate of nucleosides that are pro-
duced from RNA digestion in the lumen of the intestine. The
nucleosides produced from RNA in the lumen are absorbed by
the enterocytes and then transported from the intestine into the
blood from where they are taken up by cells (especially prolif-
erating cells, e.g. in the bone marrow) to form nucleotides for
DNA and RNA synthesis. (See Chapter 10) NTP is nucleoside
triphosphate.
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The nucleosides are con-
verted back to nucleosides is
reactions known as salvage
pathways (Chapter 20). RNA
supplements in the diet are
also hydrolysed to form nucle-
osides, which can be taken up
by cells in the body to form

Immunonutril is an enteral feed
produced by Sandoz that
contains RNA. The nucleosides
that enter the blood after
digestion of the RNA can be
taken up by the immune cells
to provide nucleotides required
for their proliferation to
improve the immune response.
Hence the name of the feed.

nucleotides. Although prolif-
erating cells can synthesise nucleotides de novo, provision
of nucleosides bypasses a considerable amount of bio-
chemistry. This is important, for example, in lymph nodes
for proliferating immune cells in the bone marrow and also
for stem cells in the crypts of the villi (Chapter 20).

The gastrointestinal tract
and disease

Considering the importance of the gastrointestinal tract for
the entry of essential compounds into the body, it is sur-
prising that its function is so rarely impaired by the massive
variations in quantity and composition of the food con-
sumed by humans. Nonetheless, when it is impaired the
consequences can be severe. Examples are:

» Sensitivity to the protein gliadin, present in gluten,
results in coeliac disease.

e Trauma, major surgery, burns or haemorrhagic shock
can result in damage to the small and large intestine.
Damage to the colon in particular can increase the trans-
location of bacteria into the peritoneal cavity leading to
sepsis ( see below and Chapter 18).

e Crohn’s disease, in which segments of the intestine
suffer chronic inflammation. The cause is unknown but
it may be an autoimmune disease.

e Infection of the intestine is common if the immune
system is impaired by malnutrition.

 Patients suffering from cystic fibrosis have problems
digesting fat.

o Patients suffering from obstruction of the bile duct fail
to digest fat, due to a deficiency of bile salts to maintain
an effective emulsion of fat.

Coeliac disease
Coeliac disease probably arose around 10000 BC when

humans switched from the hunter-gatherer way of life to
cultivation of cereals (barley, wheat and oats). An illness

resembling the disease was described by Aretaeus of
Cappadocia as early as the first century (he also described
diabetes mellitus).

The condition results in an immune response in the
intestine to the protein gliadin, from gluten, a constituent
of the germ of wheat, barley, oats and rye. Sensitivity to
gliadin arises through stimulation of B-lymphocytes to
produce antibodies of class E which activate mast cells.
These mast cells release their contents of granules that
contain many toxic compounds (see Chapter 17 for a full
discussion). This results in loss of villi, especially in the
proximal part of the small intestine. The symptoms include
pale, bulky, loose, offensive stools, abdominal distortion
and discomfort presumably caused by failure of the small
intestine to digest a considerable proportion of the food,
which then passes into the colon where it is fermented.
Treatment is a gluten-free diet for life but damage to the
mucosa may be such that it can take up to six months for
symptoms to disappear.

Sprue (post-infective malabsorption)

The healthy small intestine contains only a small bacterial
population, unlike the colon. However, an acute infection
of the mucosa by a virus, bacterium or other parasite can
reduce its motility, allowing a huge proliferation of the
resident bacteria. Absorption of both macro- and micronu-
trients is impaired, resulting in the disorder known as
sprue. Folic acid is particularly poorly absorbed, causing
reduced rates of repair of mucosal cells. Hence, the damage
persists and worsens to create a vicious circle. Treatment
involves administration of an antibiotic to kill the bacteria
and folic acid to allow damaged tissue to recover. The
clinical presentation includes bulky stools, steatorrhoea
(fatty faeces) and weight loss.

The intestine usually constitutes an effective immuno-
logical barrier to an invasion by pathogens but this protec-
tion can be overwhelmed by frequent repeat attacks. This
may explain the prevalence of sprue in the tropics (hence
the name, tropical sprue) especially for visitors who are
unaccustomed to contaminated food and water and hence
have no immune protection against the bacteria specific to
that part of the tropics.

Enzyme deficiencies

Huge amounts of digestive enzymes can be produced by
the gastrointestinal tract in order to digest vast quantities
of food that may be ingested. Nonetheless, low activities
of three enzymes can occur: sucrase, lactase or pancreatic
amylase, which can lead to problems.
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Sucrase A deficiency of sucrase results in failure to
hydrolyse sucrose, which passes unchanged into the
large intestine. Here it raises the osmotic pressure in
the colon, reducing water reabsorption and promoting
diarrhoea. In addition, bacteria in the colon ferment the
sugar, producing short-chain fatty acids and the gases
methane and hydrogen, which distend the colon and cause
discomfort.

Lactase The disaccharide lactose is the only carbo-
hydrate present in milk, which is essential for survival of
an infant. Consequently, the enzyme lactase is essential for
babies. Caucasians retain lactase activity into adulthood,
whereas many Asian or African groups progressively lose
its activity in adult life. This could, therefore, be described
as an adult deficiency disease. Ingestion of milk in these
individuals causes nausea, diarrhoea and stomach cramps.
Symptoms disappear if milk is excluded from the diet or
if a source of lactase is ingested along with or before inges-
tion of milk. The bacteria that are involved in the produc-
tion of yoghurt contain the enzyme lactase.

Pancreatic amylase Infants with this deficiency begin
life unable to digest starch. However, after a few months,
the pancreas starts to produce sufficient amylase. Adults
produce such an excess of this enzyme that even patients
with severe pancreatitis (who are unable to produce suffi-
cient lipolytic or proteolytic enzymes) can produce suffi-
cient amylase to cope with a normal amount of starch in
the diet.

An inhibitor of o-amylase, acarbose, obtained from the
red kidney bean, prevents breakdown of starch which, con-

sequently, passes into the colon unchanged, where it is
fermented. It is sometimes used to reduce the peak levels
of blood glucose in diabetic patients after a meal, as it
slows the absorption of glucose.

Intestinal damage in response to shock
or trauma

Haemorrhagic shock, heat stress or trauma can lead to loss
of blood or diversion of blood away from the small intes-
tine. As a result, the tips of the villi receive much less blood
than the crypts. If prolonged, this leads to loss of the
microvilli and glycocalyx and damage to the tight junc-
tions. Less mucus may be secreted making it easier for
bacteria to bind to and enter epithelial cells. Furthermore,
when normal blood flow returns to the intestine, there
can be a marked increase in the formation of oxygen
free radicals, resulting in damage (reperfusion damage,
Appendix 9.6).

The health of the small intestine can also be compro-
mised by poor nutrition or starvation, which can regularly
occur in hospital. Patients are normally starved overnight,
prior to operation, and starvation may continue well after
completion of the surgery because of the nature of the
operation or because of the anorexia that can result from
surgery or anaesthesia. This will deny adequate nutrition
to epithelial cells in the intestine, which can result in slow
recovery after surgery and, in addition, may compromise
the immune system. Provision of food by the enteral route,
as soon as possible after injury, surgery, sepsis or burns, is
therefore highly desirable (Chapter 18).
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Transport into the Cell:
Particles, Molecules and Ions

We are proposing that the transfer of glucose into the cell is similarly not a free and unlimited
process but rather an important limiting factor upon which insulin acts to promote entry. The
subsequent fate of the glucose will depend on the presence and state of activity of the enzyme
apparatus . . . A hypothesis of insulin action is proposed which attributes to insulin the role of

facilitating the rate of transfer of some hexoses into the cell.

A paper published six decades ago was the first to draw
attention to the possibility that a change in the rate of
transport of a molecule across the plasma membrane could
play a role in regulation of both intra- and extracellular
metabolism; that is, the regulation of the blood glucose
level and the intracellular metabolism of glucose. The
paper was entitlied ‘A hypothesis of insulin action is
proposed which attributes to insulin the role of facilitating
the rate of transport of some hexoses into the cell as
opposed to a direct effect on intracellular metabolism’
(Levine et al. 1950).

The plasma membrane forms a boundary between the
extra- and intracellular environments whereas membranes
within a cell form boundaries between the organelles and
the cytosol. These are discussed in other chapters, whereas
the material in this chapter focuses on the plasma mem-
brane. A primary function of this membrane is to serve as
a barrier to prevent the entry of some molecules and ions
into the cell and to retain others within the cell (Table 5.1).
The plasma membrane has other roles, which are related
to the presence of proteins within or attached to the mem-
brane. These are:

 Transport of fuels into the cells.

* Regulation of the rate of transport of fuels, according to
the requirements of the cell or extracellular signals (e.g.
hormones).

» To maintain a concentration difference of ions across the
membrane, which can generate a potential difference.
This can be used in a number of ways, for example to

(Levine et al., 1950)

transmit electrical activity along the plasma membrane
of a muscle or a nerve.

e Communication between the extracellular and intracel-
lular environments; the response within the latter is
usually an increase or decrease in the rates of specific
biochemical activities or processes.

* To provide a surface for attachment of proteins on the
outside or inside of the cell, including receptors, enzymes
and identifying molecules.

 To provide a surface for attachment of other cells, either
cells in the same tissue or different cells, e.g. immune
cells during a local infection.

* To provide a source of polyunsaturated fatty acids and
other compounds that can be released to act as intracel-
lular messengers or as precursors for such messengers.
These are usually part of a communication system from
the extracellular to the intracellular environments.

Structure of the plasma
membrane

The composition of the membrane is about half phospho-
lipid and half protein. In an aqueous medium, phospholipid
molecules associate in such a way that their hydrophobic
tails exclude water molecules, whereas the hydrophilic
heads orient towards the water molecules (Figure 5.1). The
result is two layers of phospholipid molecules: the outer
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Table 5.1 The concentrations of some ions in the extracellular
and intracellular compartments

Concentration (mmol/L)

Ion Extracellular Intracellular
Calcium 1 1.5
Chloride 110 10
Hydrogen carbonate 24 10
Magnesium 1.5 12
Phosphate 2 40
Potassium 4 150

Sodium 145 15

The intracellular concentrations are total — the free concentration of some
ions, such as Ca** and phosphate, is much lower in the cytosol of the cell
due to binding to proteins or compartmentation. For example, the free
concentration of Ca*" ions in the cytosol is approximately 0.1 pmol/L.
The concentration of phosphate in the cytosol is approximately | mmol/L.
Most of the Ca** ions in the cell are present in the endoplasmic reticulum
(see Chapter 13).
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and inner leaflets. In 1972 S.J. Singer and G. Nicolson
proposed a fluid mosaic model for membrane structure
which was based on the two-dimensional arrangement of
the self-assembled phospholipid molecules: fluid describes
the movement of phospholipid molecules in the plane
of the membrane; mosaic describes the arrangement of the
proteins within the membrane (Figure 5.2). Mobility is
such that a phospholipid molecule can diffuse once round
an erythrocyte in little over ten seconds, whereas move-
ment from one side of the bilayer to the other (transverse
diffusion or ‘flip-flop’) is very

low. The proteins can either be
embedded within the mem-
brane (intrinsic proteins, which
traverse the whole membrane),
or attached to the inner or outer

Changes in phospholipid
composition between the inner
and outer leaflets are brought
about by the activity of a
membrane enzyme known as a
phospholipid translocase (or

‘“flipase’).

leaflet (extrinsic proteins).

Hydrophilic head

Hydrophobic tails
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Figure 5.1 The structure of a glycerophospholipid. A simple diagram showing the charges on the head group. In this struction,
palmitic and oleic acids, provide the hydrophobic component of the phospholipids and choline (and four bases) and the phosphate
group provide the hydrophilic head. The unsaturated fatty acid, oleic acid, provides a ‘kink” in the structure and therefore some
flexibility in the membrane structure which allows for fluidity. The more unsaturated the fatty acid, the larger is the ‘kink” and
hence more fluidity in the membrane. Cholesterol molecules can fill the gaps left by the kink and hence reduce flexibility. Hydroxyl
groups on the bases marked * are those that form phosphoester links. Choline and inositol may sometimes be deficient in the diet

so that they are, possibly, essential micronutrients (Chapter 15).
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Figure 5.2 The fluid mosaic model of the plasma membrane.

Diffusion through membranes

Molecules in a gas or liquid phase move by virtue of their
kinetic energy. At body temperature, the movement of
small molecules is very rapid, although movement in any
one direction is hindered by collisions with other mole-
cules. Nonetheless, such motion permits molecules to
reach uniform concentration throughout a solution. This is
diffusion, as a result of which ions and molecules move
without the application of a force. This means that an input
of external energy is not required. It is, however, only
effective over very small distances: it requires about 3.5
seconds for a glucose molecule to diffuse 10 um through
an aqueous solution but if the distance were increased to
10 metres, it would take 11 years. Since the diffusion dis-
tance between the nearest capillary and the centre of a
muscle cell is around 20 um, glucose, oxygen and carbon
dioxide, at physiological concentrations, can diffuse at a
sufficient rate to satisfy the requirements of the muscle.
The problem is, however, more complex when the mole-
cule or ion has to diffuse through a membrane. For small
molecules, such as oxygen or carbon dioxide, or for slightly
larger fat-soluble molecules, such as acetate or ethanol, the
membrane does not restrict diffusion sufficiently to inter-
fere with normal physiological functions of the cell,
whereas diffusion of ions or larger molecules is far too
slow. There are two things that speed up diffusion across
a membrane: the presence of a hole or the presence of a
transporter within the membrane. Ions (e.g. Na*, K*, Ca**
ions) enter or exit the cell through pores, which are com-
posed of protein molecules and are known as ion channels.
Molecules cross a membrane via transporters (or carriers)
which are also proteins.

Water enters cells not only via Ion ChannEIS
channels but also by diffusion
through the plasma membrane,
although the quantities of water
in the latter case are likely to
be small. It also enters via

endocytosis (see below).

Channels allow ions and water
molecules to diffuse through
the membrane without coming
into contact with the phospho-

Phospholipid
outer layer

Protein component
of channel

@ V

Phospholipid

Protein

Figure 5.3 (a) Diagram of a section through a membrane. It
shows a portion of the bilayer and some of the protein com-
ponents of the ion channel. The arrow shows the path of an ion.
(b) View of ion channels from above the bilayer. This shows the
possible arrangements of proteins that make up the ion channel.

lipid molecules (Figures 5.3(a)
and (b)). The diameter of the
channel prevents entry of any

The rate of entry of ions can be
large (about 10° ions per
second per channel).

molecules, or ions above a par-

ticular size. In addition, charges on the surface of the pro-
teins within the channels may provide further restriction.
Of particular biochemical and physiological significance,
it is possible to open or close an ion channel. This is
achieved by a conformational change in one or more of the
proteins that constitute the channel (Figure 5.4). This means
that, through the conformational change, the open/closed
state of the channel can be regulated which, in turn, can
regulate the rate of diffusion. There are three means by
which the conformation of a protein in a channel, and hence
the open/closed state of the channel, can be changed:

(i) By a change in membrane potential (i.e. a change in
voltage): that is, the conformation of the protein is
voltage sensitive;

(i) By a change in the concentration of a molecule that
binds to the protein (i.e. a ligand for the protein);



88 CH 5 TRANSPORT INTO THE CELL: PARTICLES, MOLECULES AND IONS

Open

channel
§ / Protein

Closed

channel

Figure 5.4 Diagram of an open and a closed ion channel. The
diagram of the closed channel attempts to portray the confor-
mational change as a closed gate.

(iii) By phosphorylation of a protein in the ion channel,
via a protein kinase, or dephosphorylation via a
protein phosphatase.

The investigations of membrane potential and ion channel
activities were originally carried out by physiologists
rather than biochemists, so that a different terminology has
developed. Since opening and closing a channel is remi-
niscent of opening or closing a gate, physiologists have
used the term ‘gate’ in descriptions of the open or closed
state. A channel that is opened or closed by a change in
voltage is known as a voltage-gated channel, whereas if
the binding of a ligand changes the open/closed state, the
channel is known as a ligand-gated channel. For a bio-
chemist, the opening or closing of a gate would be described
as regulation of the channel. Consequently, these physi-
ology terms are synonymous with the terms voltage-
regulated and ligand-regulated channels. Indeed, the latter
mechanism of regulation of an ion channel is likely to be
similar, if not identical, to the allosteric mechanism for
regulation of enzyme activity (Chapter 3).

Transporters

Molecules such as glucose and amino acids are transported
across a membrane by specific protein transporters. The

Transporter loads
where concentration of the molecule
is high

Conformational
change

Transporter unloads the molecules where
their concentration is low

Figure 5.5 Model of a possible mechanism for a transporter. The
number of molecules on each side of the membrane is an attempt
to represent transport from a higher to a lower concentration of
the molecule. Note that the conformational change is reversible,
so that the transporter can transport the molecules in either
direction, according to the concentration difference.

name suggests that the protein physically carries the mol-
ecule across the membrane. This is not the case. One pro-
posed mechanism is that the transporter binds the molecule
at one side of the membrane and, after a conformation
change, releases the molecule on the other side (Figure
5.5). If there is no energy input into the process, the mol-
ecule is only transported from a region of high concentra-
tion to a region of lower concentration. In addition, the
transporter only speeds up transport across the membrane,
in the same way that an enzyme only speeds up the rate of
a reaction. The process is, therefore, termed transporter-
mediated diffusion or facilitated diffusion. Indeed, there is
considerable similarity between enzyme catalysis and
transporter-mediated transport. To illustrate this, a com-
parison is made between the properties of the glucose
transporter and the enzymes that react with glucose: hexo-
kinase or glucokinase.

e The transporter binds glucose at a specific site, then
changes its conformation, which results in transport of
glucose across the membrane to be released on the other
side. The enzyme hexokinase (or glucokinase) binds
glucose at a specific site, then catalyses its phosphoryla-
tion and releases the product, glucose 6-phosphate.

e There are several different glucose transporters. There
are two glucose phosphorylating enzymes glucokinase
and hexokinase (Chapter 6).

* Hyperbolic response The relationship between the rate
of glucose transport and glucose concentration is hyper-
bolic; that is, the transporter has a limited number of
glucose-binding sites and there is V. for transport. The
concentration of glucose at half the V., is known as the
K., (Figure 5.6). This is exactly the same as an enzyme
(Chapter 3).
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Figure 5.6 Plot of the rate of glucose uptake (i.e. activity of the
carrier) against glucose concentration by a skeletal muscle cell.
The curve obeys a hyperbolic equation. The K, is about 5 mM,
which is similar for the enzyme glucokinase for glucose when
its activity is plotted against the glucose concentration (see
Chapter 3).

* Specificity The transporter has a similar specificity to
hexokinase: it transports several hexoses, glucose,
mannose, 2-deoxyglucose. Similarly, the optical isomer,
D-glucose, but not L-glucose, is transported (Chapter 3).

* Competition The rate of transport of one sugar is reduced
by the transport of another sugar: the kinetics are identi-
cal to that of competitive inhibition of hexokinase by the
presence of other sugars.

* Specific activation or inhibition Transport of glucose
can be increased or decreased by specific compounds:
insulin increases the transport whereas phloridzin,
a plant glycoside, inhibits glucose transport by muscle.
Insulin increases glucokinase activity in liver, whereas
a plant sugar, mannoheptulose, inhibits glucokinase
activity. Hexokinase is inhibited by its product, glucose
6-phosphate.

Co-transport and counter-transport

Co-transport, also known as symport, is the transport of
one compound that is obligatorily linked to that of another.
An example is the transport of glucose and Na* ions (see
below). In counter-transport, also known as antiport, the
transporter transports one compound in one direction and

this is obligatorily linked to
transport of another compound
in the opposite direction. An
example is the transport of
HCO;™ and CI” ions into and
out of erythrocytes which it is

The ‘chloride shift’ was
originally detected as a
markedly lower concentration
of chloride in plasma from
venous blood compared with
that from arterial blood.

__—/
Capillary
cl-
Plasma

Enviroment

L Lungs <— CO,

Figure 5.7 An example of counter-transport in the erythrocyte.
The transport of CO, from peripheral tissues to the lungs for
excretion is more complex than simple solution of CO, in the
plasma and transport in the blood. The CO, produced by the
muscle (or any other tissue) enters the blood and then enters
an erythrocyte where it reacts with water to produce hydrogen-
carbonate, catalysed by the enzyme carbonate dehydratase:

H,0 + CO, — H,C0; — H" + HCO5"

The HCO5™ is transported out of the red cell via a transporter
that transports the chloride ion into the erythrocyte. The reverse
process occurs in the lungs: the hydrogencarbonate is trans-
ported into the erythrocyte in exchange for the chloride ion.
Within the cell, the hydrogencarbonate ion is converted to CO,,
via the same enzyme,

HCO;™ + H* — H,C0; — H,0 + CO,.

The CO, diffuses from the erythrocyte into the blood and across
the membrane of the alveoli into the air in the alveoli, for loss
to the enviroment.

essential for transport of carbon dioxide from tissues to the
lung (Figure 5.7). It is known as the ‘chloride shift’.

Active transport

The transport of molecules and ions across a membrane
from a low to a high concentration requires an input of
energy: it is called active transport. There are two ways in
which this can be achieved:

e The transport is directly coupled to adenosine triphos-
phate (ATP) hydrolysis, which is known as primary
active transport.

e The transport is coupled to that of another compound
which is transported down its concentration gradient.
This is called secondary active transport, since it is the
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Figure 5.8 Active transport is achieved by phosphorylation and
dephosphorylation of the transporter. The dephosphorylated form
has a high affinity for the molecules whereas the phosphorylated
form has a low affinity. This is achieved by a conformation
change resulting from phosphorylation by ATP and dephosphory-
lation via phosphate release.

maintenance of a concentration gradient of the second
compound that requires energy, usually ATP hydrolysis.
This mechanism is equivalent to coupling-in-parallel,
discussed in Chapter 2.

Primary active transport

The majority of active transport systems involve phos-
phorylation of the carrier by ATP. The phosphorylated
form of the transporter has a higher affinity for the trans-
ported molecule than the dephosphorylated form (Figure
5.8).

Secondary active transport

An example is the coupling of the transport of glucose into
a cell, against its concentration gradient, with that of Na*
ions, which move down their concentration gradient from
outside to inside the cell. A similar mechanism transports
amino acids (Figure 5.9). This occurs in the absorption of
glucose by the epithelial cells in the small intestine (Box
5.1). It also occurs in the absorption of glucose from the
glomerular filtrate by the epithelial cells in the kidney
tubules. The glomerulus in the kidney simply filters blood,
so that small molecules in blood, including glucose, enter
the kidney in what is known as the glomerular filtrate.
To prevent loss of glucose in the urine, glucose must be
re-absorbed by the tubules, which is achieved by active
transport.

The K,, of the glucose transporter in the kidney tubules
is relatively low, so that the transporter approaches satura-
tion at glucose concentrations of about 10 mmol/L. If the
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\ = » Amino acid
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Na* Na

T ATP

Glucose

Glucose

.
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ADP

Figure 5.9 The sodium ion/glucose transporter and sodium ion/
amino acid transporter. The biochemistry of the two processes is
identical. To maintain electroneutral transport K* ion replaces
Na* ion, via Na*/K* ATPase. The broader arrow indicates overall
effect (i.e. unidirectional) transport.

Box 5.1 Rehydration drinks

Diarrhoea resulting from intestinal infections or malnutri-
tion is prevalent especially in children in underdeveloped
countries. A serious complication of the diarrhoea is dehy-
dration and electrolyte imbalance. (An electrolyte is a
substance which, when dissolved, dissociates into ions
making it possible for the solution to conduct an electric
current. The term is used clinically in a more restricted
sense to refer to the inorganic constituents of body fluids,
particularly Na* and K*.) This condition can be treated
with rehydration drinks which contain both Na* ions and
glucose. Due to the active transport of glucose associated
with the Na® ion gradient and the Na'/K" ATPase, the
absorption of glucose from the intestine results in the
absorption of Na* ions. Restoration of intra-cellular Na*
levels increases the osmotic pressure, which withdraws
water from the intestinal lumen. The solution contains
sodium chloride (or sodium lactate) and glucose. More
recently, some solutions may contain potassium chloride.
The drink restores hydration which also can reduce
diarrhoea.

concentration of glucose in the blood is above about
10 mmol/L, that in the filtrate will also be above 10 mmol/
L, so that it might exceed the capacity of the transporter to
remove all of the glucose and some will be lost in the urine.
This explains why some diabetic patients, particularly if
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Figure 5.10 The Na*/K* ATPase. ATP hydrolysis results in phosphorylation of the carrier when the Na* ion is bound. This changes
the conformation of the transporter so that the Na* ion dissociates into the extracellular space. Dephosphorylation of the transporter
changes the conformation so that the K* ion dissociates into the cytosol.

not well controlled with insulin, excrete glucose in the
urine.

In addition, the presence of glucose in the tubules
increases the osmotic pressure which ‘pulls’ water from
the blood into the tubule. Consequently, both glucose and
water are lost from the body. This results in polyuria,
dehydration, thirst and, hence, polydipsia. Indeed,
it is these two symptoms that may persuade an unsuspect-
ing diabetic to seek medical advice.

Na“/K" ATPase

The Na* ion concentration within the cell is maintained
low, due to activity of an enzyme known as the Na*/K*
ATPase. This enzyme/carrier is present in the plasma
membrane. It is an antiport system that transports three
Na* ions out of the cell and two K* ions into the cell, for
each molecule of ATP that is hydrolysed (Figure 5.10). It
is responsible for maintaining a low Na' ion concentration
but a high K* ion concentration within the cell. Its constant
activity in many it not all cells requires constant ATP
hydrolysis, which accounts for more than 10% of the
resting energy expenditure of an adult.

One additional benefit is that by continuously pumping
more Na* ions out than K* ions into the cell, it results in a
higher intracellular K* ion concentration than might be
expected. Since the K* ion channel is open, the K* ions
diffuse out to an extect dependent upon the concentration
difference, so that the Na*/K* ATPase contributes to the
magnitude of the membrane potential across a cell.

Endocytosis and exocytosis
Endocytosis

When some cells are observed under a microscope, regions
of the plasma membrane can be seen to fold into the cell,

forming pockets that pinch off to produce membrane-
bound vesicles within the cell. This is the means by which

Extracellular fluid

Cell .-
membrane Q
Cytosol T

1

‘ysosome

Endocytosis

Golgi
Exocytosis

Figure 5.11 A diagrammatic representation of endocytosis and
exocytosis.
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Figure 5.12 Receptor-mediated endocytosis of the LDL particle. The specificity of binding depends upon two proteins that are com-
ponents of the LDL particle, apolipoprotein E and apolipoprotein B (Chapter 11).

cells can take up extracellular fluid, macromolecules,
particles or microorganisms. This process is known as
endocytosis (Figure 5.11), of which there are three types:
fluid phase, receptor-mediated and phagocytosis.

@

(i1) Receptor-mediated endocytosis

Fluid phase endocytosis (pinocytosis) This is res-
ponsible for uptake of extracellular fluid and solutes.
Within the cell, the vesicle is known as an endosome
and releases its contents into the cytosol, whereas the
membrane component is recycled back to the mem-
brane. In cells in which endocytosis is frequent, it
takes less than 30 minutes to recycle the whole of the
plasma membrane in this way. The process is a little
more complex than indicated in Figure 15.11. Thus
the endocytotic vesicles form from the plasma mem-
brane due to a protein, clathrin, which is present in
small indentations or pits known as ‘clathrin-coated
pits’. Clathrins self-assemble to form polyhedral cular
cages which distort the membrane into invaginations
that break away to give rise to the endosome.

This is a mecha-
nism for uptake of macromolecules or particles. They
bind to a specific receptor on the plasma membrane
which induces the uptake of the receptor plus the
macromolecule. An example is the uptake of choles-
terol into a cell. Cholesterol is transported in the blood
as cholesterol ester within a lipoprotein particle, the
low-density lipoprotein (LDL). A protein component
of LDL binds to the receptor and, together with part
of the cell membrane, the LDL and its receptor are
taken into the cell by endocytosis to form an endo-
some. This fuses with a lysosome and enzymes in the
latter hydrolyse protein to form amino acids and cho-
lesterol ester to form free cholesterol, which is released
into the cytosol to be used within the cell (Figure

(iii)

5.12). This process is important for proliferating cells,
in which cholesterol is required for formation of new
membranes, and for some endocrine cells (in the
testis, ovary and adrenal cortex) for the synthesis of
steroid hormones.

There is a mutant gene that produces an inactive
receptor and patients with this mutant suffer from
high levels of LDL-cholesterol in their blood. They
have a markedly increased risk of developing athero-
sclerosis and coronary artery disease.

Another example is uptake of the iron-containing
protein, transferrin, which circulates in the blood. It
binds to its receptor to form a complex that enters the
cell via endocytosis. The iron is then released from
the endosome for use in the cell (e.g. haemoglobin
formation for erythrocyte production or cytochrome
production in proliferating cells). The number of
transferrin receptors in the plasma membrane increases
in proliferating cells and the number in the liver is
increased by cytokines during infection. This results
in a lower concentration of iron in the blood which
decreases the proliferation of invading pathogens
(Chapters 15 and 18).

Phagocytosis This is another form of endocytosis,
carried out by phagocytes (e.g. macrophages, neutro-
phils). The fate of the particle that is phagocytosed
depends on its nature. For solid particles and dead or
dying cells, the endosome fuses with the lysosome
and is then digested by the enzymes in the lysosome.
If a pathogen is phagocytosed, the endosome, now
called a phagosome, fuses with a lysosome to produce
a phagolysosome. The membrane of the latter con-
tains a small electron transfer chain that transfers
electrons from NADPH to oxygen, producing the
superoxide radical that kills pathogens (see Chapter
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17). Macrophages circulate in the blood and lymph
but also reside in some tissues (e.g. lung, liver spleen
and lymph nodes). It should be noted that the role of
macrophages in the lung is to phagocytose not only
pathogens that enter in each breath but also dust par-
ticles that otherwise would collect in the lung and
interfere with the transfer of oxygen and carbon
dioxide across the membranes of the alveoli.

Exocytosis

A process similar to endocytosis occurs in the reverse
direction when it is known as exocytosis (Figure 5.11).
Membrane-bound vesicles in the cytosol fuse with the
plasma membrane and release their contents to the outside
of the cell. Both endocytosis and exocytosis are manifesta-
tions of the widespread phenomenon of vesicular transport,
which not only ferries materials in and out of cells but also
between organelles, e.g. from the endoplasmic reticulum
to the Golgi and then to the lysosomes or to the plasma
membrane for secretion (Chapter 1). Many hormones
are also secreted in this way, as are neurotransmitters from
one nerve into a synaptic junction that joins two nerves
(Chapters 12 and 14).

Physiological importance of some
transport systems

Transport into the cell is vitally important in the physiol-
ogy of the cell. Some examples are given.

Transport of fuels into the cell

There are three major fuels for cells: glucose, fatty acids
and glutamine (Chapter 9). Transporter molecules are
present in the membrane for each of these fuels.

Glucose There are several different glucose transporters
with different properties, the distribution of which relates
to the function of the cell (Chapter 6). The transporter can
be sufficiently active to bring the concentrations of glucose
on both sides of the membrane to the same level, i.e. the
transport process is at equilibrium or near-equilibrium; the
equilibrium constant for transport of glucose is unity. This
is the case in the liver and the insulin-secreting cells in the
islets of Langerhans in the pancreas (B-cells). The physio-
logical importance of this, in both cells, is that a change in
plasma glucose level changes the intracellular glucose con-
centration to the same extent. In hepatocytes, an increase

in the intracellular glucose level stimulates glycogen syn-
thesis and in the B-cells it stimulates glycolysis which
results in an increase in the secretion of insulin. Both of
these effects are important in controlling blood glucose
level after a meal, discussed in Chapters 3 and 6.

In skeletal muscle, glucose transport is non-equilibrium,
so that an increase in activity of the transporter increases
glucose utilisation. Factors that increase the activity of the
transporter (e.g. the number of transporter molecules) in
the membrane are insulin and sustained physical activity.
In contrast, the hormone cortisol decreases the number
of transporters in the membrane. This decreases glucose
uptake and is one of the effects of cortisol that helps to
maintain the normal blood glucose level (Chapter 12).

Fatty acids Despite the fact that fatty acids are lipid
soluble, so that they will diffuse across membranes without
a transporter, one is present in the plasma membrane to
speed up entry into the cells, so that it is sufficient to meet
the demand for fatty acid oxidation. Triacylglycerol trans-
port into cells also depends on the fatty acid transporter.
Since it is too large to be transported per se, it is hydro-
lysed within the lumen of the capillaries in these tissues
and the resultant fatty acids are taken up by the local cells
via the fatty acid transporter (Chapter 7). Hence the fatty
acid transporter molecule is essential for the uptake of
triacylglycerol.

Glutamine Glutamine is an important fuel for many cells,
including immune cells, proliferating cells in the bone
marrow and cells in the small and large intestine. It is
transported into the cell via a specific transporter (Chapter
9). Tumour cells also use glutamine as a fuel and the trans-
porter is more active in tumour cells compared with normal
proliferating cells. The transporter is also important to
transport glutamine out of cells that produce it (e.g. muscle,
lung, adipocytes).

Transport of amino acids

Several transporters that are specific for transport of groups
of amino acids are present in all tissues. They are of par-
ticular physiological importance in some tissues.

Liver Liver is the major organ for metabolism of almost
all amino acids; the exception is the branched-chain amino
acids which are metabolised in muscle and adipose tissue
(see Chapter 8). Of the amino acids absorbed from the
lumen of the intestine in the adult, at least 70% are
metabolised in the liver. Transporters for almost all amino
acids are, therefore, very active in the membranes of
hepatocytes.
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Muscle All the amino acids are required for protein syn-
thesis so that the transporters are important particularly
during growth. Consistent with this, the major anabolic
hormone, insulin, increases the transport of some amino
acids into the muscle, which contributes to the stimulation
of protein synthesis by insulin.

Brain Some amino acids are precursors for neurotrans-
mitters so that the carriers for these amino acids are of vital
importance in neural activity: these are glutamine, tyrosine
and tryptophan. Indeed, changes in the activity of one or
more of these carriers can change the concentration of
neurotransmitters in the brain, which can modify the
behaviour of the human (Chapters 13 and 14).

Ions

The transport of ions into some cells is of considerable
biochemical and physiological importance. These include
Na®, Ca*" and Fe*'.

Sodium ions A marked and rapid increase in the Na* ion
transport across the plasma membrane into a nerve or
muscle cell, via the Na* ion channel, causes a depolarisa-
tion of the membrane that initiates a transient flux of elec-
trical activity along the nerve or muscle (that is, an action
potential) (Chapters 13 and 14).

Calcium ions Movement of Ca** ions from the extracel-
lular environment into the cytosol is achieved via calcium
ion channels. An increase in the number of Ca®" ion chan-
nels that are open in cells of smooth or cardiac muscles
stimulates contraction. Excessive rates of entry can,
however, cause problems. For example, increased entry of
Ca®" ions into vascular smooth muscle increases contrac-
tion which reduces the diameter of blood vessels which
can lead to hypertension (Chapter 22).

Iron ion The protein transferrin binds ferric ions and
transports them in the serum around the body. The ions are
taken up by cells via a transferrin receptor which is present
in the plasma membrane. The receptor binds transferrin
and the complex enters the cell where transferrin releases
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the ion. Iron is extremely important in proliferating cells
for the synthesis of mitochondrial proteins involved in
electron transfer. The number of transferrin receptors in
the membrane of a cell is increased when it is stimulated
to proliferate (e.g. lymphocytes in response to an infection)
(Chapters 17 and 18).

Channelopathies

As with other proteins, mutations in genes that encode for
ion channels can give rise to diseases. These are known as
channelopathies. A number of diseases in both the nervous
system and in skeletal muscle are known to be due to
defects in the structure of ion channels. However, given the
large number of ion channels in these tissues, the channelo-
pathies currently known probably represent the tip of an
iceberg. For many channels, total loss of function is proba-
bly not compatible with life so that it is only subtle changes
in structure and function that lead to diseases. In general,
chronic defects in channels in the nervous system give rise
to seizures whereas those in muscle give rise to some form
of paralysis. (For review, see Ashcroft 2000).

Cystic fibrosis in a channelopathy. It is a chloride
channel that is defective. It is, present in epithelial cells of
several issue, including the intestine, lung, pancreatic ducts
and sweat glunts. Impaired movement of chloride ions art
of the cells interferces with movement of fluid act of the
cells. In the lungs, this increases the viscosity of mucous
in the bronchioles which is normally flows upwards due to
ciliary action. A more viscous mucous cannot be moved,
so that it clogs the bronchioles which impairs breathing
and clogs of mucous are ideal for bacterial growth and
Lence infection of the lung. There are several different
classes of mulations of the channel. One mulation result in
a change in structure of the channel which causes it is
become stuck in the membranes of the golgi on its way
to the plusma yembrone. If the channel can be freed, its
friction in the plasma membrane is normal suggestions
have been made that changes in the fatty acid composition
of the membranes in the golgi may allow the channel to
escape from the vesicles. Whether an increase in the
content of polyunsaturated fatty acids in the phospholipid
in these membranes could increase fluility with a greater
chance of escape of the channel has, to the authors’
knowledge, never been tested.
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Carbohydrate Metabolism

Colin Blakemore* describes the effects of a low blood
glucose concentration as follows:

As blood glucose falls, there is a window of experience
between sanity and coma in which self-control is lost and
that precious feeling of conscious choice disappears.

He then recalls the feelings of one person suffering from
hypoglycaemia:

I was totally convinced I was in charge of everything and
that all I had to do was think and the thing would happen.
I was being extremely tempted by the knives about
me . . . and especially the thin knife which it seemed would
be very easy to stick into somebody . . .

(Blakemore, 1994)

The liver plays a major role in glucose homeostasis by
releasing into the systemic circulation the exact amount
of glucose required to match extrahepatic glucose utilisa-
tion and maintain plasma glucose concentrations within
tight normal limits. It performs this task by mobilising
glucose stored within hepatocytes as glycogen and/or by
converting lactate, glycerol, and amino acids into glucose
(gluconeogenesis).
(Jéquier and Schneiter, 2002)

The extract from Colin Blakemore’s book provides a vivid
account of the behavioural consequences of a low blood
glucose level. This is because the brain uses glucose as the
only fuel, except in prolonged starvation. Problems also
arise if the blood glucose level increases well above the
normal. An increase of only about twofold above the

normal can result in loss of glucose in the urine, since not
all the glucose in the glomerular filtrate can be absorbed
by the kidney, a condition known as glycosuria. Further-
more, a chronic increase above the normal level can con-
tribute to several debilitating diseases (e.g. atherosclerosis,
kidney failure, blindness. These problems arise because
glucose reacts spontaneously with some side-chain groups
of amino acids in proteins, a process known as glycosyl-
ation. Indeed, glucose can be regarded as a toxic molecule
and glucotoxicity is a pathological condition (see Appen-
dix 6.1, Chapter 22). Consequently, maintenance of the
normal blood glucose concentration is vitally important
and much of carbohydrate metabolism is designed to do
just that. The second extract above, by Jéquier & Schneiter,
emphasises the importance of the liver in regulation of
the blood glucose level (discussed below). Not only is it
important to avoid hypoglycaemia for the brain, but for
many cells and tissues that also depend upon glucose as a
major fuel (e.g. erythrocytes, immune cells, proliferating
cells in the bone marrow, tissues in the eye and the kidney
medulla, see below). In addition, glucose is the starting
point for a number of important metabolic pathways
(Figure 6.1) and some of the metabolites of glucose are
precursors for the synthesis of various key compounds
(Figure 6.2).

The topics discussed in this chapter are glycolysis,
glycogen synthesis, fructose synthesis, pentose phosphate
pathway, gluconeogenesis, regulation of blood glucose
concentration, regulation of glycolysis and gluconeogene-
sis and the causes of hypoglycaemia.

*Emeritus Professor of Physiology, University of Oxford. Former Chief Executive of Medical Research Council, London.

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech

© 2010 John Wiley & Sons Ltd
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Glycolysis
Although glycolysis is a single process, the term is used to

describe two processes:

(i) Glucose or glycogen breakdown to form a three carbon
compound, lactate.

(i1) The first part of an overall process that produces pyru-
vate and then acetyl-CoA, for complete oxidation in
the mitochondria (Figure 6.3(a)&(b)).

CO,

Acetyl-CoA 2

Fructose T Pentose

LACTOSE phosphate

\ Glucose /
3
Amino sugars
Glycogen l

Lactate .
Glycosaminoglycans

Figure 6.1 Glucose is a substrate for several metabolic pathways.
. Aerobic glycolysis to form acetyl-CoA.

. Pentose phosphate pathway.

. Amino sugars to glycosaminoglycans (Appendix 6.2).

. Glycogen synthesis.

. Anaerobic glycolysis.

. Formation of fructose and lactose.
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(@) Glucose Glycogen
Glucose 6-
phosphate
Pyruvate
Acetyl-CoA  Lactate
(b) Glycogen Lactate
Glucose 6-phosphate > > > Pyruvate
Krebs
Glucose cycle

Figure 6.3 (a) Glucose and glycogen as substrates for aerobic
and anaerobic glycolysis. For aerobic glycolysis, pyruvate is
converted to acetyl-CoA; for anaerobic glycolysis pyruvate is
converted to lactate.

(b) An indication of maximum capacities of aerobic and anaer-
obic glycolysis in muscle. The maximum capacity of anaerobic
glycolysis from glycogen is at least 10-fold greater than aerobic
glycolysis from glucose. This is indicated by the thickness of the
arrows. When glycogen is the fuel for oxidation, the rate of
glycolysis is limited by the lower capacity of the Krebs cycle.
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Figure 6.2 Glucose and glycolytic intermediates as precursors for synthetic pathways.

Pyruvate for alanine and glutamine formation.
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Glucose for glycogen formation.

Glycerol phosphate for phospholipid and triacylglycerol formation.

Pyruvate for acetyl-CoA which is precursor for several compounds (cholesterol, specific fatty acids, dolichol).
Glucose for ribose 5-phosphate (for formation of nucleotides).
Glucose for complex carbohydrate formation (e.g. glycans, glycoproteins, glycosaminoglycans, Appendix 6.2).
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It is important to distinguish between them since they are
described in different ways in different books. In this book,
process (i) is called anaerobic glycolysis and process (ii)
is called aerobic glycolysis. The adjectives are in italics to
denote that they do not describe accurately the actual con-
ditions in which they occur. For example, process (i) occurs
in erythrocytes, which is hardly an anaerobic environment.
The difference, however, should be clear from the context.
Another term that is used in relation to glycolysis, is gly-
cogenolysis, which is the breakdown of glycogen to glucose
1-phosphate, which then feeds into glycolysis at the posi-
tion of glucose 6-phosphate.

The pathway of glycolysis

For most of the lay population, carbohydrate is understood
as starch and sugar as sucrose. In the body, however, the
main carbohydrate is glycogen and the sugar is glucose.
A point to re-emphasise is that either glucose or glycogen
can be substrates for glycolysis (Figure 6.3(a)&(b)). There
are ten reactions that convert glucose into pyruvate, eleven
reactions that convert it to lactate, and 13 reactions that
convert glycogen to lactate. The process from glucose can
be described in a series of five stages, as follows:

e Initial phosphorylations: The formation of fructose
bisphosphate occurs via two phosphorylation reactions
that involve ATP hydrolysis, which are catalysed by
hexokinase and phosphofructokinase:

) ATP ADP
@ glucose Léi glucose 6-phosphate

Glucose 6-phosphate is then isomerised to form
fructose 6-phosphate.

ATP ADP
fructose 6-phosphate LZ» fructose bisphosphate

(1) Splitting of hexose: This stage gives glycolysis its
name, literally ‘sugar splitting’, since it involves the
cleavage of fructose bisphosphate into two triose
phosphates, glyceraldehyde 3-phosphate and dihy-
droxyacetone phosphate, which are interconvert-
ible, catalysed by an isomerase enzyme.

(iii) Oxidation: Glyceraldehyde is oxidised to a carbox-

ylic acid, NAD" is reduced to NADH and inorganic

phosphate is incorporated to form 3-phosphoglyc-
erol phosphate.

(iv) ATP generation: In the next series of reactions,
which form pyruvate, ATP is generated.

(v) Formation
pyruvate.

of lactate or acetyl-CoA from

These stages are presented in Figure 6.4, and the complete
pathway is presented in Figure 6.5.

Transport of glucose into the cell

Before glycolysis from glucose can begin, glucose has to
be transported into the cell. This is achieved by a trans-
porter protein, in the plasma membrane (Chapter 5). There
are five different types of glucose transporter, all encoded
by separate genes. The proteins have slightly different
properties, different tissue dis-

tribution and somewhat differ-
ent roles in these tissues. Their
roles are briefly described in
Table 6.1. A sixth transporter
is specific for fructose: it is

This transporter is also present
in the plasma membrane of the
sperm, since fructose, not
glucose, is the fuel provided in
semen (Chapter 19).

Glucose

G6P

Phosphorylation l
FeP

f

—— F1,6-bisP —

4

Splitting DHAP
G3P—
Oxidation /

3PGP

3PGA
ATP generation 2PGA
PEP

Pyruvate ——

Fate of pyruvate

Acetyl-

Lactat
actate CoA

Figure 6.4 Glycolysis divided into five stages. It is not clear
whether the reaction in which pyruvate is converted to acetyl-
CoA, catalysed by pyruvate dehydrogenase, should be classified
as a glycolytic enzyme or an enzyme of the Krebs cycle. Since
the enzyme ‘presents’ acetyl-CoA to the cycle, it is considered in
this book as an enzyme of glycolysis (i.e. aerobic glycolysis).
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Glucose Glycogen

ATP )
ADP Hexokinase i/ Pi Glycogen

Phosphoglucomutase phosphorylase

Glucose 6-phosphate <€«—— Glucose 1-phosphate

Glucosephosphate isomerase

Fructose 6-phosphate

ATP 6-phosphofructokinase
ADP
Fructose 1,6-bisphosphate

Aldolase

D|h);?1rg;<gﬁgtta;one_> Glyceraldehyde 3-phosphate

+
Triosephosphate Pi, NAD

isomerase  NADH Glyceraldehyde-phosphate

dehydrogenase
3-phosphoglyceroyl phosphate
ADP
ATP

3-phosphoglycerate

Phosphoglycerate kinase

Phosphoglyceromutase

2-phosphoglycerate
Enolase
Phosphoenolpyruvate
ADP
Pyruvate kinase

ATP
Pyruvate

Lactate CoA
dehydrogenase Pyruvate dehydrogenase
NADH NAD* =N, veres
NAD* NADH

Lactate Acetyl-CoA

Figure 6.5 Details of the glycolytic pathway. All the enzymes
except pyruvate dehydrogenase are present in the cytosol. The
pathway, presently the molecular structured of the intermedi-
ates, is described in Appendix 6.3.

Table 6.1 Glucose (and the fructose) transporters in the plasma membrane of human cells and tissues

CH 6 CARBOHYDRATE METABOLISM

important for fructose absorp-
tion in the intestine. As with
enzymes, transporters only
speed up the rate of transport.
Glycogen is a branched
polymer of glucose consisting
of linear chains of glucose
molecules linked by glycosidic
bonds and branches in which
two glucose molecules are
linked by a different glycosidic
bond. The linear parts are
hydrolysed by the enzyme
glycogen phosphorylase in a
reaction involving phosphate,
whereas the branches are
hydrolysed by a debranching
enzyme (Figure 6.6). The
whole glycogen molecule can
be broken down by the com-
bined actions of both enzymes.
A summary of the process is:

(glucose), + P, — (glucose),

In the initial stages of breakdown
of glycogen, phosphorylase
hydrolyses all the glucosidic
bonds external to the branch
points. This represents about 50%
of the glycogen. Debranching
enzyme must catalyse hydrolysis
of the branch points to allow
phosphorylase activity to
continue. The hydrolysis of the
branch point is such that glucose
rather than glucose 1-phosphate
is produced. Indeed, as a result
of this activity of debranching
enzyme, about 10% of all
glucose residues in glycogen are
released as glucose. In liver,
this glucose can be transported
out of the ven into the blood.
Since anoxic conditions prevail
after death, glycogen
breakdown would occur in liver
and muscle, which may result in
hyperglycaemia after death —
thus concealing hypoglycaemia
prior to death. This might pose
a problem in deciding on a
cause of death.

, + glucose 1-phosphate

where (glucose), represents glycogen.

Details of the breakdown are presented in Appendix 6.4.
The glucose 1-phosphate is converted to glucose 6-
phosphate by the action of the enzyme phosphoglucomu-
tase. The glucose 6-phosphate is then metabolised by

glycolysis.

Type K., for hexose uptake (mmol/L) Location of transporter

GLUT-1 1-2 Red blood cells, placenta, brain, kidney
GLUT-2 15-20 Liver, B-cells®, kidney, small intestine

GLUT-3 1-2 Brain, intestine

GLUT-4 5 Skeletal muscle, cardiac muscle, adipose tissue
GLUT-5 6-11 (fructose) Small intestine, sperm

The hexose transporters are numbered GLUT-1 to GLUT-5 in order of their discovery.

GLUT-1 is present in large numbers of tissues but is not present in muscle or liver. Its activity is particularly high in endothelial cells in capillaries
in the brain to ensure sufficient entry of glucose from the blood into the brain, where it is taken up by glial cells (Chapter 14).

GLUT-2 has high activity in liver to maintain transport close to equilibrium for both uptake and release of glucose (see below). It can also transport
galactose, mannose and fructose — all of which can be converted to glucose in the liver.

GLUT-5 is a fructose transporter.

*B-cells are those present in the Islets of Langerhans in the pancreas that secrete insulin in response to an increase in the plasma glucose

concentration.
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Figure 6.6 Diagrammatic representation of a small part of the
glycogen molecule. Each line represents a chain of glucose mol-
ecules linked between the 1 and 4 positions of the glucose units.
The arrowhead represents a branch-point with structure of
branch-point indicated in the insert. This link is between the
one and six positions.

Fate of the NADH produced in glycolysis

In glycolysis, NAD" is converted to NADH (Figure 6.5).
Since the NAD" content of tissues is very small, for
glycolysis to continue NAD* must be regenerated from
NADH. In aerobic tissues and in the presence of oxygen,
the NADH is oxidised to NAD" within the mitochondria,
but not directly. It requires transport of hydrogen atoms,
via metabolic shuttles which are described in Chapter 9.
Under these conditions, the pyruvate that is produced is
transported into the mitochondria for complete oxidation
by the Krebs cycle. In this case, glycolysis is the first part
of the process by which glucose is completely oxidised,
i.e. aerobic glycolysis.

In cells that lack mitochondria, or during hypoxia in
aerobic tissues, NADH is oxidised to NAD" in a reaction
in which pyruvate is reduced to lactate, catalysed by lactate
dehydrogenase (i.e. anaerobic glycolysis).

pyruvate + NADH — lactate + NAD*
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Lactate and proton production
in glycolysis

An important point to note is that this the above reaction
produces lactate, not lactic acid. Nonetheless, protons are
produced in glycolysis but in another reaction (Appendix
6.5). Consequently, the two end-products are lactate plus
protons, which can be described as lactic acid. Despite this
discussion, it can be argued that lactate dehydrogenase is
not the terminal reaction of glycolysis, since the lactate
plus protons have to be transported out of the cell into the
interstitial space. This requires a transporter protein, which
transports both lactate and protons across the plasma mem-
brane and out of the cell.

Physiological importance of transport
of lactate and protons out of the cell

Under some conditions, the rate of glycolysis from glyco-
gen to lactate plus protons can be greater than the capacity
of the transporter to transport all the lactate and protons
out of the muscle. In this case, they accumulate in the
muscle and the pH falls to about 6.5 or even lower (Chapter
13). This can occur, for example, when a muscle is working
close to maximum, or when there is a poor blood supply
to a working muscle. If this continued for any length of
time, the increase in proton concentration could be suffi-
cient to damage some of the proteins in the muscle. Indeed,
if this decrease in pH occurred in the blood, it would be
very serious and could rapidly lead to death. This is pre-
vented in two ways:

e Under the conditions when protons accumulate in muscle,
the physical activity of muscle is decreased by fatigue,
hence the rate of ATP utilisation and, therefore, ATP
generation via glycolysis, are decreased. Consequently
the rate of lactic acid formation is decreased. It is unclear
it protons are directly involved in fatigue. It is discussed
in Chapter 13.

* The increase in proton concentration in the muscle
decreases the activities of two key enzymes, which
regulate the flux through glycolysis: phosphorylase and
phosphofructokinase (Chapter 13) (Figure 6.7).

Although the condition is hypothetical, it can be calculated
that if all of the skeletal muscles in the body degraded
glycogen to lactic acid at the maximum rate and, if all of
the protons that were produced were transported into the
blood, it would exceed the buffering capacity of the blood
and the pH would fall dramatically (see below). This could
soon result in death. Hence the inhibitory effect of protons
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Figure 6.7 Lactate and proton transporter in the plasma mem-
brane and the effect of proton accumulation. It should be noted
that lactate and protons are formed in two different reactions
in the glycolytic pathway (Appendix 6.5). The arrows adjacent
to H™ and lactate indicate the increase in concentrations lactate
during physical activity. The two key enzymes inhibited by
protons are phosphorylase and phosphofructokinase.

on the two key glycolytic
enzymes and the phenomenon
of physical fatigue are of con-
siderable physiological impor-
tance: they restrict the
magnitude of the increase in
lactic acid concentration not
only in the muscle but also in

It is not physiologically
possible to exercise all skeletal
muscles in the body maximally
and aerobically at the same
time because the output of
blood by the heart is not
sufficient to transport enough
oxygen to all the muscles (i.e.
cardiac output is limiting).

the blood.

Removal of lactate and protons
from the blood

The lactate and proton concentrations, and hence the pH
in the blood, depend not only on the rate of release from
muscle, and other tissues, but also on the rate of their
removal from the blood. The transporter that transports
lactate and protons out of cells also transports them into
cells. There are two tissues that are important in their
removal from the blood: liver and heart (Figure 6.8).

Removal by the liver Lactate and protons are transported
into the cells and then converted to glucose via gluconeo-
genesis. The overall process is
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Figure 6.8 Fate of lactate and protons produced by muscle and
other tissues. The heart and liver play major roles in removing
both lactate and protons from blood.

2 lactate” + 2H* — glucose

This is, quantitatively, extremely important. One condition
in which the liver fails to take up protons and lactate is
when a considerable amount of blood has been lost (e.g.
during or after an accident). To compensate for this, blood
flow to the splanchnic area, including the liver, is severely
reduced so that the liver becomes hypoxic, and not enough
ATP can be generated to maintain gluconeogenesis. Con-
sequently, lactate and protons accumulate in the blood and
the pH falls: a condition known as lactic acidosis. It is
important, therefore, to maintain blood volume after an
accident, which is usually done by infusion of fluid.

Removal by the heart Lactate and protons are transported
into the cardiomyocytes and lactate is fully oxidised to
CO,:

lactate” + H +30, — 3CO, +3H,0

Note that oxidation of lactate utilises a proton so that,
essentially, lactic acid is oxidised.

All aerobic tissues are able to oxidise lactate to generate
ATP but heart is especially important, since lactate is
readily transported into cardiomyocytes and there is always
a demand for ATP.
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Figure 6.9 The Cori cycle.

The protons are removed so effectively by these two
processes that, even during intense physical activity, the
blood pH is maintained at or very close to normal (pH 7.4).

The Cori cycle

Even at rest, a low rate of lactic acid is formed from
glucose in muscle and released. Most is transported to the
liver where it is removed and converted to glucose. This
glucose is released back into the blood, where it is, once
again, taken up by muscle and converted to lactic acid.
This is known as the Cori cycle, named after Carl Cori who
first recognised the process (Figure 6.9). However, it is
now known that other cells and tissues continuously
convert glucose into lactic acid which is released into the
blood (e.g. erythrocytes, proliferating cells in the bone
marrow, immune cells in lymph nodes and epithelial cells
in the skin). The Cori cycle can, therefore, be expanded to
take these into account (Figure 6.10). During trauma,
sepsis or after major surgery, proliferation of cells in the
wound and in the bone marrow increases, as does the
number of immune cells: these increases provide new cells
for repair of damaged tissue and more immune cells to
fight an infection. This results in a greater rate of formation
of lactic acid. Hence, flux through the Cori cycle is
increased (Chapter 18). Since Cori cycle activity involves
hydrolysis of ATP, and hence metabolism is increased to
generate more ATP, when the flux through this cycle
increases, energy expenditure increases, which is charac-
teristic of patients in Intensive Care Units. Nutrition pro-
vided for these patients must take this increase in
expenditure into account (Chapters 2, 15 and 18).

The physiological pathway of glycolysis

In the pathway, glycolysis-from-glycogen, the flux-
generating step is catalysed by phosphorylase, the activity
of which is controlled by the physical activity of the muscle

103

LIVER
Glucose

Lactate

Glucose

Lactate

Lactate «<—— Glucose

\—/ /“
MUSCLE

i Lactate <——— Glucose 4}/

ERYTHROCYTES

i Lactate < Glucose q/
BONE MARROW
Lactate «<—— Glucose %J

LYMPH NODE

Figure 6.10 The extended Cori cycle. Tumour cells convert
glucose to lactate at a high rate and could be incorporated into
this figure (Chapter 21).

and by several hormones (Chapter 3). In contrast, the
pathway of glycolysis-from-glucose in muscle does not
contain a flux-generating step. This step is either the
absorption of glucose from the intestine or the breakdown
of glycogen in the liver (see Figure 6.11). That is, the
pathway spans more than one tissue. This can give rise to
two interesting physiological conditions.

* During prolonged physical activity, glycogen in muscle
is used first as a fuel but, as it becomes depleted,
liver glycogen is broken down to provide glucose. The
flux-generating step is the conversion of glycogen
to glucose 1-phosphate in the liver, that blood glucose
is an intermediate in the pathway between liver and
muscle. The blood glucose concentration remains con-
stant provided that the rate of degradation of glycogen
is identical to that taken up by the muscle. The blood
glucose level can fall, markedly, if the glycogen in
the liver is depleted, so that there is no longer a flux-
generating step in the pathway (see section on hypogly-
caemia, below).

 After a carbohydrate-containing meal, the blood glucose
level increases which stimulates glucose uptake by
muscle. The rate of uptake is enhanced by secretion of
insulin. However, if insulin is secreted when glucose is
not being absorbed into the body, i.e. there is no flux-
generating step, the stimulated rate of glucose uptake
by muscle will result in hypoglycaemia, even severe
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Figure 6.11 The physiological pathway for aerobic glycolysis from
glucose. The flux-generating step(s) for the pathway are glyco-
gen breakdown (1) in the liver or glucose absorption from intes-
tine (2). When there is no absorption (i.e. process (2) is zero)
then the pathway starts with glycogen breakdown in liver. When
there is glucose absorption from intestine, and process (1) is
zero, glucose absorption is the start of the physiological pathway.
The uptake of glucose by muscle is stimulated by insulin (3). If
excess insulin is present in blood, glycogen breakdown is inhib-
ited and, if the subject has not eaten, hypoglycaemia can result,
due to a high rate of (3). The hypoglycaemia can be sufficiently
severe to result in death.

INTESTINE

hypoglycaemia. Similarly tumour cells in the Islets of
Langerhans may secrete, at times, excessive amounts of
insulin and hypoglycaemia can develop rapidly. Indeed,
a fear of every type 1 diabetic patient is injection of too
high a dose of insulin and consequent hypoglycaemia.
In view of this, injection of a high dose of insulin has
been used in attempts to commit suicide and as a murder
weapon! The first recorded case of murder was in 1957,
when Kenneth Barlow murdered his wife by injecting
insulin into her buttocks. Even though the methods for
measuring insulin concentration were somewhat impre-
cise at that time, sufficient was detected in the buttock
of the body to provide enough evidence for conviction
of murder (Burkinshaw et al., 1958).

The yield of ATP from glycolysis

The number of ATP molecules generated by glycolysis
depends upon the substrate for the process and the eventual
fate of the pyruvate. Anaerobic glycolysis from glucose
generates two molecules of ATP but, from glycogen, three
molecules of ATP are generated for each glucose molecule
in glycogen that is converted to lactic acid. However, con-
siderably more ATP is generated if the pyruvate produced
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is completely oxidised to CO, (see Table 9.5). Despite the
small number of ATP molecules generated in anaerobic
glycolysis, from glycogen the capacity of the process may
be so large that, if fully stimulated, it can produce as many
if not more ATP molecules than aerobic glycolysis, when
the pyruvate is completely oxidised. This is the case since
more molecules of glucose-in-glycogen are broken down.
For example, even in aerobically trained volunteers, the
maximum rate of anaerobic glycolysis can generate more
ATP molecules compared with that from the maximum rate
of the oxidation of pyruvate, i.e. the Krebs cycle (see Table
9.7).

The biochemical and
physiological importance
of anaerobic glycolysis

Glucose or glycogen can be the substrate for anaerobic
glycolysis and, although there is not a complete division,
some tissues use primarily glucose whereas others use
primarily glycogen. The significance of which substrate is
used to generate ATP, in various cells, is as follows.

Glycogen to lactic acid

When a human muscle, which comprises exclusively
anaerobic (i.e. type IIB) fibres is physically active, glyco-
gen conversion to lactate generates all the ATP that is
required to support the activity. Type I or Ila fibres use this
process only when the demand for ATP exceeds that which
can be generated from aerobic metabolism, e.g. during
hypoxia. The significance of these processes for generation
of ATP by muscle during various athletic events is dis-
cussed in Chapter 13.

One condition in which all tissues or organs may use
glycogen is the mammalian foetus during birth. This is
especially the case if the placenta separates from the uterus
prior to birth, which may occur if parturition is slow. In
this situation, prior to birth and the first breath, the tissues
of the foetus must generate ATP from conversion of gly-
cogen to lactic acid. Survival depends on this process! To
this end, the glycogen level in the tissues of the foetus
increases just prior to birth.

Cells that use glucose conversion to lactic acid
to generate ATP

Those that depend upon this process are cells in the tissues
of the eye, the kidney medulla, the epithelial cells in the
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skin, the enterocytes in the small intestine, erythrocytes,
immune cells and cells during proliferation (Chapters 9, 17
and 18).

Tissues of the eye In the tissues of the eye, the presence
of too many blood vessels, or too many mitochondria
within cells, could interfere with the transmission of light.
Consequently, much of the ATP is generated from glucose
conversion to lactic acid. The tissues involved are the
cornea, lens and those parts of the retina that require high
visual acuity (e.g. the fovea). Hence, although blood
vessels overlie the retina, very few are present over the
fovea; and the capacity of anaerobic glycolysis in the
retina, as a whole, is high indicating that anaerobic gly-
colysis contributes significantly to ATP generation. The
glucose is provided and lactic acid removed by the fluids
in the eye, the aqueous and vitreous humours, so that the
flow of these fluids in the eye is important.

Kidney medulla From the metabolic point of view the
kidney is virtually two organs, the cortex and the medulla.
The cortex contains the glomeruli, through which the blood
is filtered, the proximal tubules and part of the distal
tubules, from which ions and molecules are reabsorbed.
The cortex is well supplied with blood so that ATP is
generated by the oxidation of fuels. The medulla is
metabolically quite different. Here the ATP is required
for the reabsorption of ions from the loop of Henle.
Some ATP is generated by anaerobic glycolysis, since the
supply of blood, and therefore of oxygen, to the medulla
is much poorer than to the cortex. This reflects control of
the uptake of water and Na* ions into the blood by the
counter current mechanism. This depends on a slow flow
of the blood in the capillaries.

Roles of glycolysis other than ATP generation

One role of glycolysis is to provide intermediates which
are substrates for other pathways (Figure 6.2). Roles in
specific cells or tissues are
now presented.

Mosquitoes detect lactic acid,
which is volatile, as a signal for
the presence of an animal
surface for feeding. A receptor
site for lactic acid is present on
the antennae of the mosquito.

Epithelial cells in the
skin Some of the lactic
acid produced by glycolysis
is secreted in perspiration.
It lowers the pH of the surface of the skin, where it has an
antibacterial effect. The concentration on the surface may
be as high as 15 mmol/L.

Glial cells in the brain Some glial cells convert glucose
to lactic acid, which is the fuel used by the neurones
(Chapter 14).
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Enterocytes in the small intestine The conversion of
glucose to lactic acid in the enterocytes provides another
means of absorbing glucose into the blood. They absorb
glucose from the lumen of the intestine and then convert it
to lactic acid, which enters the hepatic portal blood from
where it is removed by the liver, which then converts the
lactate back to glucose. The glucose is then released into the
blood. An advantage of this process is that it slows the entry
of glucose into the blood which minimises the peak blood
sugar level after a meal. It is possible that as much as 50%
of the glucose absorbed into the enterocytes enters the
blood in this manner.

Erythrocytes There are several important roles of
glycolysis in these cells, in addition to generation of
ATP.

(1) Not only is phosphoglyceroyl phosphate an intermedi-
ate in glycolysis, but it is a precursor for formation of
2,3-bisphosphoglycerate (BPG) which has a funda-
mental role in transport of oxygen within the blood
(Figure 6.12). It binds to haemoglobin and, in so doing,
modifies the binding of oxygen to haemoglobin. In
the absence of BPG, the graph of the saturation of
haemoglobin with oxygen is hyperbolic whereas, in
its presence, it is sigmoid. This phenomenon permits
a significant amount of oxygen to dissociate from
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Figure 6.12 The bisphosphoglycerate shunt.

The concentration of BPG is the same as that of haemoglobin
and the position where the BPG is bound to the haemoglobin
molecule has been identified from the 3-dimensional structure.

(1) represents the first part of glycolysis, (2) is phosphoglycer-
ate kinase, (3) is the latter part in glycolysis, (4) is bisphospho-
glycerate mutase and (5) is bisphosphoglycerate phosphatase.

Bisphosphoglycerate mutase is inhibited by BPG, which is a
feedback inhibitory mechanism.
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(i)

haemoglobin at physiological concentrations of oxygen
in the capillaries (Figure 6.13). The graph indicates
that, in the absence of BPG, life as we know it would
not be possible. Almost no oxygen would dissociate
from haemoglobin in the capillaries. Even a small
change in the concentration of BPG can make a marked
difference to the extent of dissociation at physiological
concentrations of oxygen. Deficiencies of the enzymes
hexokinase or pyruvate kinase can influence the
concentration of BPG in the erythrocyte and hence
erythrocyte physiology (Box 6.1).

In order for the iron ion in haemoglobin to bind
oxygen, it must be in the ferrous (Fe?*) form. However,
the high concentration of oxygen in the erythrocyte
causes a continuous oxidation of ferrous to ferric iron
to form a protein known as methaemoglobin (equation
a). However, methaemoglobin is continuously con-
verted back to haemoglobin, in a reaction catalysed by
methaemoglobin reductase (equation b) Consequently,
under normal conditions, only 1% of haemoglobin is
in the form of methaemoglobin.

This is important since not only does it affect oxygen
transport but, if it accumulates, the cells are then
damaged, which can result in anaemia.

The reactions are
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Figure 6.13 The effect of different concentrations of 2,3-
bisphosphoglycerate on the oxyhaemoglobin dissociation curve.
The increase in the concentration of BPG from 4 to 5 mmol/L
results in an increase in the amount of oxygen released in the
capillaries by more than 20%. The concentration of BPG decreases
on storage of erythrocytes, so that cells from the blood bank
have a higher affinity for oxygen and hence discharge less
oxygen in the tissue.

Box 6.1 2,3-Bisphosphoglycerate and the dissociation of oxygen from oxyhaemoglobin:

in patients and athletes

Both haemoglobin and myoglobin bind reversibly with oxygen.
The dissociation curve of oxyhaemoglobin is sigmoid whereas
that of myoglobin is hyperbolic. This difference ensures that
unloading of oxygen from haemoglobin is significant at the
oxygen concentrations found in capillaries in tissues other than
the lung. In contrast, myoglobin releases its oxygen close to
mitochondria within muscle fibres, where the partial pressure
of oxygen is very low. Mammalian life as we know it would
not be possible if erythrocytes contained myoglobin in place
of haemoglobin; the partial pressure of oxygen (i.e. the con-
centration) in the capillaries would be too low to maintain an
adequate diffusion rate from capillary into cells. Early studies
indicated that the sigmoid curve was considerably reduced if
the haemoglobin was dialysed, to remove all small molecules
from the solution. In 1921, Adair postulated that some addi-
tional factor was involved. Only in 1967 was this identified as
2,3-bisphosphoglycerate. The advantage of this effect is that
the extent of the sigmoidicity of the dissociation curve for

haemoglobin can be modified within the erythrocyte by chang-
ing the concentration of 2,3-BPG. The normal concentration
of 2,3-BPG in erythrocytes is around 4 mmol/L but this
increases in individuals exposed to low partial pressures of
oxygen such as found at high altitudes and in patients with
chronic hypoxia, due to heart or lung problems. This enables
more effective unloading of the smaller amount of oxygen that
will be carried under these circumstances.

The concentration of 2,3-BPG in erythrocytes is regulated
through negative feedback. Deoxygenated haemoglobin binds
more 2,3-BPG than oxygenated haemoglobin and, as the con-
centration of the deoxygenated form rises during hypoxia, less
free 2,3-BPG will be present. This reduces the inhibition of
bisphosphoglycerate mutase so that more 2,3-bisphosphoglyc-
erate is produced and its concentration rises, thus affecting the
shape of the dissociation curve. It is tempting to speculate that
the remarkable performances in endurance runs by Kenyan ath-
letes are due to a high level of 2,3-BPG in their erythrocytes.
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(a) haemoglobin + O, — methaemoglobin + O,™*

NADH NAD*
methaemoglobin haemoglobin

It is important to note that the oxidation produces the
superoxide free radical. Since it is toxic, the radical
produced in reaction (a) must be removed. This is done
in a reaction catalysed by superoxide dismutase, which
produces hydrogen peroxide. However, this also must
be removed (see Appendix 9.6 for discussion of free
radicals). Removal of hydrogen peroxide is achieved
in a reaction with reduced glutathione, catalysed by
glutathionine peroxidase.

2GSH +H,0, — GS-SG + H,0

Since this reaction is required continuously, the oxi-
dised glutathione must be reduced continuously and
this is achieved with NADPH, as follows

G-S—-S—-G+2NADPH — 2GSH + 2NADP*

The NADPH is produced from glucose 6-phosphate
in the first three reactions in the pentose phosphate
pathway (see below). Hence the pentose phosphate
pathway is essential in the erythrocyte; and glycolysis
provides the substrate glucose 6-phosphate. Individu-
als with a reduced amount of glucose 6-phosphate
dehydrogenase can suffer from oxidative damage to
their cells and hence haemolysis.

It is estimated that over 400 million people, princi-
pally in the tropical Mediterranean regions, have a
deficiency of this dehydrogenase. It is, in fact, the most
common inborn error of metabolism. These individu-
als are more sensitive to oxidative agents which
increase the formation of methaemoglobin and hence
the superoxide radical. Therefore, formation of hydro-
gen peroxide is increased: failure to reduce glutathione
results in accumulation of hydrogen peroxide and
damage to the cells. Such oxidative agents include the
antimalarial drugs primaquine and paraquine. Another
oxidative chemical is present in the fava bean, a veg-
etable consumed in the Mediterranean region (Vincia
faba). It induces haemolysis in individuals deficient in
the dehydrogenase. It is a sufficient problem to be
given a name, favism.

Regulation of the flux
through glycolysis
The substrate for glycolysis can be either glucose or

glycogen (Figure 6.3) and control of the first steps in each
process is different.
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Glucose transport and the control
of glycolysis in muscle

There are two biochemical situations in which to consider
glucose transport and regulation of glycolysis:

1 Glucose transport is non-equilibrium In this case, it
is rate-limiting for glycolysis. For example, an increase in
the rate of glucose transport increases the intracellular
glucose concentration which increases hexokinase activity,
which then increases the flux through the remainder of
glycolysis by ‘internal regulation’ (see Chapter 3 for an
explanation of ‘internal regulation’). One factor that
stimulates transport and glycolysis is insulin (Fig. 6.14).
It is the transporter protein, GLUT-4, that is involved in
regulation of the rate of glucose transport, when it is in
non-equilibrium. The rate is regulated by changing the
number of transporters in the plasma membrane. The
number is decreased chronically by cortisol but is increased
acutely by insulin, physical activity and factors that lower
the ATP/ADP concentration ratio. The transporters are
stored within the cell and they are translocated to the
plasma membrane and back again to the store. Transloca-
tion can change the number of transporters in the plasma
membrane and hence the rate of transport (Figure 6.15).
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Figure 6.14 An increase in the rate of glucose transport, in
response to insulin, which increases the rate of glycolysis. This is
achieved by increasing the concentrations of all the intermedi-
ates in the pathway, indicated by the arrows adjacent to the
intermediates. Insulin, physical activity or a decrease in the
ATP/ADP concentration ratio all result in increased rates of
glucose transport in skeletal muscle. Insulin increases the rate
about fivefold, physical activity about 50-fold.
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Figure 6.15 Regulation of the number of glucose transporters in
the plasma membrane. The transporter affected is GLUT-4. It is
unclear which translocation process is affected by insulin, phy-
sical activity or a change in the ATP/ADP concentration ratio.
Effects on the translocation from within the cell to the mem-
brane or vice versa are indicated here.

2 Glucose transport is near-equilibrium In this condi-
tion in the muscle, hexokinase is rate-limiting for glycoly-
sis. Its activity is regulated by phosphofructokinase activity
(see below). If the enzyme glucokinase is present in the
tissue, changes in the blood glucose concentration regulate
the rate of glycolysis. This is important in (i) the B-cells
of the Islets of Langerhans in the pancreas, i.e. the insulin-
secreting cells, since glycolytic flux plays a role in regula-
tion of insulin secretion (Chapter 3 and see below); (ii) the
liver, in which changes in the blood glucose level can
increase glycogen synthesis (Chapter 3 and see below).

Regulation of the entry of glycogen into the
glycolytic pathway

The enzyme that controls the entry of glucose molecules
in glycogen into the glycolytic pathway is phosphorylase
(specifically glycogen phosphorylase). The enzyme exists
in two forms, a and b and, in muscle, is regulated by two
mechanisms. (i) Phosphorylase b is normally inactive but
it can be activated by an allosteric mechanism. (ii) The
proportion of a and b, at any one time, is regulated by an
interconversion cycle of phosphorylation and dephosphor-
ylation, which are regulated by physical activity (Ca*
ions) and the stress hormone adrenaline. In resting muscle,
all the phosphorylase is in the » form and, in this condition,
b is inactive, so that glycogen breakdown does not occur.
However, when muscle is physically active phosphorylase
b is activated allosterically and some is converted to the a
form. Both mechanisms of control are discussed in Chapter
3 and see also Chapter 12 for discussion of the effect of
adrenaline.
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Regulation of flux through glycolysis,
from glucose to pyruvate and then
to acetyl-CoA in muscle

Although the rate of glucose transport can regulate the flux
through glycolysis, as indicated above, several enzymes
also play a role.

* Hexokinase, the activity of which is inhibited by its
product, glucose 6-phosphate, which is relieved by phos-
phate (i.e. phosphate can activate the enzyme when it is
inhibited by glucose 6-phosphate).

* Phosphofructokinase, the activity of which is inhibited
by ATP and phosphocreatine, but this inhibition is
relieved by AMP and phosphate.

e Pyruvate kinase, the activity of which is inhibited by
ATP and phosphocreatine but is activated by ADP,
which is its substrate (Figure 6.16(a)).

» Pyruvate dehydrogenase, the activity of which is affected
by a number of factors: the ATP/ADP, the NADH/NAD*
and the acetyl-CoA/CoASH concentration ratios. It is
also activated by Ca®* ions. These factors change the

enzyme activity via an interconversion cycle (Figure
6.16(b)).

From this description of the properties of these enzymes,
it is concluded that the major factors involved in the regu-
lation of glycolytic flux are changes in the ATP/ADP con-
centration ratio and changes in the concentrations of AMP,
the phosphate ion and phosphocreatine. The integration of
these factors in the regulation of glycolysis and the Krebs
cycle in muscle during physical activity and in other condi-
tions is described in Chapters 9, 13 and 16.

Regulation of the flux through glycolysis by insulin

Insulin increases glucose uptake by muscle through stimu-
lation of the rate of glucose transport. The fate of the
glucose is either conversion to lactate or conversion to
glycogen. The stimulation of glycolysis is achieved by
increasing the intracellular concentration of glucose and
the concentrations of all the glycolytic intermediates which
increases the activities of all the enzymes, since they are
not saturated with their substrates (Figure 6.14). This is an
excellent example of control via a ‘transmission sequence’
as described in Chapter 3.

Glycogen synthesis

Glycogen is a polymer of glucose and, although most
tissues contain some glycogen, quantitatively important
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Figure 6.16 (a) Factors involved in regulation of key steps in glycolysis. PC is phosphocreatine; P; is the phosphate ion.

(b) Factors involved in the regulation of the interconversion cycle enzymes for pyruvate dehydrogenase. Phosphorylation of pyruvate
dehydrogenase (PDH) inhibits the enzyme (PDHb) whereas dephosphorylation activates the enzyme: i.e. PDHa is the active form
and PDHb the inactive form form PDHa. Note that none of the requlators affect the dehydrogenase enzyme directly. Note also that
since pyruvate dehydrogenase is an intramitochondrial enzyme, changes in Ca?* ion concentration also activate isocitrate dehydro-
genase and oxoglutarate dehydrogenase but by direct effects on the enzyme molecule. Consequently, stimulation of pyruvate dehy-
drogenase occurs simultaneously with an increase in flux through the Krebs cycle (Chapter 9). This increases formation of acetyl
CoA for the increased flux through the cycle. Note that the two factors responsible for the increased rate of glycolysis and pyruvate
oxidation are the ATP/ADP concentration ratio and the Ca?* ions (see below). The role of Ca** jons in control the cycle is discussed
in Chapter 9.
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stores are found only in muscle and liver (Chapter 2). The
pathway of synthesis is usually considered to begin with
phosphorylation of glucose to form glucose 6-phosphate.

In the liver, this reaction is catalysed by glucokinase
whereas in the muscle, hexokinase is responsible. The sig-
nificance of glucokinase, and the fact that it has a high K,
for glucose, in the regulation of blood glucose level and
glycogen synthesis is discussed in Chapter 3.

There are five enzymes involved in the synthesis of
glycogen, hexokinase (or glucokinase), phosphogluco-
mutase, uridylyltransferase, glycogen synthase and a
branching enzyme. A summary of the pathway is shown
in Figure 6.17. Two additional systems are required: a
glycogen primer and a small intermediate form of glycogen
which acts as a building platform for the large polymer.

G6éP
G1P
UDPG

Proglycogen
UDPG

Macroglycogen

Figure 6.17 A summary of the reactions in the pathway for gly-
cogen synthesis. Full details of the pathway are given in Figure
6.18. UDPG is the abbreviation for uridine diphosphate glucose.
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The primer for glycogen synthesis,
proglycogen and macroglycogen

Glycogen can only be synthesised if a primer is present,
which is a small branched oligosaccharide, comprising
eight to ten glucose molecules. The oligomer is synthe-
sised by a small protein called glycogenin. In fact, glyco-
genin itself catalyses formation of the primer from glucose
and the primer remains attached to the glycogenin, i.e. it
catalyses its own glucosylation. Once glucosylation is
complete, glycogenin forms a complex with the enzyme,
glycogen synthase. In this complex, glycogen synthase
catalyses extension of the oligosaccharide chain, upon the
primer, using UDP-glucose as the substrate. As the linear
polymers increase in length, the branching enzyme is acti-
vated to produce branches in the growing polysaccharide.
However, it proceeds in two stages:

(1) The first product of these reactions is a small polymer
known as proglycogen.

(2) The proglycogen is extended to produce macroglyco-
gen by action of glycogen synthase and the branching
enzyme (Figure 6.18).

To help to understand this process, it is useful to appreciate
that there is a degree of similarity in the sequences of
the three major synthetic processes, glycogen, fatty acid
and peptide syntheses. The similarities are presented in
Table 6.2.

Control of glycogen synthesis

Glycogen synthesis is important in two tissues, muscle and
liver. In muscle the major factors regulating the rate of
synthesis are insulin and the amount of glycogen already
present in the muscle. In liver, the major factor is the
intracellular concentration of glucose (see below) (Figure
6.19).

Synthesis of fructose and lactose

Fructose is synthesised in the prostate gland. It is secreted
into the seminal fluid as the fuel for sperm. It is synthesised
from glucose as follows

Glucose — sorbitol — fructose

Reactions are catalysed by aldose reductase and iditol
dehydrogenase. (For details, see Appendix 6.6).

Lactose is a disaccharide of glucose and galactose linked
by a 1,4 glycositic bond. It is the only disaccharide syn-
thesised in large quantities in mammals where its sole
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\/\ Glycogenin
\J/ UDPG

glycogen
synthase

Primer chain

UDPG
branching enzyme
% Proglycogen

UDPG glycogen synthase and
branching enzyme

Macroglycogen
-7

Figure 6.18 The pathway for synthesis of pro- and macroglyco-
gen. Note that the glycogenin-primer complex is formed prior
to complexing with the glycogen synthase.

function is to provide the sugar for milk formation. The
synthesis occurs by transfer of a galactosyl residue from
UDP galactose to a glucose molecule, catalysed by the
enzyme lactose synthase. The enzyme is, of course, present
in the mammary glands.

UDP-galatose + glucose — lactose + UDP

The synthesis of UDP galactose is described in Appendix
6.7.

The pentose phosphate pathway

This pathway is variously known as the pentose phosphate,
hexose monophosphate or phosphogluconate pathway,
cycle or shunt. Although the pentose phosphate pathway
achieves oxidation of glucose, this is not its function, as
indicated by the distribution of the pathway in different
tissues. Only one of the carbons is released as CO,, the key
products are NADPH and ribose 5-phosphate, both of
which are important for nucleotide phosphate formation
and hence for synthesis of nucleic acids (Chapter 20). The



Table 6.2 Similarities in the processes involved in synthesis of glycogen, fatty acid and peptides

Large binding

Elongation and

Post-synthetic

Process Activation system Binding sites Condensation movement Termination modifications
Glycogen Formation of Glycogenin Binding of Condensation 7Movement of Not known, Hydration of
synthesis UDP-glucose UDP-glucose between complex as possibly glycogen to
to glucose in oligosaccharide loss of form granules®
glycogenin— oligosaccharide chain extends activity of
glycogen chain and and movement glycogen
synthase glucose of branching synthase
complex attached to enzyme
UDP
Fatty acid Formation of Acyl carrier (1) acetyl site Condensation Transfer of Release of (i) Formation of
synthesis malonyl-CoA protein (ACP) on ACP between acetyl extending acyl chain triacylglycerol
(ii) malonyl site (acyl) group chain to ‘acetyl (palmitate) or
on ACP and site’ on ACP from ACP, phospholipids
malonyl-CoA catalysed by from fatty acid
thioesterase (i1) Specific
desaturation
and elongation
reactions
Peptide Formation of Ribosome (i) amino site Condensation Transfer of amino Release of (i) Formation of
synthesis tRNA-amino on ribosome between amino acyl group to peptide protein from
acid (ii) peptide site acyl group and peptide site on from peptides
complexes on ribosome peptide ribosome at a ribosome at (ii) Specific
termination a methylation,
site termination hydroxylation
site etc. reactions

“It is unclear if hydration is a specific process or simply cytosolic water spontaneously filling the spaces between the polysaccharide chains. Nonetheless it has considerable physiological

significance.

APC — acyl carrier protein.

For details of fatty acid synthesis, see Chapter 11; for peptide synthesis, see Chapter 20.
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Figure 6.19 Regulation of the synthesis of glycogen from glucose
in liver and muscle. Insulin is the major factor stimulating gly-
cogen synthesis in muscle: it increases glucose transport into
the muscle and the activity of glycogen synthase, activity which
is also activated by glucose 6-phosphate but inhibited by gly-
cogen. The latter represents a feedback mechanism and the
former a feedforward. The mechanism by which glycogen inhibits
the activity is not known. The mechanism for the insulin effect
is discussed in Chapter 12.

The glucose concentration is the major factor reqgulating gly-
cogen synthesis in liver. Glucose activates glucokinase directly
as a substrate and indirectly via an increase in the concentration
of fructose 6-phosphate. It also activates glycogen synthase but
it inhibits glycogen phosphorylase (see text).

pathway can most clearly be envisaged as consisting of
two parts (Figure 6.20). The first consists of three reactions
that produce NADPH and a pentose phosphate:

Q) NADP+ NADPH
glucose 6-phosphate

(i) phosphogluconolactone + H,O — phosphogluconate

(i) NADP* NADPH + CO,
iii
phosphogluconate LZ» ribulose 5-phosphate

The three reactions are catalysed by glucose 6-phosphate
dehydrogenase, gluconolactonase and phosphogluconate
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Glucose

Hexokinase

NADP*  NADPH

(a)
Glucose 6-phosphate L—A Ribulose 5-phosphate + CO,
A\ (b) )

Figure 6.20 An outline of the pentose phosphate pathway.

(a) represents the three reactions described in the text.

(b) represents the reactions catalysed by transketolases, trans-
aldolases, aldolase and epimerase enzymes by which ribulose
5-phosphate is converted back to glucose 6-phosphate
(Appendix 6.8).

Table 6.3 Some roles of NADPH in various cells

Tissue Role in the cell

Testes (Leydiy cells) Steroid hormone synthesis
Ovary (Follicles and
corpus luteum)

(Chapter 19)

Adrenal cortex

Liver Fatty acid synthesis
Elongation of fatty acids (Chapter 11)
Desaturation of fatty acids
Detoxification reactions

Adipose Fatty acid synthesis (Chapter 11)

Erythrocytes and
many other cells

Macrophages

Reduction of oxidised glutathione
(see above)

Production of free radicals for killing

phosphogluconolactone

Neutrophils pathogens (Chapter 17)

Proliferating cells Synthesis of nucleotides (Chapter 20)

dehydrogenase, respectively. These three reactions result
in the conversion of a hexose phosphate into a pentose
phosphate.

The second part consists of a series of reactions in which
ribulose 5-phosphate is reconverted back to glucose 6-
phosphate (i.e. ‘5C’ = — ‘6C’) (Figure 6.20) (Appendix
6.8). Some key processes that depend on NADPH, and
therefore the pentose phosphate pathway, are identified in
Table 6.3 and presented in Figure 6.21.

Gluconeogenesis:
glucose formation from
non-carbohydrate sources

Glucose enters the blood from three different sources
depending on the conditions.
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6-phosphate SH Oxidised cysteine (S-S) in peptides/proteins
NADP* Glutathione
pEgQ;%S:te 7 S-S Reduced cysteine (SH) in peptides/proteins
pathway
~ 0,
Ribulose
5-phosphate o
2

Superoxide produced in
phagocytes to kill bacteria

Figure 6.21 Two examples of the roles of NADPH generated from the pentose phosphate pathway. It reduces the oxidised glutathione
to reduced glutathione, which can reduce the S-S bridges formed by oxidation of SH groups in proteins. This is particularly important
in maintaining the SH group in the active site of many enzymes (e.g. repair of oxidative damage of proteins). NADPH is substrate
for the NADPH oxidase complex, which results in conversion of the oxygen molecule to the superoxide radical (0,™) in phagocytes,
which is one of the weapons used to kill bacteria that are phagocytosed by neutrophils or macrophages (Chapter 17). Reduced
glutathione peroxide catalysed by the enzyme glutathione peroxidase (see text above).

(i) After a meal, glucose enters the blood from carbo-
hydrate that is digested in the intestine and is absorbed
by the enterocytes in the small intestine.

(i) Between meals, particularly during the overnight fast,
it enters the blood from the breakdown of glycogen
stored in the liver.

(iii) During starvation, even short-term starvation (<24
hours), some of the glucose released into the blood is
produced from non-carbohydrate sources, a process
known as gluconeogenesis which occurs mainly in the
liver but with some contribution from the kidney
cortex. Gluconeogenesis in starvation is not usually
important in adults in developed countries, since star-
vation for longer than a few hours is uncommon,
unless breakfast and lunch are missed and diner supper
is late. In contrast, it is important in developing coun-
tries where starvation for longer periods is not rare. It
is, however, important in young children, even in
developed countries, during short periods of starva-
tion, since the amount of glycogen stored in the liver
is much less than in an adult. It may also be important
in the homeless or poor in developed countries since
chronic undernutrition can be prevalent which will
restrict glycogen synthesis in the liver, so that the store
of glycogen in the liver may be small (Chapter 16).

Gluconeogenesis

Gluconeogenesis is the de novo synthesis of glucose from
none carbohydrate sources. These sources (precursors) are
lactic acid, glycerol and the amino acids, especially alanine,
glutamine and aspartic acid (Figure 6.22).

Lactic acid The normal concentration of lactate in the
blood is about 1 mmol/L which is the balance between
production and utilisation. Various tissues produce lactic
acid and release it into the blood, from where it is taken
up by liver and converted to glucose (or glycogen) (the
Cori cycle, see above).

2lactate + 2H" — glucose

Glycerol Glycerol is produced from lipolysis in adipose
tissue and, since the process is continuous, glycerol is
released continuously into the blood from where it is also
taken up by the liver and converted to glucose or glycogen.
Within the liver cell, glycerol is phosphorylated to produce
glycerol 3-phosphate in a reaction catalysed by the enzyme
glycerol kinase:

glycerol + ATP — glycerol 3-phosphate + ADP

The glycerol 3-phosphate is oxidised by glycerol 3-phosphate
dehydrogenase to produce dihydroxyacetone phosphate

glycerol 3-P + NAD* — dihydroxyacetone-P +
NADH +H*

This is interconverted to form glyceraldehyde 3-phosphate
and both combine, via the enzyme aldolase, to produce fruc-
tose bisphosphate, en route to form glucose or glycogen.

Oxoacids derived from amino acids After a meal con-
taining protein, the amino acids that are absorbed into the
blood are largely metabolised in the liver (>70%) and
muscle. Most of these are converted to oxoacids which
have two main fates:

» complete oxidation to CO,

* conversion to glucose or glycogen, via gluconeogenesis.
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Figure 6.22 Major precursors for gluconeogenesis. FBP is
fructose 1,6-bisphosphate.

In fact, these two processes are metabolically linked. The
oxidation generates ATP whereas gluconeogenesis utilises
this ATP. Consequently, in the well-fed human, gluconeo-
genesis is essential for oxidation of amino acids, otherwise
oxidation is limited by the need to utilise the ATP (Chapter
8). The reactions in which amino acids are converted to
compounds that can enter the gluconeogenic pathway are
described in Chapter 8. The position in the gluconeogenic
pathway where amino acids, via their metabolism (Chapter
8), enter the pathway is indicated in Figure 6.23.

The pathway of gluconeogenesis

The pathway for gluconeogenesis is shown in Figures 6.23
and 6.24. Some of the reactions are calalysed by the
glycolytic enzymes; i.e. they are the near-equilibrium.
The non-equilibrium reactions of glycolysis are those
catalysed by hexokinase (or glucokinase, in the liver),
phosphofructokinase and pyruvate kinase and, in order to
reverse these steps, separate and distinct non-equilibrium
reactions are required in the gluconeogenic pathway. These
reactions are:

e The conversion of glucose 6-phosphate to glucose
occurs in a reaction catalysed by the enzyme glucose-
6-phosphatase:

glucose 6-phosphate + H,0 — glucose + P,
This bypasses the hexokinase reaction.

* The conversion of fructose 1,6-bisphosphate to fructose
6-phosphate in a reaction catalysed by the enzyme
fructose-bisphosphatase:

fructose bisphosphate — fructose 6-phosphate + P,
This bypasses the phosphofructokinase reaction.

* The conversion of pyruvate into phosphoenolpyruvate,
which bypasses the pyruvate kinase reaction, requires
two separate reactions: carboxylation of pyruvate to
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Lactate
Alanine Pyruvate
Cysteine ,I;\—> ADP
Serine Oxaloacetate
(Tryptophan) GTP
Arginine E
Aspartate GDP
Glutamate PEP
Histidine
Isoleucine
Methionine
Phenylalanine 2-phosphoglycerate
Proline
Threonine
Tyrosine
Valine 3-phosphoglycerate
ATP
ADP
3-phosphoglyceroy!
phosphate
NADH
K:» NAD*, P
Fructose Glyceraldehyde
> 3-phosphate
Glycerol —>= Dihydroxyacetone
phosphate
V\
SN Fructose 1,6-
bisphosphate
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Fructose 6-phosphate
Glucose 6-phosphate
Pi
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Figure 6.23 Positions in the gluconeogenic pathway where amino
acids, fructose and glycerol enter the pathway. For details of the
metabolism that provides the intermediates that actually enter
the pathway from the amino acids, see Chapter 8. Not all of the
carbon in some of the amino acids is incorporated into glucose
(e.g. tryptophan). Two amino acids, leucine and lysine, do not
give rise to glucose.

form oxaloacetate, catalysed by pyruvate carboxylase,
and conversion of oxaloacetate to phosphoenolpyru-
vate, in a reaction catalysed by phosphoenolpyruvate
carboxykinase.

pyruvate + CO, + ATP — oxaloacetate + ADP + P,

oxaloacetate + GTP — phosphoenolpyruvate + CO, + GDP
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Figure 6.24 The gluconeogenic pathway indicating the glycolytic
and gluconeogenic non-equilibrium reactions. The non-equilibrium
reactions provide for the substrate cycles. (See Chapter 3 for a
discussion of substrate cycles and their role in regulation.)

The mitochondrial barrier: mitochondrial and
cytosolic distribution of enzymes

A problem for gluconeogenesis is that pyruvate carboxyl-
ase, which produces oxaloacetate from pyruvate, is present
in the mitochondria but phosphoenolpyruvate carboxylase,
at least in human liver, is present in the cytosol. For
reasons given in Chapter 9, oxaloacetate cannot cross the
mitochondrial membrane and so a transporter is not present
in any cells. Hence, oxaloacetate is converted to phospho-
enolpyruvate which is transported across the membrane
(Figure 6.25).

Gluconeogenesis is relatively ‘energy expensive’: six
molecules of ATP are hydrolysed for every two molecules
of lactate converted to one of glucose, but, in addition,
since substrate cycles are involved in three steps in the
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Figure 6.25 The intracellular location of the gluconeogenic
enzymes. The gluconeogenic enzymes are located in the cytosol,
except for pyruvate carboxylase which is always present within
the mitochondria: phosphoenolpyruvate carboxykinase is
cytoplasmic in some species including humans. Consequently
phosphoenolpyruvate must be transported across the inner
mitochondrial enzyme by a transporter molecule in order for
gluconeogenesis to take place.

process, even more energy must be expended. It is,
however, not possible to quantify this expenditure since
the rates of cycling are not known and are probably very
different between different conditions. In starvation, the
ATP required for gluconeogenesis is generated from the
oxidation of fatty acids. This has physiological and patho-
logical significance (Chapter 16, see Box 6.2).

The physiological pathway of
gluconeogenesis

The reactions catalysed by pyruvate carboxylase, phos-
phoenolpyruvate carboxykinase, fructose bisphosphatase
and glucose 6-phosphatase are non-equilibrium. Com-
parison of the concentrations of substrates for these non-
equilibrium reactions with the K, of the enzymes
catalysing them, in both the liver and kidney, indicates
that none of these enzymes approaches saturation with
pathway substrate. Consequently, to find the flux-generat-
ing step, and hence the start of the physiological pathway,
it is necessary to consider the precursors of the pathway.
The gluconeogenic pathway can, in fact, be treated as
starting with the formation of oxoacids in liver, lactate in
muscle (and other tissues) and glycerol in adipose tissue.
Gluconeogenesis has to be seen, therefore, as a complex,
branched pathway that spans more than one tissue (Figure
6.26). This is consistent with the fact that increasing the
concentrations of any of these precursors, in the blood,
increases the rate of gluconeogenesis.
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Box 6.2 Gluconeogenesis and death

The aim of this box is to emphasise the physiological signifi-
cance of gluconeogenesis and a major problem that can arise if
the process is severely inhibited under some conditions. The
biochemical basis for the problem is that once the store of gly-
cogen the liver is depleted, the only source of blood glucose is
either from digestion and absorption of carbohydrate within the
intestine or gluconeogenesis. Consequently, during starvation,
gluconeogenesis is the only source of glucose.

A well-established inhibitor of gluconeogenesis is ethyl
alcohol. This can cause problems in at least two situations.
When alcoholic patients enter an alcoholic ‘binge’, they do
not eat, so that liver glycogen is soon depleted. Since gluco-
neogenesis is inhibited, both hypoglycaemia and, as indicated
below, lactic acidosis can develop. Indeed they may be the
two most important factors that precipitate coma and collapse
in the alcoholic patient.

Another, perhaps less dramatic condition, is the effect of
social drinking after a very short period of starvation. A period
of eating a high protein, low carbohydrate meal for several
days, followed by a missed breakfast and a late lunch might
result in a low level of liver glycogen. If now, lunch is pre-
ceded by alcoholic drinks, hypoglycaemia could readily
develop, and, if severe, could lead to coma with possible

serious consequences. Even social drinking can be a problem
since gluconeogenesis is inhibited by low concentration of
ethanol (1 mmol/L): a small sherry or whisky, especially on
an empty stomach, can increase the blood alcohol concentra-
tion to 2—4 mmol/L. Although the concentration in the liver
is not known, ethanol is lipid soluble so it might reach a
similar concentration in the liver. This condition is sometimes
known as the ‘business executive’s lunch syndrome’. To the
author’s knowledge there have been no studies on the condi-
tion so it remains hypothetical, although there have been
several reports of hypoglycaemic incidents on long-haul
flights, when alcoholic drinks are servil before lunch.

In this book it is suggested that one possible cause of death
in prolonged starvation is severe hypoglycaemia. This may be
due to a lack of amino acid precursors since almost all the
body protein has been broken down. Alternatively, the fat
store in the body has been totally depleted, so that the plasma
fatty acid level will be close to zero. Consequently, there will
be no fatty acid oxidation in the liver and therefore little or
no ATP generation to support gluconeogenesis. Post-mortem
studies on individuals who have died of starvation show that
the fat stores are totally depleted. This topic is discussed
further in Chapter 16.
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Figure 6.26 (a) The branched nature of an extended (physiological) gluconeogenic pathway. Note, the immune cells produce lactate
from glucose and also glutamate and aspartate from glutamine. Since there are more than 10" lymphocytes plus other immune
cells, the rate of formation of these gluconeogenic precursors is large. These will, therefore, be released into the lymphatic system
as well as the blood. It has not been considered previously that lymph may transport precursors for the process of gluconeogenesis
and that immune cells provide gluconeogenic precursor. Note that the kidney is also an important gluconeogenic organ, although
the quantitative importance of each organ is not known. It may vary in different conditions. (b) The effect of ingestion of a solu-
tion containing 75 g of glucose on the level of blood lactate. Note that ingestion of glucose results in almost a threefold increase
in the blood lactate concentration. This is an important precursor not so much for gluconeogenesis, but for glyconeogenesis (i.e.
synthesis of glycogen from lactate in the liver).
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Source of glucose 6-phosphate
for glycogen synthesis in the liver

There is a marked increase in the content of glycogen
in the liver after a meal that contains carbohydrate. The
precursor for the synthesis of glycogen is glucose 6-
phosphate, which is converted to glycogen in the pathway
shown above. However, there are two sources of glucose
6-phosphate in liver after a meal.

* One is the glucose that is absorbed from the intestine and
enters the blood in the hepatic portal vein from where
some of it is taken up by the liver and phosphorylated to
form glucose 6-phosphate, which then stimulates the
formation of glycogen (for discussion of regulation of
this process, see below). This is known as the direct
pathway for glycogen synthesis.

* Another source of glucose 6-phosphate is gluconeogen-
esis. After a carbohydrate meal, the increase in the con-
centration of insulin in the blood stimulates glucose
uptake in muscle and adipose tissue, which results in an
increase in the rate of glycolysis and an increase in
lactate formation, which is released into the bloodstream
and the concentration in the blood increases (Figure
6.26b). This lactate is taken up by the liver and converted
to glucose 6-phosphate. Similarly, amino acids, absorbed
after digestion of a meal, are metabolised to oxoacids in
the liver, some of which are converted, via gluconeogen-
esis, to glucose 6-phosphate. The glucose 6-phosphate
formed via this process, in the fed condition, is not
released as glucose but is converted to glycogen. The
conversion of such precursors to glycogen is known as
glyconeogenesis. It is also known as the indirect pathway
for synthesis of glycogen.

It is estimated that each process, the direct and indirect
pathways, contributes equally to glycogen synthesis after
a meal (Figure 6.27). It is, therefore, important to appreci-
ate that the process of gluconeogenesis is of considerable

Glucose

\ Direct pathway

Glucose 6-P — —- UDP glucose = —- Glycogen

Indirect pathway

Lactatic acid, oxoacids

Figure 6.27 The direct and indirect pathways for glycogen syn-
thesis in the liver in the fed condition.
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importance in synthesis of liver glycogen during absorp-
tion of a meal; that is, all three macronutrients can contrib-
ute to the restoration of normal liver glycogen levels after
a meal: carbohydrate, via glucose and lactate, fat, via glyc-
erol, and protein, via oxoacids. Although amino acids via
oxoacids can contribute to glycogen synthesis, carbohy-
drate, via the monosaccharides, is the most effective
macromolecule.

Role of the liver in the
regulation of the blood
glucose concentration

The liver is the only organ that can either add or remove
glucose to or from the blood. It removes glucose when the
concentration in the hepatic portal blood is above normal.
It releases it when the concentration is below normal. Fur-
thermore, the rate of addition or removal is proportional
to the size of the deviation from the normal glucose con-
centration: the higher the plasma concentration, the higher
is the rate of uptake and vice versa. The liver must, there-
fore, be able to assess the concentration of glucose in the
blood and respond to any changes. Remarkably, it can do
this without any exogenous controls since this ability is
apparent in an isolated perfused liver. The characteristics
of the liver that are relevant to this biochemical feat are as
follows.

* The liver receives most of its blood via the hepatic portal
vein. The significance of this is that the blood passes
through the absorptive area of the small intestine before
it passes through the liver (Figure 6.28). After a meal
containing carbohydrate, the concentration of glucose in
this vein will be high (possibly 15 mmol/L or higher). In
contrast, between meals, especially if the interval is long
(e.g. the overnight fast), the concentration will be below
normal (as low as 4 mmol/L or less). The liver, therefore,
is exposed to much greater variations in the concentration
of glucose in the blood than any other tissue or organ.

* As discussed in Chapter 5, the transport of glucose into
the liver cell is near-equilibrium, so that the intracellular
glucose concentration is similar to and follows precisely
the changes in that of the hepatic portal blood. Further-
more, since it is near-equilibrium glucose can be trans-
ported into or out of the cell.

* The enzyme glucokinase, which is the dominant glucose
phosphorylating enzyme in the liver, has a K, for glucose
about 10 mmol/L. The high K,, of glucokinase, and the
near-equilibrium nature of glucose transport, means
that the activity of glucokinase varies according to the
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Figure 6.28 The vascular link between the absorptive area of the
intestine and the liver: the hepatic portal vein. This vein is the
only one that links capillaries in two organs and is fundamentally
important in ensuring that the liver has access to all the nutri-
ents, including the micronutrients, absorbed by the intestine.
Note that the liver has two sources of blood.

changes in the concentration of glucose in the hepatic
portal blood (Chapter 3). The higher the concentration,
the higher is the activity of glucokinase.

* The enzyme glucose 6-phosphatase, which catalyses the
hydrolysis of glucose 6-phosphate to form glucose, is
also present in the liver cell.

CH 6 CARBOHYDRATE METABOLISM

* Both glucose 6-phosphatase and glucokinase are simul-
taneously active, the result of which is a substrate cycle,
the glucose/glucose 6-phosphate cycle (Figure 6.29(a)).

The mechanism by which the glucose/
glucose 6-phosphate cycle regulates
glucose uptake and release

At the normal blood glucose concentration in the hepatic
portal vein, the activities of glucokinase and glucose 6-
phosphatase are identical, so that there is neither uptake
nor release of glucose. When the blood glucose concentra-
tion increases (e.g. in the fed condition), the intracellular
concentration increases, so that the activity of glucokinase
increases above that of glucose 6-phosphatase. Hence,
glucose is converted to glucose 6-phosphate. The result is
that glucose is taken up by the liver. However, as the blood
glucose concentration decreases below normal (e.g. during
starvation), the intracellular glucose concentration falls, so
that the activity of glucokinase falls and, when it falls
below that of glucose 6-phosphatase, the rate of hydrolysis
of glucose 6-phosphate exceeds that of glucose phosphory-
lation and glucose is released from the liver (Figure 6.29b).
Not only does this explain how the direction of glucose
metabolism can be changed, it also explains how the liver
responds precisely to the extent of the change in glucose
concentration (Figure 6.30).
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Figure 6.29 (a) The glucose/glucose 6-phosphate substrate cycle in the liver. The reactions are catalysed by glucokinase and glucose
6-phosphatase in the liver. (b) A hypothetical graph of the effect of changes in the glucose concentration on glucokinase activity
and the net rate of glucose phosphorylation and hence glucose uptake or release. The net rate of glucose phosphorylation and there-
fore glucose uptake is obtained from the activity of glucokinase minus that of glucose 6-phosphatase, at any given glucose con-
centration. At the normal blood concentration of about 5 mmol/L, the two activities are equal, so that glucose uptake is zero.
Below about 5 mmol/L, glucose 6-phosphatase activity is greater than that of glucokinase, so that the liver releases glucose, and
above 5 mmol/L the liver removes glucose from the blood, since glucokinase activity exceeds that of glucose 6-phosphatase. This

phenomenon is presented as the dotted carve in this figure.
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Figure 6.30 The net direction of glucose flux in the liver via the
cycle in the fed, fasted and in the normoglycaemic conditions. In
the normoglycaemic condition, the activities of glucokinase and
glucose 6-phosphatase are identical, so that there is no net flux.
In the fasted condition, the net flux is in the direction of glucose
release. In the fed condition, the net flux is in the direction of
glucose uptake. Glycogen degradation provides the glucose in
the fasted condition. Glycogen synthesis is the fate of the
glucose in the fed condition. The thickness of the line indicates
the net direction of flux.

Although the cycle provides the basis of the mechanism,
other processes must contribute, as follows.

e For the uptake of glucose to continue, the glucose
6-phosphate that is formed from the glucose must be
converted to glycogen (Figure 6.30).

* For the release of glucose to continue, glycogen must be
degraded to glucose 6-phosphate (Figure 6.30). Alterna-
tively, glucose 6-phosphate can be formed from lactate
or other compounds, via gluconeogenesis. This will be
the case after about 24 hours of starvation in an adult.

How these processes are regulated in response to changes
in the blood glucose concentration is now considered.

(i) The enzymes involved in regulation of glycogen
synthesis in the liver

Since the enzyme glycogen synthase catalyses the rate-
limiting step in glycogen synthesis, it is the activity of this
enzyme that must be increased as the blood glucose con-
centration increases. This is achieved via an interconver-
sion cycle (i.e. reversible phosphorylation). A protein
kinase phosphorylates it, which inactivates the enzyme,
whereas a protein phosphatase dephosphorylates it, which
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activates the enzyme. It is the protein phosphatase that
plays a major role in regulation (see below for further
discussion).

(ii) The enzymes involved in the regulation
of glycogen breakdown in the liver

Phosphorylase is the enzyme that regulates the breakdown
of glycogen and, as in muscle, it is regulated by reversible
phosphorylation. However, unlike the muscle enzyme,
phosphorylase b is totally inactive so that the enzyme can
only be activated by conversion to the a form: i.e. there
is no allosteric regulation of phosphorylase b in liver.
Furthermore, an increase in the concentration of glucose
actually inhibits prevents conversion of phosphorylase b
to the a form, so that it decreases phosphorylase activity.
This makes ‘physiological sense’ since a decrease in the
hepatic concentration of glucose should lead to an activa-
tion of phosphorylase, which should increase glycogen
breakdown to provide glucose 6-phosphate for conversion
to glucose (Figure 6.31a). However, a mechanism exists,
by which inhibition of phosphorylase activity can, remark-
ably, lead to activation of glycogen synthase and hence
glycogen synthesis. The mechanisms for the regulation of
both synthesis and breakdown of glycogen by glucose are
described (Figure 6.31a).

Mechanism of regulation
of glycogenolysis by glucose

This mechanism explains how a decrease in the glucose
concentration stimulates glycogen degradation in the liver:
it is an intriguing mechanism as follows.

At a high concentration, glucose binds to the enzyme,
phosphorylase a, at a specific binding site and, when glucose
is bound, phosphorylase a is a better substrate for protein
phosphatase, so that the a form is converted to the b form
(i.e. the inactive form) which decreases the rate of glyco-
genolysis. Glucose is, therefore, an allosteric regulator: its
binding to phosphorylase a changes the conformation of the
protein, which is the preferred substrate for the phospha-
tase. Consequently, an increase in glucose concentration in
the blood and, therefore, in the liver, above the normal
level, leads to a decrease in the rate of glycogenolysis.
However, when the blood glucose concentration falls, the
reverse process occurs: that is, glucose dissociates from
phosphorylase a so that it is a less effective substrate for
the protein phosphatase and it is not inactivated (i.e. not
converted to phosphorylase b). Hence, glycogenolysis can
now take place to provide glucose 6-phosphate for the
glucose 6-phosphatase enzyme and formation of glucose
(Figure 6.31(b)).
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Figure 6.31 (a) An increase in the intracellular concentration of glucose in the liver results in an increased activity of glycogen syn-
thase and a decreased activity of glycogen phosphorylase. The mechanisms for these effects are shown in (b).

(b) The mechanism by which an increase in the hepatic concentration of glucose increases glycogen synthase activity but decreases
glycogen phosphorylase activity. The primary effect of glucose is binding to a specific site on phosphorylase, which changes its
conformation, so that it is a better substrate for the phosphatase, the activity of which, therefore, increases, resulting in conver-
sion of phosphorylase a to phosphorylase b. This lowers the concentration of phosphorylase a which that activates glycogen synthase
inhibits the phosphatase. Consequently, lowering of concentrations of phosphorylase a leads to an increase in the proportion of
the synthase in the active form, and hence glycogen synthesis is stimulated.

. . mechanism. The protein phosphatase, which activates gly-
InteQrat]on of regulatmn of glycogen cogen synthase, is inhibited by phosphorylase a, which is

SyntheS'IS and glycogen breakdown the result of a direct interaction between the two proteins.

by glucose Hence, a decrease in the proportion of phosphorylase in

the a form, which is caused by an increase in glucose
In addition to inhibition of glycogenolysis, glucose also concentration in the liver, as described above, leads to an
activates glycogen synthase and hence stimulates glycogen activation of the enzyme glycogen synthase and hence an
synthesis; and this is achieved by an even more intriguing increase in glycogen synthesis. This ensures that some of
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the glucose 6-phosphate formed via glucokinase, from the
increase in the plasma glucose concentration after a meal,
is converted to glycogen.

In summary, an increase in the glucose concentration
in the portal blood results in an increase in the hepatic
concentration of glucose which leads to three changes:

* An increase in the activity of glucokinase, which con-
verts glucose to glucose 6-phosphate.

* A decrease in the activity of phosphorylase, so that gly-
cogen breakdown is decreased.

* An increase in the activity of glycogen synthase, so that
glucose 6-phosphate is converted to glycogen (Figure
6.31(a)&(b)).

This is the mechanism to explan the changes shown in
(Figure 6.30).

This discussion illustrates that glucose is not only a
molecule of importance as a fuel or precursor but it is a
remarkable signalling molecule, the effect of which is to
maintain the blood concentration as constant as possible.
For example, when glucose is absorbed, then a meal, the
changes in the plasma glucose concentration are small

Table 6.4 Plasma peripheral concentration of glucose over 24 h
after breakfast, lunch and dinner in normal subjects

Plasma concentration of

glucose
Time of sample mg/100 mL mmol/L
08:00 78 4.3
09:00 122 6.8
09:30 89 5.0
10:30 73 4.1
13:00 73 4.1
14:30 101 5.6
15:00 93 5.2
17:00 85 4.7
19:00 79 4.4
20:30 91 5.1
21:00 103 5.7
24:00 77 43
02:00 75 4.2
06:00 78 43
08:00 79 44

Breakfast was taken at 08:30, lunch at 14:00 and dinner at 20:00.

The meals were high in carbohydrate. Note the largest increase in plasma
glucose concentration occurs after breakfast but is only a little 50%.
Data kindly provided by Professor G. Dimitriadis. The National Diabetes
Centre, Athens.
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(Table 6.4). The total amount of glucose in the extracellu-
lar fluid in a normal standard male is 10-12 g, that in the
plasma is 3-5 g. Yet, rapid ingestion of a solution contain-
ing 75 g of glucose, on an empty stomach, increases the
peripheral plasma glucose level by little more than 50%
(Figure 6.32). This is a remarkably efficient dynamic buffer
system for maintenance of the blood glucose concentra-
tion. Its dynamic nature is similar to the buffer system that
maintains the proton concentration in the blood as constant
as possible (Chapter 13).

Regulation of gluconeogenesis

Gluconeogenesis is the only source of glucose when star-
vation exceeds 24 hours or less and hence the factors that
regulate the flux through gluconeogenesis are very impor-
tant. It is a complex process since it has many substrates
(precursors), spans several organs/tissues, is involved in
synthesis of glycogen after a meal, removes lactate plus
protons from the blood and plays a major role in the regula-
tion of the blood glucose level. It is not surprising, there-
fore, that the mechanism of regulation is complex. In this

g Glucose
ingestion

Plasma glucose conc. (mmol/L)

60 1

40

Plasma insulin conc. (uU/mL)

0 1 2 3 4 5
Time (hours)

Figure 6.32 The effect of ingestion of 75 g of glucose on the
plasma concentrations of glucose and insulin. Normal volunteers
drank a solution containing 75 g of glucose on an empty stomach.
Note that the insulin concentration increases by about 10-fold
whereas the glucose concentration increases by about 50%. Data
kindly provided by Professor G. Dimitriadis.
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section, an account of the biochemical mechanisms and the
physiological importance of the regulation of gluconeo-
genesis are presented.

Biochemical factors involved in the
regulation of gluconeogenesis

There are only five key biochemical factors that provide
for the regulation: (i) substrate cycles; (ii) regulation of
phosphofructo-2-kinase (PFK-2); (iii) phosphorylation/
dephosphorylation interconversion cycles (i.e. reversible
phosphorylation); (iv) gene expression of gluconeogenic
enzymes; (v) concentrations of precursors in the blood.

Substrate cycles

Three steps in gluconeogenesis are non-equilibrium and
these are, therefore, targets for regulation. At each step,
however, a substrate cycle exists which comprises the glu-
coneogenic and their corresponding glycolytic enzymes. It
is suggested that the main role of the glycolytic enzymes
in the liver cells that carry out gluconeogenesis (i.e. the
periportal cells) is to provide for the regulation of the rate
of gluconeogenesis, via the substrate cycles. (The glyco-
Iytic enzymes that convert glucose to pyruvate are present
mainly in the perivenous cells.) Evidence from isotopic
studies indicates that cycling does in fact occur at each
step, supporting the suggestion that cycling occurs in the
periportal cells due to the presence of the specific glyco-
Iytic enzyme. The three cycles involved in gluconeogene-
sis are shown in Figure 6.24. They are:

e The glucose/glucose 6-phosphate cycle, which involves
the enzymes glucokinase and glucose 6-phosphatase.

e The fructose 6-phosphate/fructose 1,6-bisphosphate
cycle, which involves the enzymes phosphofructokinase
and fructose 1,6-bisphosphatase.

e The pyruvate/phosphoenolpyruvate cycle, which
involves the enzymes pyruvate kinase, pyruvate carbox-
ylase and phosphoenolpyruvate carboxykinase.

Cycles arise because both the glycolytic and gluconeogenic
enzymes are simultaneously active. Consequently, an
increase in gluconeogenic flux can be achieved either by a
decrease in the activity of the glycolytic enzyme(s) and/or
an increase in the activity of the gluconeogenic enzyme(s).

Glucose/glucose 6-phosphate cycle

This cycle plays a major role in controlling the rates of
both glucose uptake and release by the liver. It is the
changes in concentration of glucose in the liver that deter-
mine the direction and rate of glucose metabolism
(described above).
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Fructose 6-phosphate/fructose
1,6-bisphosphate cycle

The cycle plays a role in the regulation of gluconeo-
genesis but this is achieved via another enzyme, which
is involved only in regulation of gluconeogenesis,
phosphofructo-2-kinase.

Phosphofructo-2-kinase

The enzyme catalyses the phosphorylation of fructose 6-
phosphate to form fructose 2,6-bisphosphate.

ATP ADP
fructose 6-phosphate M fructose 2,6-bisphosphate

To distinguish between the two enzymes, the glycolytic
enzyme is identified as phosphofructo-1-kinase, abbrevi-
ated to PFK-1. The regulatory enzyme, phosphofructo-2-
kinase, is abbreviated to PFK-2.

Fructose 2,6-bisphosphate is not a metabolic intermedi-
ate but an allosteric regulator. It has two important roles:
it increases the activity of PFK-1 but decreases the activity
of fructose 1,6-bisphosphatase (FBPase). Consequently an
increase in the concentration of fructose 2,6-bisphosphate
favours glycolysis but restricts gluconeogenesis.

The activity of PFK-2, and hence the concentration of
fructose 2,6-bisphosphate, is regulated in two ways:

(i) by reversible phosphorylation (see below);
(i) by a change in the concentration of glucose, as follows.

Anincrease in the hepatic concentration of glucose increases
glucokinase activity, which results in an increase in the
concentration of glucose 6-phosphate which is in equilib-
rium with fructose 6-phosphate via an isomerase. An
increase in fructose 6-phosphate stimulates the activity of
PFK-2 (simply as an increase in substrate concentration),
which increases concentration of fructose 2,6-bisphosphate.
This results in stimulation of the activity of PFK-1 and inhi-
bition of that of fructose 1,6-bisphosphatase. Both of these
changes result in a decrease in the rate of gluconeogenesis
through this cycle. This can, therefore, be seen as a feedback
inhibition mechanism: an increase in the blood glucose
concentration decreases the rate of gluconeogenesis.

Summary of the enzymes affected by
an increase in the hepatic portal
blood concentration and hence in the
intracellular concentration of glucose
in the liver

The information discussed above presents the mechanisms
by which changes in the concentration of glucose affect
several different enzyme activities that are involved in the
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Figure 6.33 The effects of an increase in the intracellular concen-
tration of glucose that minimise the increase in the blood glucose
concentration and ensure glycogen synthesis in the liver after a
meal. The effects of glucose are listed (1) to (5). (1) An increase
in glucokinase activity due to the increased concentration of
glucose (its substrate). (2) Binding of glucose to phosphorylase
which enhances conversion of phosphorylase a to b (i.e. inactiva-
tion) (3). Activation of glycogen synthase due to the decrease in
amount of phosphorylase a, which inactivates the enzyme that
activates glycogen synthase. (4) Glucose leads to activation of
phosphofructo-2-kinase, due to an increase in its substrate fruc-
tose 6-phosphate: this activation increases the level of fructose
2-6-bisphosphate which inhibits the gluconeogenic enzyme,
fructose 1,6 bisphosphatase. (5) It also activates the glycolytic
enzyme, phosphofructo-1-kinase. The information in this figure
illustrates the remarkable amount of biochemical regulation is
one small metabolic area, that even a simple carbohydrate meal
initiates.

early stages of glucose and glycogen metabolism in the
liver. An increase in the blood concentration of glucose in
the hepatic portal vein results in increased rates of glucose
uptake, increased activity of glucokinase and synthesis of
glycogen, but also inhibition of both glycogen breakdown
and gluconeogenesis. The effect of these changes is to
minimise the increase in the blood glucose concentration
after a meal and ensure that as much of the increased
amount of glucose in the blood is stored as glycogen in the
liver. These effects are brought together in Figure 6.33.

Reversible phosphorylation (interconversion cycles)

Two key enzymes in the pathway are regulated by inter-
conversion cycles: they are the regulatory enzyme PFK-2,
and the glycolytic enzyme pyruvate kinase. There are two
separate protein kinases that phosphorylate these enzymes
and they both result in activation of these enzymes.
Dephosphorylation inactivates them.
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* Cyclic AMP-dependent protein kinase (protein kinase-A).
e Ca”*-calmodulin protein kinase.

These two kinase enzymes are involved in regulation of
gluconeogenesis by hormones.

Hormones and control
of gluconeogenesis

The effects of glucose as a signal are acute but hormones
have more long-term effects which are achieved either by
phosphorylation/dephosphorylation or by changes in the
concentration of enzymes. Four hormones can individually
regulate the flux through gluconeogenesis: they are insulin,
glucagon, adrenaline and cortisol. They can also act in
concert. The overall effects of these hormones on glucose
metabolism are described in Chapter 12. In this section,
mechanisms underlying these effects are described. Gluco-
neogenesis is inhibited by insulin but stimulated by other
hormones: glucagon, cortisol and adrenaline.

e Insulin and glucagon regulate gluconeogenesis via
changes in cyclic AMP concentration.

* Cortisol regulates gluconeogenesis by activation of
genes which express some gluconeogenic enzymes so
that the concentration of these enzymes is increased.

* Adrenaline regulates gluconeogenesis via changes in the
Ca” ion concentration.

Cyclic 3’,5’-AMP

Glucagon stimulates adenylate cyclase activity and this
increases the concentration of cyclic AMP. Insulin antago-
nises this effect via an increase in the activity of cyclic
AMP phosphodiesterase, which hydrolyses cyclic AMP to
AMP, which results in a decrease in the concentration of
cyclic AMP (Figure 6.34).

An increase in cyclic AMP concentration activates
protein kinase-A. The latter phosphorylates the follow-
ing enzymes, which leads to an increase in the rate of
gluconeogenesis.

(i) Phosphorylation of phosphofructo 2-kinase (PFK-2),
which leads to a decrease in activity so that the con-
centration of fructose 2,6-bisphosphate is decreased
which leads to a decrease in PFK-1 activity but an
increase in that of fructose 1,6-bisphosphatase, which
stimulates gluconeogenesis, at this substrate cycle.
These effects of glucagon are antagonised by insulin.

The phosphorylation of pyruvate kinase results in the
conversion of the active form of the enzyme (pyruvate

(i)
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Figure 6.34 Effects of glucagon and insulin on the cyclic AMP
level. Glucagon increases the activity of adenylate cyclase, which
increases the concentration of cyclic AMP whereas insulin acti-

vates the phosphodiesterase which hydrolyses cyclic AMP to form
AMP. Cyclic AMP activates protein kinase A.

kinase a) to the inactive form (pyruvate kinase b).
Inhibition of this glycolytic enzyme results in an
increase in the net flux in the direction of gluconeo-
genesis at this substrate cycle.

The role of glucagon and insulin in the regulation of glu-
coneogenesis, along with other factors, is to maintain the
blood glucose concentration in starvation. This is discussed
in Chapter 12.

Ca**-calmodulin-dependent
protein kinase

Adrenaline increases the rate of gluconeogenesis: it binds
to the o-receptor on the surface of the liver cell, which
results in an increase in cytosolic concentration of Ca*
ions (Chapter 12). This increases the activity of the Ca*'-
calmodulin-dependent protein kinase which phosphory-
lates and causes similar changes in the activities of the
enzymes PFK-2 and pyruvate kinase to those resulting
from activation of cyclic-AMP-dependent protein kinase.
Hence Ca®* ions increase the rate of gluconeogenesis.

Effect of hormones on gene expression

The hormones glucagon, cortisol and insulin regulate the
concentrations of some enzymes and hence their activities.
These include glucokinase, pyruvate kinase and phospho-
enolpyruvate carboxykinase. Most work has been carried
out on the carboxykinase enzyme, for which it is known
that glucagon and cortisol increase the concentration
whereas insulin decreases it. These changes are brought
about at the transcriptional level by changing the activity
of transcription factors (Chapter 20). Since the hormones
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act rapidly on transcription, and since the half-life of the
enzyme is short, the concentration of phosphoenolpyruvate
carboxykinase changes within an hour, in response to
changes in the levels of these hormones.

The effect of precursor concentrations
on the rate of gluconeogenesis

Hormones can modify the concentration of precursors,
particularly the ‘lipolytic’ hormones (growth hormone,
glucagon, adrenaline) and cortisol. The lipolytic hormones
stimulate lipolysis in adipose tissue so that they increase
glycerol release and the glycerol is then available for
gluconeogenesis. Cortisol increases protein degradation in
muscle, which increases the release of amino acids (espe-
cially glutamine and alanine) from muscle (Chapter 18).

The plasma concentrations of lactate and amino acids
increase after a meal; they are taken up by the liver and
converted to glucose 6-phosphate, via gluconeogenesis.
Under these conditions, the glucose 6-phosphate is con-
verted to glycogen not glucose. The mechanism by which
glucose 6-phosphate is directed to glycogen rather than to
glucose is not known.

Regulation of glycolysis and
gluconeogenesis by ATP/ADP
concentration ratio in the liver

The demand for glucose may be sufficiently high in some
conditions (e.g. starvation) that the rate of gluconeogenesis
can utilise about 50% of the maximum rate of ATP genera-
tion in the liver. It is vital, therefore, for the survival of the
liver, that, if sufficient ATP cannot be generated, the rate
of gluconeogenesis is decreased. The properties of the key
enzymes involved in the regulation of gluconeogenesis
indicate that a decrease in the ATP/ADP concentration
ratio will decrease their activities and hence decrease the
rate of gluconeogenesis. In addition, the properties of the
glycolytic enzymes are similar to those in muscle, so that
a decrease in the ratio will increase their activities and, via
the substrate cycles, the rate of gluconeogenesis will be
further decreased.

It is unlikely that the rate of ATP generation in the liver
under normal conditions will be decreased to such an extent
that ATP/ADP concentration will be seriously affected.
However, some extreme physiological conditions, such as
intense and prolonged physical activity, prolonged starva-
tion and haemorrhagic shock may result in reduced perfu-
sion of the liver and lack of oxygen that could result in a
marked decrease in the rate of ATP generation. The effect
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of a decreased supply of oxygen will not only decrease the
rate of gluconeogenesis but will stimulation that of gly-
colysis to generate as much ATP as possible. Decreased
gluconeogenesis prevents removal of lactic acid from the
blood whereas increased glycolysis adds lactic acid to the
blood. A low blood supply to the liver can therefore lead
to lactic acidosis, with a severe decrease in blood pH
(Chapter 13).

Hypoglycaemia

Hypoglycaemia is defined as a plasma concentration of
glucose of 2.5 mmol/L or below. Some of the symptoms
are caused not by hypoglycaemia per se but by high levels
of catecholamines that are secreted to stimulate breakdown
of liver glycogen to maintain the blood glucose concentra-
tion. These symptoms include pallor, sweating, tremor,
palpitations, nausea, vomiting and anxiety. Other symp-
toms, which include dizziness, confusion, tiredness, head-
ache and inability to concentrate, are caused by failure to
provide enough glucose to satisfy energy requirements of
some parts of the brain. These are usually known by the
rather cumbersome term neuroglycopaenia (i.e. shortage of
glucose for the brain).

An excess of insulin can cause hypoglycaemia and the
hormones that respond to this condition to restore normal
glucose levels are known as the counter-regulatory hor-
mones. They are adrenaline, glucagon, growth hormone
and cortisol. An increase in the blood levels of these hor-
mones can sometimes be used to confirm a diagnosis of
hypoglycaemia.

The concentration of glucose in the blood is maintained
as a balance between rates of glucose utilisation and
glucose supply and changes in one or both of these can
lead to hypoglycaemia. Three situations are considered.

Hypoglycaemia caused by stimulation of
the rate of glucose utilisation and
inhibition of the rate of release of
glucose by the liver

This situation arises mainly when the blood level of insulin
is high — abnormally high for the given condition. Insulin
not only stimulates peripheral utilisation but also inhibits
glucose output by the liver so that hypoglycaemia can
develop rapidly. Four examples are given.

(i) Diabetic mothers who are not well-controlled may
suffer from hyperglycaemia and if this occurs just
prior to birth it can result in a high blood glucose
concentration in the foetus and hence high levels of
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insulin, due to secretion by the insulin-secreting cells
in the pancreas of the foetus. If these high levels are
maintained after birth, it can result in hypoglycaemia
in the baby. This can also occur, although in a less
severe form, if a normal mother is given an intrave-
nous infusion of glucose during labour.
(i) A tumour of the beta cells in the Islets of Langerhans
in the pancreas (an insulinoma) can result in excessive
rates of secretion of insulin and hence hypoglycaemia
which may be intermittent but can be severe.

(iii)) Hypoglycaemia can sometimes occur, surprisingly, in
response to a meal. This is known as reactive hypo-
glycaemia. The cause is not known but it may be due
to an excessive secretion of insulin in a patient who
is suffering from the early stages of damage to the
beta cells (i.e. the prediabetic condition).

It can occur in a well trained athlete who eats a small
quantity of carbohydrate immediately after physical
activity. The sensitivity of the peripheral tissues
(especially muscle) to insulin is high in well-trained
subjects and can be increased further by a single bout
of physical activity. Secretion of even a small amount
of insulin can result in such a marked increase
in uptake by muscle that hypoglycaemia results.
Research workers who infuse insulin for experimental
purposes in well-trained volunteers should be aware
that even a low dose of insulin can result in hypo-
glycaemia unless glucose is provided.

@iv)

Hypoglycaemia that arises when an
increased rate of utilisation exceeds
that of glucose release by the liver

This usually occurs during prolonged and intense physical
activity. In this condition, the glycogen stores in the liver
and muscle can become depleted due to the high demands
for ATP generation by the muscles that are physically
active. Once they are depleted, maintenance of a high
intensity can result in hypoglycaemia, even severe hypo-
glycaemia, which can have serious consequences. Usually,
hypoglycaemia results in a decrease in the rate of ATP
generation in some parts of the brain that leads to fatigue,
known as central fatigue, which forces a reduction in the
intensity of the activity (Chapter 13). It can be considered,
therefore, that fatigue is a safety mechanism to prevent
dangerous hypoglycaemia. Overriding the safety mecha-
nism by the desire to win a race or beat a record can
be dangerous. In the women’s Olympic marathon in
Los Angeles in 1984 the Swiss runner Gabriella
Anderson-Scheiss completed the last few hundred metres
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in a state of clouded consciousness as she staggered from
side to side around the athletic stadium. She was suffering
from severe hypoglycaemia but responded rapidly to intra-
venous glucose after finishing the race. In the 1982 Boston
marathon, Alberto Salazar and Dick Beardsley battled out
the last 10 miles and Salazar won in a record time of 2 h
8 min 5s, only 5s ahead of Beardsley. After completion
of the race, Salazar became severely hypoglycaemic but
after receiving an intravenous infusion of glucose, he
rapidly recovered.

Similar situation, during which hypoglycaemia can
occur, is when intense physical activity takes place in an
extremely low environmental temperature without ade-
quate clothing, so that hypothermia develops. Hypother-
mia appears to increase the risk of hypoglycaemia. This
can lead to mental confusion, which can be dangerous in
some situations (e.g. walking or running in mountainous
regions) (Chapter 13).

Hypoglycaemia caused by inappropriate
low rates of gluconeogenesis

The specific gluconeogenic enzymes in the liver of the
foetus develop late in pregnancy, so that premature babies
can develop hypoglycaemia soon after birth and provision
of glucose is essential for their survival.

Some types of modern dancing, particularly when it
takes place in clubs and at parties, can be described as
intense physical activity although the authors are not
aware of any experimental studies. The mechanism in the
brain that results in central fatigue may be disturbed by
recreational drugs, which may be more available at parties
and clubs. Consequently, these activities could readily
lead to depletion of liver glycogen. This would not nor-
mally cause a problem, since gluconeogenesis would be
increased, by mechanisms described above. Problems can
arise, however, if alcohol is consumed by the dancers
since this inhibits gluconeogenesis (see above). The result
could be a rapid onset of hypoglycaemia. Perhaps this
might be one cause of the aggressive and socially disrup-
tive behaviour observed in teenagers or in young adults
after a ‘night out’. It is usual to blame alcohol per se for
this bad behaviour but a low blood sugar level could also
be a factor. Indeed the extract from Blakemore’s book
presented at the beginning of this chapter would support
this suggestion.
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Hypoglycaemia in pregnancy

In view of the essential compounds that are synthesised
from glucose or its metabolites, particularly those that are
essential for proliferation of cells, failure of the mother to
provide enough glucose for the developing foetus could
give rise to inadequate proliferation of cells or abnormal
structure of cells which could be responsible for congenital
malformations or slow development giving rise to abortion
or low birth weight. Careful studies carried out in Western
Holland during the period of undernutrition in the
winter of 1944/45 reported increased incidence of low
birth weight babies and infant mortality (Chapter 16).
It is unclear, however, if this was due to a chronic low
blood glucose level. Other deficiencies could also be
responsible. Similarly, chronic or frequent acute episodes
of hypoglycaemia might be one factor to account for the
correlation between low birth weight and diseases in adult
life (Chapters 15 and 19).

Hyperglycaemia

Just as an insufficient rate of gluconeogenesis can lead to
hypoglycaemia, too high a rate of gluconeogenesis can
lead to hyperglycaemia. And just as hypoglycaemia can be
pathological, so can hyperglycaemia. The difference,
however, is that hypoglycaemia can lead to both acute and
chronic problems whereas hyperglycaemia leads to chronic
problems, so that its effects can be insidious.

The blood glucose level is normally maintained, at least
in part, by a balance between the effects of two hormones,
insulin and glucagon, on metabolism in the liver. In type
1 diabetic patients, who do not secrete sufficient insulin,
the liver is exposed to glucagon without the balancing
effect of insulin so that the rate of gluconeogenesis is high.
In type 2 diabetics, in whom the liver is insulin-resistant,
the glucagon effect on the liver dominates. Many of the
afflictions that decrease the quality of life for diabetic
patients (damage to the retina and lens, to the kidneys and
to peripheral nerves) are the result of chronic hyperglycae-
mia. In addition, it can also result in damage to the beta
cells of the pancreas, causing problems with insulin secre-
tion in type 2 diabetic patients and therefore exacerbating
the hyperglycaemia. This is known as the toxic effect of
glucose. The pathological subject of diabetes mellitus is
discussed in Appendix 6.9.
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The basic structure of biological fats was elucidated by a Frenchman, Michel-Eugéne

Chevreul. . . . Napoleon recognised the importance of science in military operations, civilian
prosperity and national prestige, and befriended and financed its practitioners. Armies need good
rations and hunger fuels discontent among civilians, so the newly established French Republic
vigorously promoted research into what we would now call food technology, enlisting the help of
its most promising scientists. . . . Starting in 1811, Chevreul devoted himself to identifying the
‘immediate principles’ in mutton fat . . . he heated fats with alkalis and purified the resulting
mixtures. He named the clear, syrupy, sweet-tasting liquid that he extracted ‘glycérine’ (from the
Greek word YAoxug, sweet). In spite of its sweet taste, glycerine, now called glycerol, is an

alcohol, not a sugar.

Chevreul named the other major ‘principles’ he found in animal fat ‘fatty acids’, and showed
that they occurred in the proportions of three fatty acids to each glycerol. When separated from
the glycerol, fatty acids dissolve in alcohol and, by repeated extraction and precipitation with

salts, could be purified sufficiently to form crystals.

Fats are solid triacylglycerols,
oils are liquid triacylglycerols:
it is the fatty acid composi-
tion of the triacylglycerol that
determines its physical pro-
perties. Triacylglycerols with a
high proportion of unsaturated
fatty acids have lower melting
points than those rich in satu-
rated fatty acids, so the former

The term lipid includes all
compounds that release fatty
acids on digestion, so that this
definition is more extensive
than that of fat. Compounds
which are insoluble in water,
soluble in organic solvents but
not derived from fatty acids
have been termed non-
saponifiable lipids. They
include steroids, terpenes and
ubiquinone.

are oils — that is, they are liquid
at room temperature. The unsaturated fatty acids are identi-
fied by the number of carbon atoms and the position of the
double bonds (see below).

Fats in the diet are an important source of energy not only
for immediate use but particularly for storage. Unfortu-
nately, ingestion of too much fat and hence too much
energy contributes to obesity, which is now a major problem
in developed countries and of much concern. Two early
findings and two recent ones illustrate the importance of fat
metabolism:

e The discovery in 1929 that some fatty acids
required by humans were not synthesised in the

Pond (1998)

body and were, therefore, essential components of
the diet.

* The discovery in the 1950s that the amount and type of
fat consumed by humans could be related to the inci-
dence of coronary heart disease.

* In addition to fuel storage, fats and fatty acids are now
known to have several key roles in the body, e.g. as
messengers, precursors of molecular messengers, gene
regulators, components of phospholipids (which form
the major part of membranes) and possible modifiers of
the immune response.

* Deficiencies of polyunsaturated fatty acids may be
a factor in the development of neurological and
behavioural disorders, which has considerable clinical
potential and significance in public health.

These topics are discussed in Chapters 11, 14 and 22.
Discussion in this chapter focuses primarily on the metabo-
lism of fats that are fuels and that provide energy for
various tissues under different conditions, many of which
are common in everyday life. It also provides basic knowl-
edge for the discussion in Chapters 11, 14 and 22.

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech
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Fats in nutrition

This subject is discussed in Chapter 15, but a brief summary
is given here, as an introduction to fat metabolism. The
three major components of a human diet are meat, fish and
plants, and the fats associated with each component can be
different. Meat usually comprises the muscle of mammals
and birds but it is always associated with fat. Even
apparently lean meat may have a high fat content: a 250 g
beef steak may contain 60 g fat in addition to its 80 g
protein. Some of this will be adipose tissue between
muscles; the remainder is triacylglycerol (TAG) within the
fibre. In addition, milk and other dairy products contain
significant amounts of fat: about a quarter of the fat in the
average UK diet comes from dairy produce.

Fish are the only cold-blooded animals eaten by humans
in any quantity. The fat is mainly in the form of oil,
that is, triacylglycerol containing a high proportion of
unsaturated acids. As foods, fish are classified either as
lean, cod) which store their TAG in the liver, or oily (e.g.
sardines, salmon, mackerel) which store TAG in muscle.
Many of the unsaturated fatty acids in fish oil are the
omega 3 acids. The structures, systematic and common
names of the naturally occurring fatty acids are provided
in Appendix 7.1. Biochemical and pathological signifi-
cance of omega-3 oils containing omega-3 acids are dis-
cussed in Chapters 11 and 22.

Large amounts of fat are stored in the fruits or seeds of
some plants. Those that grow in the tropics store saturated
fatty acids in the TAG, which is liquid at the high envi-
ronmental temperatures (e.g. coconut, cocoa). In contrast,
those that grow in cooler climates store unsaturated fats
to ensure they remain liquid

The seeds of some plants (wheat,
oats, rye, acorns, hazelnuts)
store mainly carbohydrate.

at lower environmental tem-
peratures  (e.g.  sunflower,
safflower and soybean).

CH 7 FAT METABOLISM

Fat fuels

There are five classes of fat or fat-derived fuels:

* triacylglycerol;

* long-chain fatty acids;

* medium-chain fatty acids;

* short-chain fatty acids;

* ketone bodies (acetoacetate and 3-hydroxybutyrate).

A summary of the sources and fates of fatty acids and
ketone bodies is presented in Figure 7.1 and Table 7.1. A
major problem with long-chain fatty acids and TAGs is
their lack of solubility in the aqueous medium of the blood
and interstitial fluid. How this is overcome for fatty acids
is discussed in this chapter, and for triacylglycerol in
Chapter 11. Unfortunately, the need to transport relatively
large quantities of triacylglycerol in the blood can lead to
pathological problems (Chapter 11).

\ LACTATING .
ngmgy ADIPOSE TISSUE BRAIN
\ Fatty acids <
— . V-

N X

(?ttyacids//)
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“iKetone bodié’s\

LIVER :
A MUSCEE
¥~ TINTESTINE KIDNEY

Figure 7.1 The sources and fates of fat fuels. The fat fuels con-
sidered in this figure are the long-chain fatty acids and ketone
bodies that are transported in the blood.

Table 7.1 Fat fuels: sites of origin, their form in blood and sites of uptake

Fuel

Form in bloodstream

Origin

Major site of uptake

Triacylglycerol

Long-chain fatty acid

Medium-chain fatty acid

Short-chain fatty acids (butyrate,
propionate, acetate)

Ketone bodies (acetoacetate,
hydroxybutyrate)

(i) chylomicrons
(ii) very low density
lipoproteins
albumin bound
albumin bound
free (unbound)

free

intestine (diet)
liver

adipose tissue
diet (especially dairy produce)

microorganisms in colon

liver

adipose tissue, muscle, lactating
mammary gland

liver, skeletal muscle, kidney,
cardiac muscle, liver
colonocytes, liver

cardiac muscle, brain, kidney,
skeletal muscle, small intestine
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Triacylglycerol

Triacylglycerol occurs in three separate locations in the
body: blood, adipose tissue and some other tissues.

Triacylglycerol in blood

Triacylglycerol in blood occurs as an emulsion either in
the form of chylomicrons or very low density lipoproteins
(VLDLs). A full description of the metabolism of triacyl-
glycerol in the blood is given in Chapters 4 and 11. A brief
summary is as follows. Triacylglycerol in food is digested
in the small intestine and the resultant fatty acids and
monoacylglycerol are absorbed by the enterocytes, in
which they are esterified back to triacylglycerol. This
triacylglycerol, along with proteins and phospholipids,
is ‘packaged’ into chylomicrons which are secreted into

the lymph in the intestine (the
lacteals) then into the thoracic
duct and then the lymph enters
the blood. The VLDL is formed
in the liver: fatty acids that are

Chylomicrons in emulsion can
adsorb pathogens onto the
surface which facilitates attack
by antibodies present in the
lymph.

taken up from the blood are
esterified and, along with protein and phospholipid, are
packaged to form VLDL, which is then secreted into the
blood (Chapter 11). The emulsions of both chylomicrons
and VLDL are stabilised by the protein, phospholipids and
cholesterol (see Figure 7.2(a)&(b)).

The particles that form the emulsions are too large to
cross the capillaries, so the triacylglycerol is hydrolysed to
fatty acid in the capillaries by the enzyme, lipoprotein
lipase, which is attached to the luminal surface of the capil-
laries. Most of the fatty acids that are released are taken
up by the surrounding tissue but about 30% escape into the
general circulation (Figure 7.3). In the fed state, lipopro-
tein lipase is active primarily in the capillaries of adipose
tissue. After sustained exercise, it is active in the muscles
that have been involved in the exercise, and, during lacta-
tion, it is active in the mammary gland. Hence, according
to the conditions, the fatty acids in the triacylglycerol in
chylomicrons or VLDL end up in adipose tissue, muscle
or mammary gland (Figure 7.4) (see below for more
details).

Triacylglycerol in adipose tissue

The largest store of fuel in the body occurs in adipose
tissue. Approximately 80% of adipose tissue is triacylglyc-
erol (the remainder is connective tissue, water, proteins
and DNA). Approximately 90% of an individual adipocyte
is triacylglycerol (Figure 7.5). Despite this, triacylglycerol
is not released from the adipose tissue. Instead hydrolysis
(lipolysis) of the triacylglycerol within adipose tissue
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Figure 7.2 (a) Diagrammatic structure of a chylomicron. An
outer coat consists of proteins (apolipoproteins), cholesterol
and phospholipid. The core consists of triacylglycerol and cho-
lesterol ester. (b) Detailed structure of VLDL particle. The core is
mainly triacylglycerol. The other shell, which stabilises the par-
ticle, comprises phospholipids and cholesterol. Apolipoprotein B
(Apo B100) helps to maintain the structure. Apolipoprotein E is a
ligand for binding to specific receptors on cells. Apolipoprotein C
activates lipoprotein lipase and is therefore essential for hydro-
lysis of triacylglycerol. Diagram from Gibbons & Wiggins (1995)
with permission.

results in formation of long-
chain fatty acids which are
released into the blood. The
fate of these fatty acids is oxi-
dation to CO, to provide energy
to generate ATP in skeletal
muscle, heart or kidney (Figure
7.6).

Adipose tissue is not the only
tissue that releases long-chain
fatty acids. Macrophages also
release long-chain fatty acids
which increases their
concentration in the lymph,
where the fatty acids can damage
bacterial membranes and kill the
bacteria (Chapter 17).
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Figure 7.3 The action of lipoprotein lipase in the hydrolysis of
triacylglycerol in the blood and the fate of the fatty acids pro-
duced. Lipoprotein lipase is attached to the luminal surface of
the capillaries in the tissues that are responsible for removal of
triacylglycerol from the bloodstream (e.g. adipose tissue, muscle,
lactating mammary gland).
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Figure 7.4 Fate of triacylglycerol that is present in fuel blood
after secretion by the intestine. The dietary triacylglycerol in the
intestine is hydrolysed to long-chain fatty acids and monoacyl-
glycerol, both of which are taken up by the enterocytes in which
they are then re-esterified. The triacylglycerol is released in the
form of chylomicrons into the blood, from where it is hydrolysed
to fatty acids and glycerol by the enzyme lipoprotein lipase in
specific tissues (Figure 7.3). The fatty acids are taken up by
adipocytes, muscle fibres and secretory cells in the mammary
gland.

During starvation or hypoglycaemia, the liver partially
oxidises fatty acids to form ketone bodies, which are
released and oxidised by the brain, intestine and the essen-
tial muscles (see below) (Figure 7.7).

Fatty acids

Although emphasis is usually placed on long-chain fatty
acids (i.e. containing more than 14 carbon atoms) as a fat
fuel, three others are also important: short-chain (<6 carbon
atoms), medium-chain (6-14 carbon atoms) and ketone
bodies. Unless otherwise specified, the term fatty acids

CH 7 FAT METABOLISM

Figure 7.5 An interference contrast photograph of a white
adipose tissue cell. Note the spherical lipid droplet fills most of
the cell.

Aerobic muscle
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Figure 7.6 Release of fatty acids from the triacylglycerol in
adipose tissue and their utilisation by other tissues. Fatty acids
are long-chain fatty acids, abbreviated to FFA (see below).
Hydrolysis (lipolysis) of triacylglycerol in adipose tissue
produces the long-chain fatty acids that are released from the
adipocytes into the blood for oxidation by various tissues by
fB-oxidation (see below).

Q ADIPOSE TISSUE 1 Brain

y
TAG\Q 3/2> Intestine
FFA/ ‘Essential’ muscles

Figure 7.7 Release of fatty acids from triacylglycerol and conver-
sion to ketone bodies in the liver and their fate. The formation
of ketone bodies (KB) from fatty acids takes place only in the
liver and they are oxidised in brain, intestine or essential muscles.
(1) The oxidation by brain takes place during prolonged starva-
tion in adults and during a shorter period in children; and also
during hypoglycaemic conditions. (2) About 50% of energy
required by the small intestinal cells during starvation is pro-
duced by oxidation of ketone bodies. (3) ‘Essential’ skeletal
muscles are those which are essential to life, e.g. heart, dia-
phragm, intercostal (for breathing), masseter muscles (for
chewing food). They are all aerobic muscles, i.e. they obtain most
of their energy from the mitochondrial oxidation processes.
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refers to long-chain fatty acids. One group not included
above, since they are much less important as fuels, are
those containing more than 20 carbon atoms, known as
very long-chain fatty acids. These are oxidised within the
peroxisomes (see below).

Short-chain fatty acids (butyric, propionic and
lactic acids)

Short-chain fatty acids are not important components in
most human diets although small amounts are present in
bovine milk and therefore in dairy produce. Nonetheless,
they are an important fuel for cells of the colon (colono-
cytes), since they are formed endogenously. The lumen of
the colon contains a very large number of microorganisms,
some of which can break down the polysaccharides that
are not digested in the small intestine. The sugars that
are produced are fermented to form the short-chain fatty

acids, known collectively as
the volatile fatty acids (VFA).
In developed countries, the
average daily consumption of
digestion-resistant polysaccha-
ride produces about 15 g of
VFA, which has an energy
content of around 600 kJ.

As well as providing fuel,
butyrate (which contains four
carbon atoms) can reduce the
proliferation of colonocytes,
which may reduce the risk of
tumour development. This is
one suggestion to explain how
high-fibre diets protect against
colon cancer (Chapter 21).

Medium-chain fatty acids

Medium-chain fatty acids are also present in bovine milk
and some plant oils (e.g. coconut). After digestion of the
triacylglycerol, they are taken up by the enterocytes in the
small intestine but are not esterified. Instead they pass
directly into the hepatic portal blood, from where they are
taken up by the liver for complete oxidation or conversion
to ketone bodies.

Long-chain fatty acids

Long-chain fatty acids in the human diet are mainly pal-
mitic (16C), oleic (18C) and stearic acids (18C) as well as
the polyunsaturated fatty acids (18C, 20C and 22C). Almost
all of the fatty acids in the diet have an even number of
carbon atoms and are unbranched. Many are unsaturated.
Indeed, in human adipose tissue, more than half of the total
fatty acids are unsaturated (Chapter 11).

Long-chain fatty acid binding to
albumin: a problem of transport,
pathology and terminology

To distinguish between those fatty acids that are esterified
in either triacylglycerol or phospholipids and those present
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in their free form in plasma, fatty acids are known either
as non-esterified fatty acids (NEFA) or free fatty acids
(FFA). The latter term is now more frequently used in
the scientific literature and is used in this text. Unfortu-
nately, the term ‘free fatty acid’ is ambiguous. Long-chain
fatty acids are almost insoluble in plasma at physiological
pH, the maximum concentration being about 107° mol/L.
Yet the normal plasma concentration is much higher
(e.g. 0.5 to 2.0 mmol/L). This is achieved by binding to a
soluble protein in the blood, albumin, according to the
reaction

albumin + fatty acid =2 ( albumin—fatty acid )

Thus the fatty acid not bound to albumin, which constitutes
about 10% of the total, is also known as free fatty acid.
The different uses of the term ‘free fatty acid’ should be
clear from the context.

A molecule of albumin possesses three high-affinity
binding sites for fatty acids but, under normal physiologi-
cal conditions, only one or two of these are filled.
However, as the plasma FFA concentration increases and
reaches a value of about 2 mmol/L, all three sites become
filled. Above 2 mmol/L, there is a rise in the concentra-
tion of fatty acids that are not bound to albumin. As the
concentration increases, they begin to form fatty acid
micelles (Chapter 4) which act as detergents and can
disrupt the conformation of proteins and the organisation
of membranes, causing damage to tissues. Consequently,
even in the most extreme conditions (e.g. diabetic acido-
sis) the plasma concentration of fatty acid rarely exceeds
2 mmol/L (Table 7.2).

The FFA released by the adipocytes is collected by
albumin and is transported to the various tissues in the
blood. The albumin-FFA complex is able to cross the

endothelial barrier in the capil-
laries and enter the interstitial
space and so deliver this
important fuel to the plasma
membrane of the cell. To
facilitate the transport of free
fatty acids across the plasma
membrane and within the cell,
other transport proteins are
present: these are known as
fatty acid binding proteins
(FABP).

The FABP isolated from
mammary gland, a tissue with a
high level of fatty acid
metabolism, has the ability to
inhibit proliferation of tumour
cells in vitro. The concentration
of FABP increases in the
cytosol of the mammary gland
during lactation. Could this
explain the protection against
breast cancer afforded by an
early pregnancy and hence
lactation at an early age
(Chapter 21)?

To help clarify this process
an analogy can be drawn between the transport of
fatty acids and that of oxygen since, as with fatty
acids, the solubility of oxygen in an aqueous medium is
very low.
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Table 7.2 Concentrations of long-chain fatty acids in plasma
during different conditions in humans

Approx. plasma fatty
acid concentration

Condition (mmol/L)
Normal fed 0.30
Stress (racing driver) 1.7
Stress (public speaking) 1.0
Starvation (8 days) 1.9
Three hour post-surgery 0.80
Diabetic acidosis 1.6
Severe burns 1.3
Acute trauma 0.75
Prolonged exercise (60% of VO,,)
Rest 0.30
30 min 0.35
60 min 0.45
120 min 0.80
180 min 1.4
Post-exercise
5 min 1.8
15 min 2.0
30 min 1.5
Fasting
12 hr* 0.60
36 hr 1.1
72 hr 1.3
Obesity (moderate) 0.80

Data taken from various sources (Newsholme & Leech, 1983).

Blood for measurement of the effect of exercise was taken via an indwell-
ing catheter.

For the racing driver, the blood sample was taken as soon as possible
after the race.

It appears from the data in this table that a level of 2 mmol/L plasma fatty
acid is about the highest that can be achieved in any condition so far
studied. A similar message comes from studies on exercise in domestic
animals. Horses that were ridden over 50 miles at an average speed of
8 mph had a plasma fatty acid concentration of 1.4 mmol/L. Dogs that
had been run on a treadmill for 4 hours had a plasma concentration of
2.1 mmol/L.

“In pregnancy, there is a sharp increase in the plasma fatty acid level after
about 12 hours of fasting, much sooner than in the non-pregnant woman.
This may be important in maintaining the plasma glucose level not only
for the mother but also the foetus. This maintenance is achieved via the
glucose fatty acid cycle (Chapter 16).

In the blood
albumin + FFA = (albumin—-FFA)
haemoglobin + O, 2 (haemoglobin—0,)
In the cell
binding protein + FFA &2 (binding protein—FFA)
myoglobin + O, 2 (myoglobin—0,)

The analogy is described in more detail in Figure 7.8.
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Figure 7.8 Comparison of oxygen transport from lung to a cell and
then into a mitochondrion with fatty acid transport from an adi-
pocyte to a cell and then into the mitochondria in various tissues/
organs. Fatty acid is transported in blood bound to albumin,
oxygen is transported in blood bound to haemoglobin. Fatty acid
is transported within the cell attached to the fatty acid-binding
protein (BP), oxygen is transported within a cell attached to
myoglobin (Mb). Alb represents albumin, Hb haemoglobin.

Ketone bodies

Acetoacetate and 3-hydroxybutyrate are known as ketone
bodies. They are classified as fat fuels since they arise from
the partial oxidation of fatty acids in the liver, from where
they are released into the circulation and can be used by
most if not all aerobic tissues (e.g. muscle, brain, kidney,
mammary gland, small intestine) (Figure 7.7, Table 7.1).
There are two important points: (i) ketone bodies are used
as fuel by the brain and small intestine, neither of which
can use fatty acids; (ii) ketone bodies are soluble in plasma
so that they do not require albumin for transport in the
blood.

The plasma concentration of ketone bodies can increase
to much higher values than those of fatty acids. They can
increase to levels similar to or higher than those of glucose
(Table 7.3). Hence they can compete more effectively with
glucose as a fuel. Ketone bodies provide an excellent alter-
native fuel to glucose during prolonged starvation or severe
hypoglycaemia (see below and Chapter 16).
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Table 7.3 Concentrations of total ketone bodies in plasma under
different conditions

Total plasma ketone
body concentration

Condition (mmol/L)
normal fed <0.1
8 hours without food after
prolonged exercise™
normal diet prior to exercise; 0.3
low carbohydrate diet prior 2.8

to exercise®.
Prolonged starvation:
8 days (lean male); 53
8 days (obese female). 7.0
Diabetic ketoacidosis ~25.0

For sources of data see Newsholme & Leech (1983).
Total ketone body concentration is acetoacetate plus hydroxybutyrate.
“Exercise was at high percentage VO, for 90 min.

Ketone bodies are misnamed, for they are not bodies and
hydroxybutyrate is not a ketone. The appellation ‘ketone
body’ was given to them towards the end of the nineteenth
century by German physicians who found that the urine of
diabetic patients gave a positive reaction when tested for
ketones. They were described as ‘ketones of the body’ but
sloppy translation from the German reduced this to ‘ketone
body’. Not only acetoacetate but also acetone was detected

by this reaction. Acetone is

formed by the spontaneous
decarboxylation of acetoace-

This is the basis of a story,
probably apocryphal. A

physician had been summoned
to attend a family member who
had collapsed. As soon as the
physician entered the house, the
family were stunned by the
immediate diagnosis of diabetes
mellitus by the physician,
without even seeing the patient.
The physician recognised the
sweet smell of acetone.

in a ketotic coma.

tate, so that it is only detect-
able when the concentration of
the latter is abnormally high.
Some of the acetone is metab-
olised to acetate but most is
excreted through the kidneys
and lungs, accounting for the
characteristic sweet smell on
the breath of diabetic patients

Pathways of oxidation of fat fuels

One important fate of all the fat fuels is complete oxidation
to CO, but long-chain fatty acids can also be esterified to
produce triacylglycerol or phospholipid.

Long-chain fatty acids

Most of the long-chain fatty acids that are oxidised in the
body are released from triacylglycerol in adipose tissue.
The first step is hydrolysis of triacylglycerol within the
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Figure 7.9 The degradation of triacylglycerol in adipose tissue to
fatty acids and glycerol. The figure indicates the progressive
release of fatty acids and the types of fatty acid that are usually
present at each position and, therefore, released from each posi-
tion as the triacylglycerol molecule. Sat. - Saturated. A lipase
that is not regulated by hormones is also present is adipose
tissue. It is continually active. Its role is described below.

adipocyte. It is a three-stage process catalysed by three
separate lipases acting, consecutively, on triacylglycerol,
diacylglycerol and monoacylglycerol, releasing the fatty
acids at each stage, which are then transported into the
blood (Figure 7.9). Of these lipases, the triacylglycerol
lipase is the rate-limiting step and, consequently, its activ-
ity regulates the overall rate of lipolysis and hence the
supply of fatty acids to other tissues. Not surprisingly, its
activity is regulated by a variety of hormones, which has
engendered its name, ‘hormone-sensitive lipase’ (Figure
7.10). Other tissues (e.g. aerobic muscle and liver) contain
intracellular lipases but the resultant fatty acids are not
released but are oxidised within the tissue.

After release from the adipocyte, the fatty acids are
transported in the blood as a complex with albumin, as
described above. They are then taken up by cells for oxida-
tion This involves transport through the plasma membrane,
the cytosol and finally the inner mitochondrial membrane
of the cell for oxidation of the fatty acids within the
mitochondria.

Transport across the plasma membrane

Although fatty acids are lipid soluble and might be expected
to diffuse through the plasma membrane sufficiently
rapidly to satisfy the required rates of oxidation, this is not
the case and a transporter protein is present in the plasma
membrane.

Transport within the cell

The very low solubility of fatty acids poses a problem for
their transport within the cell, as it does in the blood. The
problem is solved by the presence of the fatty acid binding
protein (FABP). It binds fatty acids at the inner surface of
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Figure 7.10 Hormones that regulate the activity of the hormone-
sensitive lipase in adipose tissue. Each hormone binds to a receptor
on the outside of the plasma membrane and changes the activity
of the lipase within the adipocyte, via a messenger molecule
(Chapter 12). A hormone - independent lipase is also present with
provides a low rate of release of fatty acid when the former is
inactive.

the plasma membrane, lowering the local concentration of
fatty acids so that the transport across the plasma mem-
brane is facilitated, just as myoglobin encourages the entry
of oxygen into the cell. Within the cytosol, the complex
dissociates to release the fatty acid where it is then ‘acti-
vated’, i.e. converted to the acyl-CoA derivative, which is
catalysed by the enzyme, acyl-CoA synthetase. The FABP
also binds the fatty acyl-CoA, which it transports to the
mitochondria. This binding keeps the free concentration of
this metabolite very low, since it is a powerful detergent,
and a high concentration of fatty acyl-CoA can damage
membranes, enzymes and proteins in signalling pathways
(Chapter 9, Figure 9.31).

Acyl-CoA synthetases

These synthetases are responsible for formation of
acyl-CoAs:

R.COOH + CoASH + ATP — R.CO.SCoA + AMP + PP,
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There are three acyl-CoA synthetases, which are specific
for fatty acids of different chain lengths:

* Short-chain acyl-CoA synthetase activates short-chain
fatty acids, acetic, butyric and propionic acid. The
enzyme is present in both the cytosol and in the mito-
chondrial matrix of most tissues: the activity is espe-
cially high in the liver and the colon.

* Medium-chain acyl-CoA synthetase, which is present
within the mitochondrial matrix of the liver, activates
fatty acids containing from four to ten carbon atoms.
Medium-chain length fatty acids are obtained mainly
from triacylglycerols in dairy products. However, unlike
long-chain fatty acids, they are not esterified in the epi-
thelial cells of the intestine but enter the hepatic portal
vein as fatty acids to be transported to the liver. Within
the liver, they enter the mitochondria directly, where
they are converted to acyl-CoA, which can be fully
oxidised and/or converted into ketone bodies. The latter
are released and can be taken up and oxidised by
tissues.

This latter situation is particularly beneficial for patients
who are being fed intravenously because, if triacylglycer-
ols containing medium-chain fatty acids are included in
parenteral feeds, they are readily converted into ketone
bodies so that a soluble fat fuel is rapidly made available
in the blood that can be oxidised by most tissues.

* Long-chain acyl-CoA synthetase activates fatty acids
containing from 10 to 18 carbon atoms.

A separate very long-chain-acyl-CoA synthetase is present
in peroxisomes for the ‘activation’ of very long-chain
fatty acids, such as arachidonate (20 carbon atoms). These
fatty acids are degraded exclu-

sively in the peroxisomes. The structure of carnitine is
(CH;);N*.CH,CH(OH).
CH,COO". It is synthesised in
the liver from y-butyrobetaine
but possibly not rapidly enough
to support the high levels
needed in some conditions, e.g.
during intensive physical
training, lactation or trauma.
For such groups, carnitine may
be a ‘conditionally essential
nutrient’, equivalent to
conditionally essential amino
acids (Chapters 8 and 9). It has
also been used as a dietary
supplement for babies fed on
soy-protein infant formulas (in
such infants, casein produces
an allergic response) as soy-
protein lacks carnitine.

Transport across the
mitochondrial membrane

Mitochondria contain all the
enzymes necessary for oxida-
tion of fatty acids but, before
this can take place, the fatty
acids have to be transported
into the mitochondria. Trans-
port requires the formation of
an ester of the fatty acid with a
compound, carnitine, in a reac-
tion catalysed by the enzyme
carnitine palmitoyltransferase:

fatty acyl-CoA + carnitine — fatty acyl-carnitine + CoASH
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It is the fatty acyl-carnitine that is transported across
the inner mitochondrial membrane from the cytosol to the
matrix so that two different enzymes are required for the
transport. The first enzyme, carnitine palmitoyltransferase-
I, is located on the outer surface of this membrane and the
second enzyme, carnitine palmitoyltransferase-II, is located
on the inner side of this membrane (Figure 7.11). Carnitine
may have this role since it is smaller than CoASH and has
no net charge.

The activity of carnitine palmitoyltransferase-I plays an
important role in the regulation of fatty acid oxidation;
malonyl-CoA is an allosteric exhibitor of the enzyme.
Malonyl-CoA is a key intermediate in fatty acid synthesis,
which ensures that fatty acid oxidation is decreased when
synthesis is taking place. Nonetheless, malonyl-CoA has a
major role in the control of fatty acid oxidation in all
tissues in which fatty acid oxidation occurs, even if no
synthesis takes place.

Fatty acid (FA)

~

CoA
FACoA
OUTER
MITOCHONDRIAL
MEMBRANE
INNER Y [
MITOCHONDRIAL FA
MEMBRANE A
CPT
translocase
CoA
FACoA
B-oxidation

/

Figure 7.11 Mechanism of transport of long-chain fatty acids
across the inner mitochondrial membrane as fatty acyl carnitine.
CPT is the abbreviation for carnitine palmitoyl transferase. CPT-I
resides on the outer surface of the inner membrane, whereas
CPT-II resides on the inner side of the inner membrane of the
mitochondria. Transport across the inner membrane is achieved
by a carrier protein known as a translocase. FACN - fatty acyl
carnitine, CN - carnitine. Despite the name, CPT reacts with
long-chain fatty acids other than palmitate. CN is transported
out of the mitochondria by the same translocase.
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Oxidation of fatty acids

The oxidation of long-chain fatty acids is known as -
oxidation as it is the second carbon atom from the carboxyl
end that is ‘attacked’ in the process. In summary, the
molecules of long-chain fatty acyl-CoA are shortened by
the step-wise removal of two-carbon fragments to form
acetyl-CoA, which is oxidised by the Krebs cycle. Since
virtually all naturally occurring fatty acids have an even
number of carbon atoms, B-oxidation results in their
complete degradation to acetyl-CoA (Appendix 7.2).

In liver cells, two B-oxidation pathways are present:
one in mitochondria and a slightly different pathway in
peroxisomes.

Mitochondrial B-oxidation

Each turn of the B-oxidation spiral splits off a molecule of
acetyl-CoA. The process involves four enzymes catalysing,
in turn, an oxidation (to form a double bond), a hydration,
another oxidation (forming a ketone from a secondary
alcohol) and the transfer of an acetyl group to coenzyme A
(Figure 7.12). The process of B-oxidation operates as a
multienzyme complex in which the intermediates are passed
from one enzyme to the next, i.e. there are no free interme-
diates. The number of molecules of ATP generated from the
oxidation of one molecule of the long-chain fatty acid pal-
mitate (C18) is given in Table 7.4. Unsaturated fatty acids
are also oxidised by the PB-oxidation process but require
modification before they enter the process (Appendix 7.3).

—CH2CH20H2C:OSCOA
oxidative

phosphorylation

oxidation \ > 2[H] > > ATP

~CH,CH = CH.CO.SCoA
H,0 —

hydration
(I)H
—CH,CH.CH,CO.SCoA
. . oxidative
oxidation

o 2[H] phosphorylation ATP
Il

~CH,CH.CH,CO.SCoA

CoASH —— thiolysis
—CH,CO.SCoA + CH3CO.SCoA
Acetyl-CoA

Fatty acyl chain

Figure 7.12 The process of f-oxidation of fatty acyl-CoA in mito-
chondria. This cycle of reactions converts all the carbon atoms in
fatty acyl-CoA to acetyl-CoA which is oxidised in the Krebs cycle.
In the first oxidation, hydrogen atoms are transferred to FAD and
in the second to NAD'. Both reduced coenzymes are oxidised via
the electron transfer pathway.
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Table 7.4 Products of B-oxidation and the number of molecules
of ATP generated from the oxidation of one molecule of
palmitate

Molecules
No. of ATP per
molecules molecule
Reaction/Process produced produced ATP yield
Synthesis of - =2° -2
palmitoyl-CoA
thioester from
palmitate
FADH, oxidation 7 1.5 10.5
via electron
transfer chain
NADH oxidation 7 2.5 17.5
via electron
transfer chain
Acetyl-CoA 8 10 80
oxidation via
Krebs cycle
Total 106

“Molecules of ATP consumed per molecule palmitate activated.

The oxidation is separated into four processes to help clarify the positions
in the actions that generate ATP (see Chapter 9, Table 9.5).

The physiological pathway of fatty acid oxidation

The physiological pathway for oxidation of fatty acids in
organs or tissues starts with the enzyme triacylglycerol
lipase within adipose tissue, that is, the hormone-sensitive
lipase. This enzyme, plus the other two lipases, results in
complete hydrolysis of the triacylglycerol to fatty acids,
which are transported to various tissues that take them
up and oxidise them by B-oxidation to acetyl-CoA. This
provides a further example of a metabolic pathway that
spans more than one tissue (Figure 7.13) (Box 7.1).

Regulation of the rate of fatty acid
oxidation

There are several conditions when an increase in fatty acid
oxidation is necessary:

* When there is an increase in demand for ATP generation
that cannot be met by an increase in glucose oxidation,
e.g. skeletal and cardiac muscle during sustained physi-
cal activity.

e To provide an alternative fuel to glucose during starva-
tion. Indeed, fatty acid oxidation restricts the rate of
glucose utilisation, which maintains the blood glucose
level, via a regulatory mechanism known as the glucose/
fatty acid cycle (Chapter 16).
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Adipose

tissu@

Fattyacyl-CoA

Acetyl-CoA

Figure 7.13 Physiological pathway for fatty acid oxidation. The
pathway starts with the hormone-sensitive lipase in adipose
tissue (the flux-generating step) and ends with the formation
of acetyl-CoA in the various tissues. Acetyl-CoA is the substrate
for the flux-generating enzyme, citrate synthase, for the Krebs
cycle (Chapter 9). Heart, kidney and skeletal muscle are the
major tissues for fatty acid oxidation but other tissues also
oxidise them.

* During trauma, when fatty acids are once again required
to provide an alternative fuel to glucose, so that the blood
glucose level is maintained. This is important since pro-
liferating cells (e.g. cells in the bone marrow, in lymph
nodes and in a wound) require glucose. If the patient is
not eating or not being fed, glucose is also required for
the brain (Chapter 18).

* During stress, fatty acids are released to provide energy
for the ‘fight or flight’ activity that might follow the
stress condition.

At least two mechanisms, which work in concert, regulate
their rate of oxidation (Figure 7.14).

(1) The plasma concentration of fatty acids. An increase
in the plasma concentration increases the rate of fatty
acid oxidation. The plasma concentrations of fatty
acids depend primarily on the activity of the hormone-
sensitive lipase in adipose tissue: the activity is stimu-
lated by the hormones, adrenaline/noradrenaline,
growth hormone and glucagon and is inhibited by
insulin (Figure 7.10) which therefore play a role in
regulation of the rate of fatty acid oxidation.

(ii) The intracellular concentration of malonyl-CoA. This
compound inhibits the activity of the key enzyme in
the oxidation of fatty acids, carnitine palmitoyltrans-
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Box 7.1 A short history of experiments
leading to the conclusion that long-chain
fatty acids are the important lipid fuel

It was appreciated by the beginning of the twentieth
century that glucose was the major fuel of carbohydrate
oxidation. However, it was not until 1956 that it was
established that long-chain fatty acids were the major fuel
by which fat is oxidised.

One problem was that a precise and sensitive technique
to measure the concentrations of fat fuels was not avail-
able. Another problem was that the concentration of long-
chain fatty acids in the blood is very low, so that it
comprises only a small proportion of the total concentra-
tion of the fat in the blood and was therefore considered
to be unimportant. However, when a sensitive method for
their assay became available, it was shown that the plasma
fatty acid concentration changed in various conditions: for
example it decreased after a meal but was elevated during
starvation and the high plasma fatty acid concentration
during starvation was rapidly decreased following the
administration of glucose or insulin. It was Gordon &
Cherkes (1956) who realised the full significance of such
findings, namely that fatty acids were the form in which
fat was liberated from adipose tissue and made available
as an oxidisable substrate for other tissues. They also
realised that if fatty acids were to be an important fat fuel,
they required a high turnover rate. In fact, in the same year
Havel & Fredrickson reported a very short half-life (about
2 minutes) for plasma fatty acids.

From this it was calculated that the oxidation of fatty
acids could provide a significant proportion of the total
energy required, for example in starvation. The rise in
plasma fatty acid concentration during starvation is at least
one mmol/L, and the turnover is approximately 25% per
minute. Hence, the total increase in fatty acid in the 3 litres
of plasma in the body is 3 x 1.0, that is 3.0 mmoles,
equivalent to approximately 0.75 g FFA. The daily turn-
over is, therefore, 0.75 x 0.25 x 60 x 24 = 270 g, the oxi-
dation of which generates 270 x 37 = 1000 kJ — sufficient
to satisfy a large proportion of the resting energy expen-
diture during starvation. It was from such a calculation that
long-chain fatty acids were proposed as the important fat
fuel in the blood. The physiological and clinical signifi-
cance of fatty acids as a fuel, however, was not generally
appreciated until the mid 1960s. This is not exceptional,
transpeptidation was still considered as a mechanism for
protein synthesis in the late 1950s (Chapter 20).

ferase (see below): thus a decrease in the intracellular
concentration of malonyl-CoA stimulates fatty acid
oxidation.

The hormone insulin decreases the rate of fatty acid oxida-
tion via two mechanisms.
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Figure 7.14 Regulation of rate of fatty acid oxidation in tissues.
Arrows indicate direction of change (i) Changes in the concentra-
tions of various hormones control the activity of hormone-
sensitive lipase in adipose tissue (see Figure 7.10). (ii) Changes
in the blood level of fatty acid govern the uptake and oxidation
of fatty acid. (iii) The activity of the enzyme CPT-I is controlled
by changes in the intracellular level of malonyl-CoA, the forma-
tion of which is controlled by the hormones insulin and gluca-
gon. Insulin increases malonyl-CoA concentration, glucagon
decrease it. Three factors are important: TAG-lipase, plasma
fatty acid concentration and the intracellular malonyl-CoA
concentration.

(i) Insulin decreases the activity of ‘hormone-sensitive’
lipase in adipose tissue, which decreases the rate of
fatty acid release. This decreases the plasma fatty acid
level, which decreases their rate of oxidation.

(i) Insulin increases the intracellular level of malonyl-
CoA and hence decreases the activity of carnitine
palmitoyltransferase and, consequently, fatty acid
oxidation (Chapters 9 and 12). Glucagon has the
opposite effect.

These contribute to a marked decrease in oxidation.
This is physiologically important since insulin is the
only inhibitory hormone. The major hormone regulating
ketogenesis is the other important hormone regulating
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Figure 7.15 Inhibition of acetyl-CoA carboxylase by cyclic AMP
dependent protein kinase and AMP dependent protein kinase: the
dual effect of glucagon. Phosphorylation of acetyl-CoA carboxyl-
ase by either or both enzymes inactivates the enzyme which
leads to a decrease in concentration of malonyl-CoA, and hence
an increase in activity of carnitine palmitoyltransferase-I and
hence an increase in fatty acid oxidation. Insulin decreases the
cyclic AMP concentration maintaining an active carboxylase and
a high level of malonyl-CoA to inhibit fatty acid oxidation.

fatty acid oxidation, which is glucagon. This controls the
formation of malonyl-CoA by regulating the activity of
acetyl-CoA carboxylase, the enzyme that catalyses the for-
mation of malonyl-CoA. There are two enzymes that result
in phosphorylation, cyclic AMP dependent protein kinase
and AMP dependent protein kinase (Figure 7.15). Phos-
phorylation inactivates the enzyme, so that malonyl-CoA
formation is inhibited, which will lead to stimulation of
fatty acid oxidation. Dephosphorylation, catalysed by a
phosphatase, activates the enzyme. Glucagon increases
cyclic AMP dependent protein kinase activity by stimulat-
ing adenylate kinase, which increases the AMP concentra-
tion. The latter is degraded to AMP so that glucagon
stimulates both protein kinase enzymes leading to inactiva-
tion of the carboxylase, and hence decreasing the malonyl-
CoA concentration.

Peroxisomal B-oxidation

Peroxisomes are organelles which are bounded by a
single membrane. They are present in the liver where
very long-chain fatty acids are oxidised by B-oxidation
in peroxisomes, which is different from mitochondrial
oxidation.

* A different transporter protein is required to transport the
acyl-CoA across the peroxisomal membrane.

e The initial oxidation reaction is unusual since it uses
molecular oxygen. It is catalysed by the enzyme acyl-
CoA oxidase.
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* [B-oxidation continues only as far as a medium-chain
CoA derivative, which is transported out of the peroxi-
some as its carnitine ester. It then enters the mitochon-
dria where B-oxidation continues to produce acetyl-CoA.
The acetyl-CoA, which is produced in the peroxisome,
is also transported out for oxidation in the mitochondria
(Appendix 7.4).

The capacity of B-oxidation in the peroxisomes is only
about 10% of that in the mito-

The capacity of the oxidation
process in peroxisomes is
increased by activation of a
transcription factor. A diet high
in polyunsaturated fatty acids
increases the capacity of the
process.

chondria but it plays an impor-
tant role in oxidising unusual
fatty acids: for example, very
long-chain fatty acids, polyun-
saturated fatty acids, dicarbox-
ylic fatty acids.

Short-chain fatty acids

These short-chain fatty acids are acetic, butyric, lactic and
propionic acids, also known as volatile fatty acids, VFA.
They are produced from fermentation of carbohydrate by
microorganisms in the colon and oxidised by colonocytes
or hepatocytes (see above and Chapter 4). Butyric acid is
activated to produce butyryl-CoA, which is then degraded

to acetyl-CoA by B-oxidation;

acetic acid is converted to
acetyl-CoA for complete oxi-
dation. Propionic acid is acti-

In ruminants, lactic and

propionic acids are the major
precursors of glucose. This is
particularly important during

lactation, since all the
carbohydrate in the food is
fermented by the bacteria in the
rumen, so that no glucose enters
the body but glucose is required
for the formation of lactose for
the milk (Chapter 6).

vated to form propionyl-CoA,
which is then converted to suc-
cinate (Chapter 8). The fate of
the latter is either oxidation or,
conversion to glucose, via glu-

coneogenesis in the liver.

Ketone bodies

The fatty acids that are taken up by the liver have three
fates:

e Esterification to form triacylglycerol or phospholipids,
which are secreted by the liver in the form of VLDL (see
below).

e Complete oxidation to CO,, via P-oxidation and the
Krebs cycle, to generate ATP.

e Oxidation to acetyl-CoA, which is then converted to
ketone bodies, as follows.
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Pathway of ketone body formation

Acetyl-CoA, from B-oxidation, is the immediate substrate
for synthesis of ketone bodies, which is achieved in four
reactions as follows:

(i) 2 acetyl-CoA — acetoacetyl-CoA

20) (40)

(ii) acetoacetyl-CoA +acetyl-CoA —
40) (20)
hydroxymethylglutaryl-CoA
(60)

(iii) hydroxymethylglutaryl-CoA — acetoilccetate +
(6C) 4C)

acetyl-CoA

20)

(iv) acetoacetate = hydroxybutyrate
(40 (4C)

The Cs indicate the number of carbons in each intermedi-

ate and in the final products.
Details of the pathway are pre-
sented in Figure 7.16, where
the names of the enzymes are

Once equilibrium is established
for the 3-hydroxybutyrate
dehydrogenase reaction, the
following equation applies:

[hydroxybutyrate] given. There are five important
[acetoacetate] points, as follows:
[NADH] .
KegX——— ¢ The pathway is only present
4 INAD"] p y yp

in liver.
In some poorly controlled
diabetic patients the high rate o It
of fatty acid oxidation
decreases the mitochondrial
NAD'/NADH concentration
ratio so that the 3-
hydroxybutyrate/acetoacetate
concentration ratio can rise to
as high as 15 in the blood.
Since a test for ketone bodies
in the urine (using Clinistix or
similar material) detects only
acetoacetate this can result in a
serious underestimate of the
concentration of ketone bodies
in the urine.

produces two ketone
bodies, acetoacetate and
3-hydroxybutyrate.

¢ Acetoacetate is formed first
and then converted to hydro-
xybutyrate but both are
released from the liver.

* Approximately five times
more 3-hydroxybutyrate
than acetoacetate is pro-
duced and released.

Regulation of rate of ketone body formation

Ketone bodies are produced in the liver by the partial oxi-
dation of fatty acids.

Two conditions in which the rate of ketone body forma-
tion is increased are hypoglycaemia and prolonged starva-
tion in adults or short-term starvation in children. What is
the mechanism for increasing the rate? Although there are
several fates for fatty acids in the liver, triacylglycerol,
phospholipid and cholesterol formation and oxidation via
the Krebs cycle, the dominant pathway is ketone body
formation (Figure 7.20). Three factor regulate the rate of
ketone body formation (i) hormone sensitive lipase activ-
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Figure 7.16 Pathway for the synthesis of ketone bodies: the
HMG-CoA pathway.

ity; (ii) activity of carnitine palmitoyltransferase and (iii)
activity of HMG-CoA synthase. Regulation of factors (i)
and (ii) are discussed above. HMG-CoA synthase in regu-
lated by an interconversion cycle which involves and
desuccinylation (Appendix 7.5).

Oxidation of ketone bodies

Ketone bodies are oxidised by most aerobic tissues includ-
ing skeletal muscle, heart, kidney, lung, intestine and brain.
Since the last two cannot oxidise fatty acids, their ability
to oxidise ketone bodies is very important, because they
provide another fuel in addition to, or as an alternative to,
glucose. Hence, they can be used to replace some of the
glucose to maintain the blood glucose concentration (e.g.
in prolonged starvation or hypoglycaemia).

The oxidation pathway for ketone bodies occurs within
the mitochondria and comprises three reactions:

(i) Hydroxybutyrate is converted to acetoacetate in a
reaction catalysed by hydroxybutyrate dehydrogenase.

(i) The conversion of acetoacetate to acetoacetyl-CoA.
This is in an unusual reaction: it uses the Krebs cycle
intermediate, succinyl-CoA, to provide the CoASH
for transfer to acetoacetate. The reaction is catalysed
by the enzyme 3-oxoacid CoA-transferase:

succinyl-CoA + acetoacetate —

succinate + acetoacetyl-CoA

(Such activation reactions for the carboxylic acids, usually
involve CoASH and ATP.)
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> NADH, H*
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2 Acetyl-CoA

Krebs
cycle

Figure 7.17 The pathway of ketone body oxidation: hydroxybu-
tyrate to acetyl-CoA. Hydroxybutyrate is converted to acetoace-
tate catalysed by hydroxybutyrate dehydrogenase; acetoacetate
is converted to acetoacetyl-CoA catalysed by 3-oxoacid transfer-
ase and finally acetoacetyl-CoA is converted to acetyl-CoA cata-
lysed by acetyl-CoA acetyltransferase, which is the same enzyme
involved in synthesis of acetoacetyl-CoA.

Acetoacetate Succinyl-CoA
Acetoacetyl-CoAX Succinate

Acetyl-CoA Oxaloacetate

Citrate

Figure 7.18 Oxoacid transferase is the key reaction in acetoace-
tate oxidation. The reaction produces acetoacetyl-CoA and suc-
cinate: the former produces the substrate acetyl-CoA, and the
latter produces the co-substrate, oxaloacetate, for the first reac-
tion in the Krebs cycle.

(iii) Acetoacetyl-CoA is split into two molecules of acetyl-
CoA in a reaction catalysed by the enzyme, acetyl-
CoA acetyltransferase (thiolase), the same enzyme
that is used in acetoacetyl-CoA synthesis (Figure
7.17).

It is possible to put forward a biochemical advantage
for this unusual reaction in the activation of acetoacetate.
The succinate that is produced in the reaction is further
metabolised to oxaloacetate, via the reactions of the Krebs
cycle. Since acetyl-CoA requires oxaloacetate for forma-
tion of citrate and oxidation in the cycle, one product of
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Box 7.2 A deficiency of the hepatic glycogen
store: hypoglycaemia and ketosis in a child

A child presented to a physician with dizzy spells prior to
breakfast but no other problems. An examination of the
metabolic changes over 24 hours could only be explained
by a deficiency of glycogen synthase in the liver. During
the overnight fast, the blood glucose concentration fell to
about 1 mmol/L or less, whereas it increased to 10 mmol/L
after breakfast and remained elevated for the remainder of
the day. As the concentration of glucose decreased during
the night, that of ketone bodies increased but, as the blood
glucose concentration increased during the day, that of
ketone bodies fell. In fact, the plasma ketone body con-
centration increased in six hours to a similar concentration
(7-8 mmol/L) that is achieved by an adult during a fast of
6-8 days. Apart from dizzy spells first thing in the morning,
the child had no other symptoms. It suggests that function
of the brain during the overnight fast was maintained by
ketone body oxidation (Aynsley-Green et al. 1977).

A similar suggestion is made for maintenance of the
mental activities of Mike Stroud and Ranulph Fiennes
during their long trans-Antarctic expedition when, at
times, their blood glucose fell to about 1 mmol/L (Chapter
13). Unfortunately the blood level of ketone bodies was
not measured during this trek.

this reaction, succinate, facilitates the oxidation of the
other, acetoacetate (Figure 7.18). This is important because,
under some conditions, ketone bodies must replace glucose
as a fuel for essential organs, such as the brain, kidney,
heart and some skeletal muscles. When ketone bodies are
taken up by a cell under conditions, such as hypoglycaemia
and starvation, they must be oxidised immediately in order
to generate ATP so that the tissue or organ can maintain
its essential function. Any interruption in fuel oxidation
could inpair physiological function with serious conse-
quences for health (Box 7.2).

Physiological pathway of ketone body
oxidation

The physiological pathway for oxidation of ketone bodies
starts with the hydrolysis of triacylglycerol in adipose
tissue, which provides fatty acids that are taken up by the
liver, oxidised to acetyl-CoA by -oxidation and the acetyl-
CoA is converted to ketone bodies, via the synthetic part
of the pathway. Both hydroxybutyrate and acetoacetate are
taken up by the tissues, which can oxidise them to generate
ATP (Figure 7.19).
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Figure 7.19 The physiological pathway for ketone body oxida-
tion: from triacylglycerol in adipose tissue to their oxidation in
a variety of tissues/organs. The pathway spans three tissues/
organs. The flux-generating step is the triacylglycerol lipase and
ends with CO, in one or more of the tissues/organs.
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Figure 7.20 The major quantitative pathway for fatty acid
metabolism in the liver is ketone body formation. This is another
indication of the importance of ketone bodies as a fuel.
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Regulation of the oxidation of ketone bodies

The immediate signal for increased ketone body uptake
by a cell is the increase in their plasma concentration.
This can be substantial: up to 50-fold in some conditions
(Table 7.3, Figure 7.21) and will result in a marked
increase in the oxidation of ketone bodies. At there high
concentrations of ketone bodies the uptake and oxidation
by the brain can provide more than 50% of its ATP
requirement so that glucose utilisation is decreased by
almost 50% (Chapter 16).
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Figure 7.21 Provision of the fat fuels for the brain during hypo-
glycaemia. During hypoglycaemia it is essential that ketone
bodies are available for the brain to provide a fat fuel for ATP
generation to maintain mental functions. This sequence of pro-
cesses from adipose tissue to the brain is therefore, a survival
pathway especially for children during short-term starvation or
hypoglycaemia. (Box 7.2) (Chapter 16).
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Physiological importance
of fat fuels

The various roles of fats were summarised in the introduc-
tion to this chapter. Two questions arise from this: what is
the advantage of storing lipid as the major energy reserve?
Why are there three lipid fuels in the blood while there is
only one carbohydrate fuel?

The answers to these questions demonstrate the physio-
logical importance of fat fuels. There are two parts to the
answer for question one:

(a) Fat is more reduced than carbohydrate, so that the
amount of energy available to generate ATP from the
same quantity of fuel is almost 2.5 times greater from
triacylglycerol (see Table 2.3).

(b) Since lipids are hydrophobic, they are stored dry
(more than 90% of the mass of a typical adipocyte is
pure triacylglycerol) (Figure 7.5). In contrast, glyco-
gen is stored in an hydrated form: for every gram of
glycogen stored, 3 grams of water is structurally asso-
ciated with it. Thus, as much as 75% of the weight of
glycogen stored in a tissue is water, so that the amount
of energy liberated on oxidation of one gram of the
glycogen in a tissue is only about 4.2 kJ/g. When com-
paring the energy stored, on the basis of total wet
weight of fuel, this makes fat approximately nine times

better than carbohydrate, as a
store of energy (see Chapter
2). The difference is especially
important in terrestrial animals,
in which an increase in mass
interferes with mobility, and in
birds and insects that fly, since
mass of the animal is critically

Examples are the ruby-throated
hummingbird which can fly
non-stop across the Gulf of
Mexico, a distance of
approximately 1300 miles, and
the migratory locust which can
fly 200 miles or more non-stop
in search of food. Both animals
store only fat to provide energy
for such long-distance flights.

important.

Two further interesting questions are raised as an exten-
sion of this topic. A normal young adult woman stores
considerably more fat than a normal young adult man.
About 25% of the weight of an average young woman is
due to adipose tissue whereas the proportion for an adult
male is about 15%. It is rarely appreciated that this is a
unique human characteristic, i.e. no other animal so far
investigated exhibits such a gender difference. What is the
explanation for this difference and why is it unique to
humans? Why is the distribution of adipose tissue so differ-
ent between adult men and women (Figure 7.22). Possible
answers to these questions are given by Pond (1998).

To answer the question raised above, ‘why are there
three fat fuels in the blood but only one carbohydrate fuel’,
the three fat fuels are discussed separately.
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Figure 7.22 A common difference in the distribution of adipose
tissue between adult men and women. Men usually expand their
adipose tissue around the waist to give an ‘apple” appearance,
whereas women usually expand in the region of the hips to give
a ‘pear’-shaped appearance (a difference readily observable on
any beach). The differences are exaggerated in obese men and
women. The biological, biochemical or physiological significance
of this difference is not known, but see Pond, 1998.

Triacylglycerol in blood

The packaging of triacylglycerol into chylomicrons or
VLDL provides an effective mass-transport system for fat.
On a normal Western diet, approximately 400 g of triacyl-
glycerol is transported through the blood each day. Since
these two particles cannot cross the capillaries, their tri-
acylglycerol is hydrolysed by lipoprotein lipase on the
luminal surface of the capillaries (see above). Most of the
fatty acids released by the lipase are taken up by the cells
in which the lipase is catalytically active. Thus the fate of
the fatty acid in the triacylglycerol in the blood depends
upon which tissue possesses a catalytically active lipopro-
tein lipase. Three conditions are described (Figure 7.23):

¢ In the normal fed state, the enzyme is active in adipose
tissue, so that the fatty acids in the triacylglycerol are
taken up by adipocytes and then esterified for storage.

* During lactation, the enzyme is active in mammary gland
and the released fatty acids are taken up and used to
synthesise triacylglycerol for the milk. A few days before
parturition, in preparation for lactation, the activity of
lipoprotein lipase is increased in the mammary gland,
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Figure 7.23 Fate of blood triacylglycerol (in the chylomicrons
and VLDL) in three conditions: role of changes in activity of lipo-
protein lipase in directing the uptake of fatty acids. It is primarily
the activity of lipoprotein lipase that directs which tissue/organ
takes up the fatty acids from the blood triacylglycerol. The
abbreviation LPLT indicates a change to a higher activity of
lipoprotein lipase; LPL! indicates a change to a lower activity
of lipoprotein lipase. The broadness of the arrow indicates the
dominant direction of the fate of the fatty acid.
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whereas that in the adipose tissue is decreased, so that
the uptake of fatty acids from the blood triacylglycerol
is directed to the mammary gland.

» After sustained physical activity, the enzyme is active in
the muscles that have been exercising, which results in
uptake of the fatty acids from the triacylglycerol in blood
by these muscles. The fatty acids are esterified within
the muscle and the triacylglycerol so formed replenishes
that which was used in the physical activity.

An interesting additional point is that during trauma the
cytokine, tumour necrosis factor, results in a decrease in
lipase activity in adipose and other tissues, so that there is
an increase in the level of VLDL and chylomicrons in the
blood. The significance of this is unclear but it may be that
pathogens in the blood are adsorbed onto the emulsion of
VLDL or chylomicrons which reduces the risk of adsorp-
tion of the pathogen onto the surface of a cell, which is
necessary for the pathogen to enter the cell. This localisa-
tion also aids attack by antibodies (Chapter 17).

These changes give rise to the concept of ‘fuel direc-
tion’, which is an important advantage of triacylglycerol
as a fuel. The physiological significance is as follows:

* The changes in lipase activity in lactation direct the
fuel away from adipose tissue to the mammary gland,
i.e. the change in the fate of the triacylglycerol in blood
is due to opposite changes in the activity of only one
enzyme in the two tissues.

» After prolonged physical activity, the uptake of fatty
acids is directed to the muscles involved in the activity
and away from adipose tissue and the inactive muscles,
due to a change in the activity of one enzyme. This
allows restoration of the triacylglycerol store within the
muscle.

In summary, the advantage of changes in the activity of the
lipase is that it directs the uptake of fatty acid into a tissue
that requires the fat (see Figure 7.23). No such direction
occurs with the fatty acids that are released from adipose
tissue.

Long-chain fatty acids

Fatty acids are released from adipose tissue into the blood-
stream, from where they can be taken up and used by
‘aerobic’ tissues, with the exception of brain and the intes-
tine. In addition, an increase in the plasma fatty acid con-
centration is one factor that increases the rate of fatty acid
oxidation by tissues. Hence, an increase in the mobilisation
of fatty acid from adipose tissue is an immediate signal for
tissues such as muscle, heart and kidney cortex to increase
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their rate of fatty acid oxidation. This not only generates
ATP for the tissue but reduces the rate of glucose oxida-
tion, which is part of the mechanism that helps to maintain
blood glucose concentration. Thus, in contrast to triacylg-
lycerol, fatty acid uptake by tissues depends upon the
plasma level of fatty acid, the activity of the rate-limiting
enzyme (carnitine palmitoyltransferase) and the demand
for ATP generation in the tissue.

Ketone bodies

Since their discovery in the urine of diabetic patients in the
latter part of the nineteenth century, ketone bodies have
had a varied history, being considered at different times
either as products of disturbed metabolism or as important
fuels. Their association with a disease branded them, ini-
tially, as undesirable metabolic products but the demon-
stration in the 1930s that various tissues could oxidise
ketone bodies led to the suggestion that they could be
important as a lipid fuel. Thus, in areview in 1943, MacKay
wrote: ‘Ketone bodies may no longer be looked upon as
noxious substances which are necessarily deleterious to the
organism.” Despite this, in 1956 evidence was presented
that long-chain fatty acids were the important fat fuel in
starvation, so that ketone bodies were further neglected and
once more associated with pathological conditions. In
1968, Greville & Tubbs wrote: ‘Clearly it is not obvious
in what ways ketogenesis in fasting is a good thing for the
whole animal; should the liver be regarded as providing
manna for the extrahepatic tissues or does it simply leave
them to eat up its garbage?’

In the 1970s the physiological importance of ketone
bodies was revived, quite dramatically, when George
Cahill and his colleagues demonstrated that ketone bodies
could be used by the human brain during prolonged starva-
tion and, furthermore, contributed significantly to ATP
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generation. Not only did they generate ATP, they decreased
the rate of glucose utilisation by the brain by about 50%,
which contributes significantly to survival in prolonged
starvation (Chapter 16). This important observation was
made directly on the subjects by measurement of the arte-
riovenous differences across the brain, (this is a procedure
that would no longer gain ethical permission Table 7.5).
The plasma concentration of ketone bodies in fed,
healthy humans is very low (about 0.1 mmol/L) so that
the rate of utilisation is very low. However, it is elevated
in several conditions, e.g. starvation, hypoglycaemia, affer
physical activity. In starvation in normal adults, it increases
to about 3 mmol/L after three days and to 5—6 mmol/L
after several more days (Figure 7.24). Nevertheless, it can
increase to 3 mmol/L or higher within a few hours of
completing a prolonged period of physical activity if food,
particularly carbohydrate, is not eaten (known as ‘acceler-
ated starvation’) (Table 7.3). Ketone bodies are particu-
larly important in children, since starvation can quickly
result in severe hypoglycaemia. This is due to the fact that
the amount of glycogen stored in the liver of a child is

r Adults
| Children

Plasma ketone body
concentration (mM)
N w B (6] (o))
T

1 2 83 4 5 6 7 8
Days starvation

Figure 7.24 The increase in the plasma ketone body concentra-
tion during starvation in adults and children. The ketone body
comprises both acetoacetate and hydroxybutyrate.

Table 7.5 Arteriovenous differences of oxygen, glucose, fatty acids, acetoacetate and hydroxybutyrate across the brain of obese

females during prolonged fasting

Arteriovenous concentration difference (mmol/L)

Oxygen Glucose Acetoacetate Hydroxybutyrate® Fatty acid
Fed =33 -0.51 - - -
5-6 weeks’ fasting -3.0 -0.14 —0.06 -0.34 -0.02

In the fed state, the glucose uptake by the brain is 0.32 mmol/min and the substrate is completely oxidised. This accounts for 94% of the oxygen
consumption (2.1 mmol/min) (Reimuth et al., 1965). In the fasted state, glucose oxidation (0.09 mmol/min) accounts for 30% of oxygen uptake
(1.9 wmol/min). Ketone body oxidation accounts for the remainder (Owen et al., 1967). The negative sign indicates uptake of the fuel by the brain.
Measurements were made by insertion of a catheter into the brachial artery and the vein draining blood from the brain. The negative sign indicates
uptake.

“Note that considerably more hydroxybutyrate than acetoacetate is taken up by the brain.
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low in comparison with that in an adult, yet the rate of
glucose utilisation by the brain is similar (see Chapters 6
and 16). Consequently, the blood ketone body level
increases to about 5 mmol/L in children during a short
period of starvation (Figure 7.24). This fact, and its clini-
cal significance, appear to have been ignored by health
professionals, physicians and paediatricians (Chapters 6
and 16).

Ketone bodies are produced in the liver by partial oxida-
tion of long-chain fatty acids arising from the triacylglyc-
erol stored in adipose tissue, so that the question arises,
why should one lipid fuel be converted into another? There
are several reasons.

e There are two tissues that cannot use long-chain fatty
acids, the small intestine and the brain. Both can,
however, oxidise ketone bodies and therefore can restrict
glucose utilisation. It is not known why these tissues do
not oxidise fatty acids: possibly the activity of the
enzymes in oxidation is very low.

* Some muscles carry out essential physiological func-
tions, for example, heart, respiratory muscle (e.g. dia-
phragm and intercostal muscle), postural muscles,
muscles used for chewing food. Severe hypoglycaemia
could result in such a low uptake of glucose that the rate
of ATP generation would not sufficient to meet the
energy be needs for these essential functions. In such a
situation, the formation of ketone bodies and their uptake
by the muscles would replace glucose as a fuel to gener-
ate ATP for these essential functions.

» Ketone bodies provide a fuel for the brain which can
significantly reduce the rate of glucose utilisation by this
organ. During starvation, this permits a reduction in the
loss of muscle protein, which otherwise breaks down to
provide glucose, via gluconeogenesis from amino acids,
for the brain. This reduction in the rate of breakdown of
muscle protein is one factor that increases the length of
time of survival during starvation (Chapter 16).

* The rate of utilisation of ketone bodies by the brain of
the neonate is considerably higher than that of an adult
(about fourfold). This high rate of ketone body oxidation
may restrict that of glucose, so that it is available for
synthesis of compounds such as amino sugars, glycosyl-
ation of proteins and provision of glycerol 3-phosphate
for phospholipid synthesis, which is especially important
for the developing brain (Chapters 14 and 15). In addi-
tion, the utilisation of glucose by the pentose phosphate
pathway, rather than oxidation, provides NADPH, which
is necessary for several reduction reactions, and for
ribose 5-phosphate formation, which is required for the
synthesis of nucleotides for RNA and DNA synthesis
(Chapters 6 and 20) (Box 7.3).
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Box 7.3 Ketone bodies in the neonate

The major fuel for the foetus is glucose, provided by the
mother via the placenta. However, any glycogen stored in
the foetus prior to birth is used during parturition since
hypoxia can readily develop as the placenta separates from
the mother (Chapter 6). The major fuel in the milk of the
mother is fat, so that in the neonate the nature of the major
fuel changes from carbohydrate to fat. Since the brain is
an organ that demands most of the fuel in the neonate and
the brain cannot use fatty acids, the fat fuel that is provided
is ketone bodies. A high rate of ketogenesis, occurs there-
fore, in the neonate. This is achieved as follows:

e There is a marked increase in the activity of the
key enzymes that convert fatty acids into ketone
bodies: carnitine palmitoyltransferase and HMG-CoA
synthase.

¢ The carnitine palmitoyltransferase is insensitive to the
inhibitor malonyl-CoA, so that it cannot be inhibited by
this allosteric effector (see above).

e The activity of the enzyme that forms malonyl-CoA,
acetyl-CoA carboxylase, is very low, so that fatty acid
oxidation is high.

* HMG-CoA synthase is not succinylated, i.e. the inter-
conversion cycle involving succinylation does not occur
(Appendix 7.5).

These changes provide further biochemical support for the
mechanisms proposed for regulation of ketone body syn-
thesis that are discussed above.

* The plasma ketone body level increases rapidly in starva-
tion in pregnancy, which is important in preventing hypo-
glycaemia in the mother and thus maintaining a supply
of glucose for the developing foetus (Chapter 19).

Limitations or drawbacks
of fats as a fuel

Although there are advantages in the provision of three
lipid fuels in the body, there are a number of drawbacks to
the storage of all the fuel reserves as triacylglycerol and
the use of fat fuels:

* Fat fuels can only generate ATP via the Krebs cycle and
electron transport, so that generation of ATP requires
molecular oxygen. Consequently, ATP cannot be gener-
ated under anoxic or hypoxic conditions from fat fuels.

* They cannot be oxidised if the tissue lacks mitochondria,
e.g. red blood cells, kidney medulla, lens of the eye, type
IIB muscle fibres (anaerobic fibres) — see Chapter 6.
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* During sustained exercise, fat oxidation alone cannot
provide sufficient ATP to maintain a high power output
(see Chapter 13).

* Fatis stored in the body in separate depots, most of which
need to be remote from muscles, so as not to interfere
with their function. A considerable amount is stored
around the waist or hip where it does not affect the centre
of gravity of the body, which is important in locomotion.
Consequently, the fat fuel requires transport from the site
of storage to the tissue of utilisation, via the blood, which
requires specific transport mechanisms (see above).

 Fatty acids require about 7% more oxygen than does
carbohydrate to generate the same amount of ATP. Under
circumstances where oxygen supply is limiting, for
example in parts of the myocardium after an occlusion
in one of the arteries, glucose is the preferred fuel and
attempts are made to increase blood glucose levels and
decrease mobilisation of fatty acids in this condition (see
Chapter 22).

Genetic defects in fatty acid
oxidation

The study of genetic defects in the oxidation of fat fuels is
a relatively new field compared with the study of such
defects in carbohydrate and amino acid metabolism. The
first genetic defect was reported in 1970 and the first
enzyme deficiency in 1973. The probable reasons for the
late discovery of these defects are of some interest:

* In an adult, it is only after about 24 hours of fasting
or during prolonged physical activity that fatty acid
oxidation plays a major role in energy provision. Neither
condition is common in developed countries, so that
an inability to generate ATP from fat oxidation is not
normally apparent.

* Except for measurement of ketone bodies and triacylg-
lycerol or cholesterol, clinical chemistry laboratories
seldom measure the plasma concentrations of fatty acids,
which could provide some information about fatty acid
oxidation.

e Abnormal metabolites of fatty acids in urine, which
could indicate defects in fat metabolism, can only be
detected by gas chromatography or mass spectrometry.
These techniques are not routinely available in clinical
laboratories.

Defects in several proteins involved in fatty acid oxidation
are known. These are carnitine palmitoyltransferases, any
of the three acyl-CoA dehydrogenases, or the protein that
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transports carnitine into cells. All are inherited in an auto-
somal recessive manner and between them give rise to the
following signs. If the liver is involved, it presents, in
infancy or early childhood, with recurrent episodes of
hypoglycaemia and possibly coma, since ketone bodies
cannot be produced. If muscle is involved, it usually pres-
ents with pain, cramps, myoglobinuria and chronic muscle
weakness.

Carnitine palmitoyltransferase deficiency

Patients with this deficiency present with myopathy, recur-
rent aching muscles and myoglobinuria after prolonged
exercise or starvation. It is interesting to note that there are
more cases of a deficiency of this enzyme in muscle than
there are cases of a deficiency of any of the glycolytic
enzymes (including phosphorylase, see Chapter 6).

Carnitine transporter deficiency

Children with a primary deficiency of the carnitine trans-
porter present with acute episodes of hypoglycaemia
leading to loss of consciousness during even a short fast.
(See Chapter 9 for a role of carnitine) in the Krebs cycle.

Acyl-CoA dehydrogenase deficiencies

The commonest form of this deficiency is absence of
medium-chain acyl-CoA dehydrogenase activity but, if the
long-chain acyl-CoA dehydrogenase activity is absent, the
symptoms, which appear in childhood, are more severe.
These include vomiting and severe drowsiness. Problems
arise during starvation when neither fatty acids nor ketone
bodies can spare the demand for glucose so that hypogly-
caemia develops rapidly. A precise diagnosis is difficult
unless methods are available for measurement of glycine-
conjugates of fatty acids in the urine.

Pathological concentrations of
fat fuels

The three fat fuels and their metabolism are involved
directly or indirectly in diseases such as diabetes mellitus,
syndrome X, obesity, atherosclerosis and coronary heart
disease, which are discussed in other chapters in this book.
This section considers the problems associated with high
blood levels of ketone bodies and long-chain fatty acids.

Ketoacidosis

An elevated plasma ketone body concentration, of about
7-8 mmol/L, occurs in a number of conditions but it causes
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no problems (Table 7.3). In contrast, in type 1 diabetic
patients the plasma ketone body level can, on occasion,
exceed 20 mmol/L. Although this is not common in well-
controlled diabetic patients, it can arise if the patient has
failed to inject sufficient insulin to control the blood
glucose level and inhibit fatty acid mobilisation and keto-
genesis in the liver (see above). The problem is not the
concentration of ketone bodies but the fact that they are
acidic and, if the concentration is high, blood pH can fall
to values less than 7.0. A low pH together with hypergly-
caemia can lead to a coma. Indeed, this may be the first
indication, especially in a young child, of severe insulin
deficiency. Since the patient can develop this extreme
degree of ketosis gradually over a considerable period
of time, diabetes mellitus may not always be considered
as a cause. Such ketoacidosis can also occur in a well-
controlled diabetic patient when another illness, especially
gastroenteritis, increases the requirement for insulin for
which the patient is unaware.

Long-chain fatty acids

The plasma level of fatty acids in a fed subject is between
0.3 and 0.5 mmol/L. As discussed above, the maximal safe
level is about 2 mmol/L. This is not usually exceeded in
any physiological condition since, above this concentra-
tion, that of the free (not complexed with albumin) fatty
acids in the blood increases markedly. This can then lead
to the formation of fatty acid micelles which can damage
cell membranes: the damage can cause aggregation of
platelets and interfere with electrical conduction in heart
muscle (Chapter 22). The cells particularly at risk are the
endothelial cells of arteries and arterioles, since they are
directly exposed to the micelles, possibly for long periods
of time. Two important roles of endothelial cells are control
of the diameter of arterioles of the vascular system and
control of blood clotting (Chapter 22). Damage to endo-
thelial cells could be sufficiently severe to interfere with
these functions; i.e. the arterioles could constrict, and the
risk of thrombosis increases. Both of these could contrib-
ute to the development of a heart attack (Chapter 22) (Box
7.4).

In addition, a high intracellular concentration of fatty
acids raises that of long-chain acyl-CoA, which can damage
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Box 7.4 Stress and long-chain fatty acids

Stress, whether caused by anxiety or aggression, elevates
plasma levels of the stress hormones adrenaline, noradren-
aline and cortisol. These hormones stimulate the hormone
sensitive lipase in adipose tissue which elevates the fatty
acid concentration in the blood. The hormones increase
the levels of fuels in the blood in preparation for ‘fight or
flight” but, especially in humans living in developed coun-
tries, the stress-inducing situations are very different from
those of early humans. For example, driving a car in
crowded traffic, discussion of a contentious issue at a
committee meeting or watching exciting sporting events
can induce stress in some individuals. In these situations,
blood fatty acid concentrations could be raised to ‘toxic’
levels.

After the Athens earthquake in 1981 there was a marked
increase in deaths due to heart attacks over a period of five
days after the quake; on the day of the earthquake in Los
Angeles, there was an increase in heart attacks. In the first
few days after the Iraqi missile attacks on Israel in 1991,
there was a sharp increase in heart attacks in Israel com-
pared with control periods. The psychological stress
caused by these sudden disasters could have raised the
blood fatty acid levels above the ‘safe’ level in some sub-
jects which could have increased the risk of a heart
attack.

mitochondrial membranes, uncoupling oxidative phos-
phorylation and impairing ATP generation. This could
seriously interfere with the function of a tissue. Unfortu-
nately, since the plasma level of fatty acids is not normally
measured, unlike glucose or cholesterol, high concentra-
tions of fatty acids are not considered to be a problem by
most clinicians.

Triacylglycerol in the blood

Triacylglycerol in the forms of chylomicrons or very low
density lipoproteins constitutes the mass transport system
of fat in the blood. Excessive levels, particularly of VLDL,
can give rise to various pathological problems which are
grouped together under the title lipoproteinaemias and are
discussed in Chapter 11 (Appendix 11.9).
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Amino Acid and Protein Metabolism

A consequence of the oxidation of amino acids is that the amino group is lost to the system,
mainly through the formation and excretion of urea. Of the urea produced, the proportion which is
excreted in the urine varies depending on the . . . metabolic activity of the colonic microflora.
From 25 to 90% of the urea nitrogen produced may be retained in the system following hydrolysis
by colonic microflora, thereby playing a fundamental role in achieving nitrogen balance and
making a significant contribution to the nitrogen economy of the body.

At least 30 different amino acids are found in Nature. It
was considered for some time that only 20 amino acids
were present in mammalian proteins but now it is known
that there are 21; the 21st is selenocysteine (Table 8.1). The
metabolism of each is different, making amino acid metab-
olism considerably more complex than that of either glucose
or lipid. An unfortunate consequence of this is that a series
of pages describing the metabolism of each individual
amino acid is daunting, to say the least, and may have little
value except for reference purposes. Of greater utility is an
understanding of the general principles of amino acid
metabolism, which are described in this chapter. Specific
details of the roles played by individual amino acids in the
immune system, behaviour, physical fatigue, cancer and
trauma are discussed in later chapters, but the background
for these discussions is provided in this chapter.

Introduction

Protein represents the second largest store of chemical
energy in the body, but it is not used for generating ATP
except in some diseases and in some extreme conditions
(e.g. prolonged starvation, very sustained exercise). The
largest deposit of protein in the body is in skeletal muscle
(about 40% of body weight). The synthesis of proteins
requires amino acids whereas degradation of proteins pro-

(Jackson, 1998)

duces amino acids and the two processes occur simultane-
ously. Hence, there is a continual turnover of protein,
which accounts for at least 20% of the resting energy
expenditure.

The intra- and extracellular
concentrations of amino acids in humans

The intracellular concentrations of amino acids in two
tissues and those in plasma are given in Table 8.2. Some
general comments are:

* In muscle, the concentrations of alanine, aspartate, gluta-
mate, glutamine, leucine, serine and valine are high;
that of glutamine is the highest (c. 20 mmol/L). The
lowest are those of methionine, tryptophan and tyrosine.

¢ In plasma, the glutamine concentration is also the highest
(c. 0.6 mmol/L).

e The total intracellular concentration of all the free amino
acids is about 15 times higher than those in the plasma.

* The total nitrogen content in the whole body is about
24 g per kg body wt.

* Hence the free amino acids comprise only 1% of the total
amino acid N: i.e. 99% of all the amino acids in the body
is bound in proteins.

Functional Biochemistry in Health and Disease by Eric Newsholme and Tony Leech
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Table 8.1 The 21 amino acids present in mammalian proteins

Standard abbreviation

Amino acids Molecular
in proteins 3-Letter 1-Letter® mass”
Essential (indispensable)”

Histidine His H 155
Isoleucine Ile I 131
Leucine Leu L 131
Lysine Lys K 146
Methionine Met M 149
Phenylalanine Phe F 165
Threonine Thr T 119
Tryptophan Trp w 204
Valine Val v 117
Non-essential

(dispensable)

Alanine Ala A 89
Arginine Arg R 174
Aspartate Asp D 133
Cysteine* Cys C 121
Asparagine Asn N 132
Glutamate Glu E 147
Glutamine Gln Q 146
Glycine Gly G 75
Proline Pro P 115
Serine Ser S 105
Tyrosine® Tyr Y 181
Selenocysteine® 168

Data from Matthews (2006).

“The single-letter abbreviations are often used to indicate amino acid
sequences in proteins.

"Molecular mass is rounded to the nearest whole number and represents
the number of grams per mole of amino acid.

“For difference between essential and indispensable, and for histidine, see
text.

dCysteine and tyrosine are described as conditionally essential (see text).

Selenocysteine is not always included in lists of amino acids but it obeys
the definition of an amino acid, it is present in the diet, is present in some
mammalian proteins, and it is incorporated directly into these proteins as
selenocysteine during the normal process of translation: there is a specific
tRNA for this amino acid: the anticodon is AGU.

Structure and classification of amino acids

Amino acids bear both carboxyl (-(COOH) and amino
(-NH,) groups, which become ionised at pH 7.0:

H

|
R—C—COO~
|
NH3
Since both groups are attached to the o-carbon, they are
known as o-amino acids. The identity of an amino acid
depends on the structure of its side chain (R group), which
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Table 8.2 Concentrations of free amino acids in plasma, liver
and muscle of humans

Concentrations (mmol/L)

Amino acid Plasma Liver Muscle
Alanine 0.36 3.2 3.2
Arginine 0.06 0.03 0.57
Aspartic acid 0.01 18.7 1.0
Asparagine 0.05 0.32 0.40
Cysteine 0.09 - 0.16
Glutamic acid 0.02 4.1 3.8
Glutamine 0.60 5.1 20.0
Glycine 0.20 3.7 1.5
Histidine 0.07 0.77 0.40
Isoleucine 0.05 0.10 0.10
Leucine 0.11 0.30 0.24
Lysine 0.16 0.25 1.2
Methionine 0.02 0.05 0.1
Phenylalanine 0.06 0.10 0.09
Proline 0.22 - 1.6
Serine 0.10 1.0 0.71
Taurine® 0.07 8.5 25.0
Threonine 0.11 0.55 0.67
Tryptophan 0.04 0.03 0.1
Tyrosine 0.05 0.15 0.14
Valine 0.21 0.32 0.30

For muscle, data from Blomstrand et al. (1995); Matthews (2006); Barle
et al. (1996). From liver, data from

“Taurine is a sulphur amino acid, which is not present in protein (see text).

For the calculation from the amount in fresh (wet) tissue, e.g. pmol/g
fresh tissue, it is assumed that the intracellular water makes up 40% of
the weight.

Concentrations reported by different authors vary slightly. The concentra-
tions of selenocysteine have not been measured. The total concentration
of all the essential amino acids (without cysteine) is the same in muscle
and liver. Similarly the total concentration of all the non-essential amino
acids (excluding taurine) is similar.

is a single H in the simplest amino acid (glycine) but in
tryptophan is complex.

Amino acids can be divided into six classes according
to the nature of their side

chains (R groups) (Figure 8.1).
The complete structure of each
amino acid can be determined
from the R group. All the
amino acids that occur in
proteins are the L-enantiomers
(see Appendix 3.1) except
glycine, which is not optically
active. The D-enantiomers of a
few amino acids do occur in
Nature but are found not in
proteins but in small peptides
in some bacterial cell walls.

The words peptide and
polypeptide are both used to
describe chains of amino acids
linked by peptide bonds.
Peptides are short chains of
amino acids that do not form
part of a protein. The number
of amino acids is indicated by a
prefix (e.g. dipeptide,
hexapeptide, oligopeptide).
Polypeptides (or polypeptide
chains) are longer sequences
which can form part of a
protein, which may consist of
several polypeptides (Appendix
3.1).
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0]

NH,

Basic structure

1]
R-CH-C—OH
|

Neutral amino acids

Glycine H-
Alanine CHg—
o
Valine CH3—CH-
T
Leucine CHg—CH-CH,-
CHy

I
Isoleucine CH3—CHy—CH-

Serine HO-CHy—
OH
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Figure 8.1 Structure of side-chain groups (R) of amino acids except for proline, for which the entire structure is presented.

Sources of amino acids

There are four sources of amino acids that enter the free
amino acid pool in the body: proteins in food; proteins
secreted into the stomach and intestine by the digestive
glands; endogenous proteins; and microorganisms that die
and release their protein in the colon.

(i) Food The average intake of protein in developed
countries is about 90 g a day. During digestion,
protein is hydrolysed to release the amino acids that
are absorbed into the enterocytes of the small intestine
and then enter the blood, from where they are taken
up by the tissues for peptide and protein synthesis or
to enter the pathways of metabolism, which are
described in this and subsequent chapters. (Free amino

acids are present in food but amounts are small, unless
the diet is supplemented with amino acids.)

(i1) Small intestine and pancreas About 70 g of protein
enters the lumen of the intestine every day from the
secretory cells in the form of digestive enzymes and
mucus and from desquamated epithelial cells.

(iii)) Endogenous protein The process of protein turnover
involves hydrolysis of cellular protein, with release of
free amino acids into the intracellular compartment.

(iv) Bacterial and other microorganisms in the intestine
These are present mainly in the colon. Death of the
microorganisms is followed by their digestion and the
release of amino acids into the lumen. The amino
acids are then available for use by other microorgan-
isms, by the colonocytes or the liver, after their uptake
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from the lumen. The use by the liver is quantitatively
significant in some conditions (see below).

A summary of the contributions of various processes to
protein intake, protein loss and whole-body protein turn-
over is presented in Table 8.3.

Protein turnover

Protein turnover in an adult is about 4 to 5 g per kg body
wt, equivalent to about 250 to 350 g of protein hydrolysed
and resynthesised every day in the tissues of an adult
human. This represents considerably more protein than is
ingested in food. The rates of protein turnover vary enor-
mously, depending on the nature of the protein, the condi-
tion of the subject and the tissue (Table 8.3). Proteins
(mainly enzymes) in the liver are replaced every few hours
or days whereas structural proteins (e.g. collagen, contrac-
tile proteins) are stable for several months. Contractile
proteins can be degraded relatively rapidly in some condi-
tions (see below).

Table 8.3 Approximate values for (a) protein intake, (b) protein
loss, (c) protein turnover, each day in a normal adult human

Protein intake

Process Amount (g)
Dietary intake 90
Proteins secreted into GI tract 70

Total absorbed 150°

Protein loss

Process Amount (g)
In faeces 10

In urine® 75
Sloughing of skin 5

Total lost 90

Protein turnover

Tissue Amount (g)
Muscle 75

Liver, gut, lung 130

White blood cells 20

Red blood cells 8
Albumin 12

Other tissues 8

“Calculated from the nitrogen in urea and ammonia which represents
primarily protein metabolism (the nitrogen in nucleic acid is released as
ammonia and converted to urea).

Data from Matthews (2006).
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Four questions arise:
(i) Why should this turnover occur at all?
(ii)) Why should its rate be so variable?

(iii)) What are the processes responsible for intracellular
protein degradation?

(iv) How is it controlled?

There are at least two answers to question (i). First,
abnormal proteins can arise in cells due to spontaneous
denaturation, errors in protein synthesis, errors in post-
translational processing, failure of the correct folding of
the protein or damage by free radicals. They are then
degraded and replaced by newly synthesised proteins.
Secondly, turnover helps to maintain concentrations of
free amino acids both within cells and in the blood. This
is important to satisfy the requirements for synthesis of
essential proteins and peptides (e.g. hormones) and some
small nitrogen-containing compounds that play key roles
in metabolism (see Table 8.4).

An answer to question (ii) is as follows. Turnover can
be considered as a large-scale substrate cycle (Chapter 3),
one role of which is to regulate, precisely, the concentra-
tions of specific proteins. This explanation predicts that the
turnover rate of enzymes that control metabolism should
be highest, since their activity and therefore their concen-
tration is of key importance in the regulation of metabo-
lism. The greatest sensitivity of control, and therefore the
greatest precision provided by a cycle, is achieved when
there is a high rate of cycling compared with the net rate
of synthesis or degradation (Chapter 3). This is indeed the
case (Table 8.5). It is also consistent with the fact that the
rate of protein turnover is proportional to the rate of energy
expenditure: i.e. a high rate of protein turnover results in
a high rate of energy expenditure: i.e. energy expenditure
depends in part, on rates of protein turnover.

In answer to question (iii), there are three pathways for
protein degradation:

o the lysosomal-autophagic system;
« the ubiquitin-proteasome system;
o the calpain-calpastatin system.

The quantitative importance of each pathway varies from
one tissue to another and from one protein to another.
Although hydrolysis of the peptide bonds does not involve
ATP, the various processes of protein degradation require
considerable expenditure of energy, possibly more than is
required for protein synthesis. It is not suprising, therefore,
that protein turnover contributes at least 20% to resting
energy expenditure (basal metabolic rate).

The answer to question (iv) is that although much is
known about the control of protein synthesis, very little is
known about the processes of degradation.
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Table 8.4 Some small nitrogen-containing molecules synthesised from amino acids

Amino acid precursor Molecule synthesised
Arginine Creatine, nitric oxide
Aspartate Purines and pyrimidine nucleotides
Cysteine Glutathione
Taurine
Glutamate Glutathione, N-acetylglutamate, y-aminobutyrate
Glutamine Purine and pyrimidine nucleotides, amino sugars
Glycine Creatine

Porphyrins (for the synthesis of haemoglobin
and cytochromes)
Purine nucleotides

Histidine Histamine
Lysine Carnitine
Methionine Creatine
Choline
Ornithine, putrescine
Proline -
Serine Ethanolamine and choline, sphingosine
Tyrosine Adrenaline
Noradrenaline
Dopamine
Melanin, thyroxine
Tryptophan 5-Hydroxytryptamine (serotonin), melatonin
Table 8.5 Half-lives of enzymes and serum proteins nents. A variety of proteases Enzymes hydrolysing peptide
A . (cathepsins) and peptidases | bonds within the peptide chain
pproximate i i ferred to as proteases
Source Enzyme/Protein half-life (h) exist so that proteins can be ?lii;:vﬁ also as rgteinases)
hydrolysed ~ completely to while those catarl)ysing the
Cellular Ornithine 0.2 amino aCidS. The pH Wlthln removal of terminal amino
decarboxylase® the lysosome is 4.5-5.0 and | acids are known as pegtidases.
Hydroxymethylglutaryl 2 all lysosomal enzymes exhibit P]mteases g e?hmto four
CoA reductase’ low pH optima. This ensures fnatsﬁs Sagtcif/(;rsilt]::g: sgrinz S
Glucokinase® 12 that, if they leak into the | Pproteases (e.g. pancreatic
Lactate dehydrogenase 140 . o enzymes, complement, and
Cytochrome 150 cytosol, thel‘r activity is VeIY | (lotting factor enzymes);
Serum Albumin 480 low and little damage 1S cysteine proteases (e.g. .
. done. This low pH within the | lysosomal enzymes, calpains);
Transferrin 210 . P metalloproteases (e.g.
Pre-albumin 72 organelle is mam'tamed by a collagenase, angiotensin-
Retinol-binding protein® 12 proton pump, driven by the | converting enzyme); and acidic
hydrolysis of ATP, thus con- | proteases (renin, HIV protease).
The half-life is a precise indication of the rate of turnover. tributing to the energy require-
*Key regulatory enzymes. ment of degradation.
®Retinol-binding protein is crucial for binding vitamin A in the serum. Proteins enter the lysosome by three mechanisms:

* Vesicles transport extracellular particles and membrane-
proteins into the cell, where they fuse with the lysosomes

Intracellular protein degradation systems (endocytosis, see Chapter 5).

Lysosomal-autophagic system * The endoplasmic reticulum engulfs some cytosolic pro-

. . . . teins to form vesicles which fuse with the lysosomes.
Lysosomes are vesicles which contain approximately 40

enzymes capable of hydrolysing all major cell compo- e The direct uptake of cytosolic proteins by the lysosomes.
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The first two are quantitatively the most important. Pro-
teins that are taken up directly by the lysosomes have spe-
cific short amino acid sequences which are bound by a
‘recognition’ protein that transports them to the lysosome.
The concentration of the recognition protein increases in
starvation and other conditions in which the concentrations
of anabolic hormones are low. Thus, protein degradation
is stimulated under these conditions.

Ubiquitin-proteasome system

This system is quantitatively the most important process
for protein breakdown in mammalian cells. It is so named
because it involves the proteolytic enzyme, the protea-
some, and the peptide ubiquitin.

The proteasome is a very large complex of at least 50
subunits. It is present in a wide variety of tissues and can
constitute up to 1% of soluble protein in a cell. The cataly-
sis occurs within the central core of the molecule and ATP
hydrolysis is required to ‘drive’ the protein into the core.
Before the complex can break down proteins, the latter
must first have been ‘tagged’ by complexing with ubiqui-
tin, a peptide of molecular mass 8.5 kDa. This attachment
requires three enzymes and the hydrolysis of ATP and it
results in a peptide link between the carboxylic group at
the C-terminus of ubiquitin and the NH, of a lysine side-
chain in the condemned protein. Several ubiquitin mole-
cules are attached to a single lysine so that a chain of four
or more ubiquitin molecules is formed (Figure 8.2). It is,

Target protein
,;1.‘. Multiubiquitinated
= GED protein
\/ ,y EEDGy

E, protease
E, @D

Eq E. ,\/\ﬁk

Eq
E, Q’L\
B @ @™ Ubiquitin - C ¢
Peptides
E, D ATP

AMP, PP,

Figure 8.2 The tagging of a protein molecule with ubiquitin to
identify it for degradation. Three enzymes are involved: (i) E; is
activated by binding to ubiquitin (ii) E, displaces E; (iii) E;
catalyses the transfer of ubiquitin from E, to the ‘doomed’
protein: more than one molecule is transferred to produce multi-
ubiquitinated protein, which is the ideal substrate for the pro-
teolytic enzyme.
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of course, vitally important that the correct molecules
receive this ‘kiss of death’. Some of the signals that iden-
tify these proteins are known: e.g. those with a predeter-
mined short life have specific amino acids at their
N-terminus (e.g. lysine, tryptophan, aspartate) or they have
a short specific sequence of

amino acids within the overall
peptide sequence. Proteins are
also ubiquitinated if they
become damaged or denatured,
since this reveals more lysine
side-chains for attachment. In
addition, some proteins must
be phosphorylated before they

The concentration of ubiquitin
increases in injured cells, and
any damaged proteins are
removed by reaction with
ubiquitin. It also increases

in trauma, which may be a
protective mechanism
responding to the increased
likelihood of damage to
proteins.

can be ubiquitinated. Immedi-
ately before the proteolysis by the proteasome, the ubiqui-
tin is removed from the target protein, which also requires
hydrolysis of ATP.

Some key intracellular processes, which involve degra-
dation of protein, utilise this system:

e The cell cycle The concentrations of specific proteins
regulate the cell cycle by activation (known as cyclins)
is achieved of cell-division cycle kinases, during key
steps in the cycle. The concentration of these proteins
(cyclins) is regulated by synthesis and degradation. The
latter is this proteolytic system (Chapter 20).

e Transcription factors These factors activate the ex-
pression of genes. In order to carry out their regulatory
function, they must have short half lives. Their degrada-
tion is carried out by this system (Chapter 20).

» Formation of antigens from the intracellular degrada-
tion of pathogens The proteolytic system hydrolyses
proteins of pathogens that are present within the host cell
(e.g. a virus), to produce a short peptide which forms a
complex with a specific protein, known as the major
histocompatibility complex (MHC) protein. The peptide
is, in fact, the antigen. At the plasma membrane, the
MHC protein locates within the membrane and the small
peptide sits on the outside of the membrane, where it can
interact with the receptor on a cytotoxic T-lymphocyte
to kill the host cell and the virus (Chapter 17).

* Protein processing in the endoplasmic reticulum makes
mistakes. All membrane-associated proteins and proteins
that are secreted by the cell are synthesised on mem-
brane-bound ribosomes and pass into the lumen of the
reticulum, where they are modified by post-translational
processes, so that much biochemical manipulation of the
proteins takes place. Consequentially mistakes are often
made. Such abnormal proteins are exported from the
lumen into the cytosol for ubiquitination and degradation
in the proteasome.
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The calpain-calpastatin system

Calpains are enzymes that consist of a proteolytic subunit
and a calcium binding subunit. In the cytosol, these
enzymes are inactive due to binding of the inhibitory
protein, calpastatin. Attachment to the cell membrane
removes this inhibition and activation occurs at low con-
centrations of Ca?* ions. The enzymes hydrolyse proteins
as far as peptides: complete hydrolysis requires peptidases,
which are also present in the cytosol.

Regulation of degradation

Very little is known of the mechanism(s) by which the
rate of degradation is controlled. The current view is that
the concentrations of ubiquitin, together with changes in
the activity of the proteasome complex control the rate
of proteolysis by this system. Lysosomal degradation may
be controlled by the number of particles transported into
the cell. The calpains might be controlled by the Ca** ion
concentration.

Defects in protein degradation
and diseases

If a protein is lost it must be replaced if health is to be
maintained: excessive loss contributes to death, for example
during prolonged starvation or cachexia. The cause of
death is usually infection, due to an impaired immune
system, or heart failure (Chapters 16 and 22). In children,
poor nutrition and infections are factors that result in the
nutritional disorder known as protein-energy malnutrition.
In the elderly, trauma, major surgery or poor nutrition can
result in loss of so much skeletal muscle that normal daily
activities (e.g. walking, climbing stairs, dressing and, in
severe cases, even getting out of a chair or up from a toilet
seat) are impaired (Chapters 15 and 18).

The importance of the proteasomal-ubiquitin system in
the degradation of cellular proteins or proteins of pathogens
suggests that any defects in this system could result in
disease. Indeed, one possible cause of some neurodegen-
erative diseases, such as Alzheimer’s, Parkinson’s, motor
neurone disease and spongiform encephalopathies, is the
accumulation of insoluble proteins which form aggregates
in neurones. This could be caused by impaired proteolytic
digestion of the proteins prior to aggregation (Chapter 14).

Failure to control the rate of degradation of cyclins
could lead to their over-expression, increasing the risk of
tumour development.

Muscular dystrophies are characterised by variable
degrees of muscle weakness and degeneration. The most
common forms are Duchenne (severe) and Becker (benign).
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Both are caused by a mutation in a gene on the X
chromosome.

In Duchenne, the first symptom is muscle weakness in
the early years of life which gradually worsens so that
patients are unable to walk by the age of 10 years. Death
from cardiac or respiratory insufficiency usually occurs
before the age of 25. In Becker type, weakness and wasting
becomes apparent between 5 and 25 years but, although
severely disabled, patients can survive to a normal age.

In 1987 the gene responsible for muscular dystrophy
was identified, leading to the isolation of a protein, known
as dystrophin, which is either totally absent in Duchenne,
or partially absent in the Becker type. The protein is located
on the inside of the plasma membrane of all muscles (and
some neurones). Although its precise function is not
known, the mutant form results in structural abnormalities
of the plasma member which results in degradation of
myofibrils, but the link between the abnormalities of the
membrane and degradation is not known. One theory is
that it leads to an increase in the activity of a Ca®* ion
channel in the membrane and, therefore, a marked increase
in the Ca* ion concentration in the cytosol. This chronic
elevation results in the activation of calpain, which leads
to protein breakdown and the degeneration within the fibre
(Chapter 13).

Protein and amino
acid requirements

The presence of proteins in the diet is essential for health.
An important question, therefore, is what is the minimal
amount of protein that must be provided to maintain health?
It is not an easy question to answer. Even when no protein
or amino acid is consumed, in an otherwise adequate diet,
urea is lost from the body due to body protein break down.
The daily loss of protein is about 0.34 g per kg or about 24 g
protein each day for a 70 kg person (i.e. when no protein is
consumed). However, this amount does not represent the
minimal intake required, since other factors, (such as the
amount of energy consumed, other components in the diet,
and trauma physical activity can affect this amount.) The
recommended dietary allowance (RDA) for a young adult
is 0.8 g per kg per day (Table 8.6).

Essential and non-essential
(indispensable and dispensable)
amino acids

For protein synthesis to take place, all the amino acids
must be available within the cell. To this extent, all amino
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Table 8.6 Recommended daily intake of high-quality protein®
for infants, children, teenagers and adults

Recommended Dietary

Age Body weight Allowance of protein
(years) (kg) (g/kg per day)
0-0.5 6 2.2
0.5-1 9 1.6

1-3 13 1.2

4-6 20 1.1

7-10 36 1.0

Males Females

11-14 - 1.0 1.0
15-18 - 0.9 0.8
19+ - 0.8 0.8

Data from Food and Nutrition Board, Institute of Medicine. Dietary pro-
teins and amino acids. Reference Intakes for Energy, etc. Washington,
DC: National Academy Press (2002) 10: 1-143 (see also Matthews
(2000)).

“The term ‘high quality’ has a number of different interpretations but for
human nutrition it usually means protein of animal origin, especially milk
or whole egg (see Appendix 8.1).

Vegetarians need to be aware of the amino acids present in their diet,
since most animal proteins contain amino acids approximately in propor-
tion to those required by humans but this is not true for all vegetable
proteins. This problem is particularly severe for those dependent on a
single source of plant protein, for example corn or rice, as is frequently
the case in poorer parts of the world. In general, legumes are low in
methionine while cereals are low in lysine. Some strains of corn now
contain lysine, but the best advice to vegetarians is to include as wide a
variety of plants as possible in their diet (Chapter 15).

acids are essential. However, studies in which animals
have been fed proteins of known amino acid composition
or pure amino acids, have demonstrated that some amino
acids are essential for maintaining nitrogen balance and
growth, whereas others are not essential. Such work led to
the simple division of the amino acids into essential and
non-essential. The terms indispensable and dispensable
amino acids are also used, but there is now an important
difference in their meaning. In biochemical terms, non-
essential amino acids are defined as those for which a
synthetic pathway is present in the body, which is of suf-
ficient capacity to satisfy the normal requirement. Essential
amino acids are defined as those for which a synthetic
pathway is not present. In nutritional terms, dispensable
amino acids are defined as those that can be excluded from
the diet without affecting nitrogen balance, whereas indis-
pensable amino acids are defined as those which, when
excluded from the diet, result in negative nitrogen balance.
Difficulties arise, however, since some amino acids that are
normally dispensable can, under certain conditions, become
indispensable (see below).

There are several means of determining whether an
amino acid is indispensable, although results vary accord-
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ing to the method used. The nitrogen balance method has
been used most frequently. In a normal healthy adult, if the
intake of nitrogen in the diet is equal to the loss from the
body (in faeces, urine and skin), this is termed nitrogen
balance. If more nitrogen is ingested than lost (e.g. during
periods of growth or tissue repair) this is termed positive
nitrogen balance. In contrast, during malnutrition, starva-
tion or in some diseases, less nitrogen is ingested than lost:
this is termed negative nitrogen balance.

To determine whether an amino acid is indispensable, it
is omitted from the diet while all the other amino acids are
included. If the omission results in negative nitrogen
balance, the amino acid is deemed indispensable. If],
because of the absence of this single amino acid, the body
has been unable to synthesise proteins, the nitrogen which
would have been used in this synthesis is excreted. By this
method, the following amino acids are considered to be
indispensable for humans: isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan and
valine. Histidine occupies a grey area. To obtain accurate
data for this amino acid, nitrogen balance studies would
have to be carried out over long periods and such extended
studies are not ethical. More sensitive experiments to
determine the essential nature of amino acids in humans
are performed by omitting particular amino acids from the
diet for short periods of time and determining how this
affects the concentrations of plasma proteins that turn over
rapidly (Table 8.5). These include albumin, prealbumin,
retinol-binding protein and transferrin: their concentrations
drop rapidly if the rate of synthesis is decreased. Such
studies have shown that histidine can be added to the list
of essential amino acids. The daily requirements of all
these amino acids are given in Table 8.7.

The non-essential amino acids are alanine, arginine,
aspartate, asparagine, cysteine, glutamate, glutamine,
glycine, proline, serine and tyrosine. A summary of
the reactions involved in their synthesis is given in
Figure 8.3 and full details of these pathways are provided
in Appendix 8.2.

Conditionally essential amino acids

The distinction between essential and non-essential amino
acids is not always clear-cut; some amino acids become
essential only under certain conditions; otherwise they are
classified as non-essential. Examples are as follows:

e The rate of synthesis of some amino acids that are nor-
mally considered to be indispensable is not sufficient
under conditions when the demand for them is increased
(e.g. after severe trauma, major surgery or during sepsis).
These amino acids include glutamine, cysteine and,
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Table 8.7 Recommended daily intake of essential amino acids for adults, children and infants

Daily requirement of amino acids (mg/kg per day)

Amino acid Adults Child (1-3y) Child (4-13y) Infant (7-12 months)
Histidine 14¢ 21 16* 32
Isoleucine 19 (23) 28 22 43
Leucine 42 (40) 62 48 96
Lysine 38 (30) 58 45 89
Methionine plus cysteine 19 (13) 28 22 43
Phenylalanine plus tyrosine 33 (39) 54 41 84
Threonine 20 (15) 32 24 49
Tryptophan 5(6) 8 6 13
Valine 24 (20) 37 28 58

Data from Matthews (2006).

In adults, data are also presented in parentheses: these are reassessments of the requirements by Young & Borgonha (2000).

*Although histidine may not be needed beyond infancy, histidine has been recommended for children and adults based on a calculation of the histidine
content of protein and the recommended dietary allowance for protein, for each of these age groups.

Pyruvate Alanine

oacetate Aspartate
NH, w
X‘/ NH; Asparagine
Oxoglutarate Glutamate ——/

Oxal

Glutamate

Glutamate NHs
semialdehyde
\ Glutamine
>\ T proline
NH3 s
Ornithine
i
S Arginine

Glucose or
glycerol

Methionine *
\ Glycine
\

Cystathionine ——> Cysteine

Serine

Phenylalanine ———= Tyrosine

Figure 8.3 A summary of pathways involved in the synthesis of
non-essential amino acids. Glutamate is produced from ammonia
and oxoglutarate. Glutamate is the source of nitrogen for syn-
thesis of most of the amino acids. Cysteine and tyrosine are
different because they require the essential amino acids (methio-
nine and phenylyalanine) for their synthesis. These two amino
acids are, therefore, conditionally essential, i.e. when there is
not sufficient methionine or phenylyalanine for their synthesis,
they are essential (Details are in Appendix 8.2).

possibly, glycine and arginine. The essential nature
of these amino acids is, therefore, conditional. The
provision of nutrients for patients recovering from
trauma, etc., should take into account this increased
requirement.

* A problem with tyrosine and cysteine is that they can be
synthesised from other amino acids, phenylalanine and
methionine, respectively. Since both phenylalanine and
methionine are indispensable amino acids, if they are not
present in the diet at or below minimal requirement, then
there is not sufficient to synthesise tyrosine or cysteine
and, therefore, these amino acids become indispensable,
i.e. conditionally essential.

Fate of amino acids

There are three major fates of amino acids:

» Synthesis of new proteins for growth or repair. This is
discussed in Chapter 20. The rate of protein synthesis is
a major factor determining the overall rate of amino acid
metabolism: the higher the rate of synthesis, the lower
is the amino acid concentration which reduces the rate
of catabolism.

» Synthesis of a range of nitrogen-containing small
compounds. These compounds are identified in Table
8.4.

e Catabolism. This results, eventually, in formation of
ammonia and small carbon-containing compounds. The
carbon skeletons are used for the synthesis of glucose
and triacylglycerol or for complete oxidation to CO,,
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Taurine (H;N"CH,CH,SO5") is formed as a product of cyste-
ine catabolism and also arises from the oxidation of cyste-
amine, which is produced during coenzyme-A degradation. It
was given the name taurine because it was first isolated from
the bile of the ox, Bos taurus.

The high concentration of taurine in cells is an indication
that it is an important molecule but not all functions or their
importance are known. Cell membranes are impermeable to
taurine so that it must be formed in the cell, within which its
concentration is very high. The concentration ratio across the
membrane is also very high in cells in the retina (400), neu-
rones in the brain (500) and in some tumour cells (7000).
Unfortunately, the precise role of taurine in these particular
cells is not known. Of the many functions that are known
(Huxtable, 1992; Schuller—Levis & Park, 2003) the following
is a summary:

* Bile salts consist of taurine linked to bile acids. The salts
are essential for digestion and absorption of fat and also of
fat-soluble vitamins and cholesterol.

e The maintenance of the structure and function of photo-
receptors in the eye depends on taurine. As an antioxidant,
it may protect the cell membranes in the retina.

Box 8.1 Taurine: bile, brain, cats, heart, milk, sharks, shrimps and skeletal and cardiac muscle

e It is a neuromodulator in the brain.

« Itis present at a high concentration in human milk, presum-
ably to ensure that it is available for the developing brain,
but its concentration is very low in cow’s milk. It is added
to the feeding solutions used for premature babies and
neonates.

« Itis present at very high levels in skeletal and heart muscle
(Table 8.2). It is also present at high levels in immune
cells.

* Taurine deficiency is rare in adult humans but is common
in domestic cats, due to poor absorption from tinned
catfood. Consequences of taurine deficiency in cats are
cardiomyopathy, retinal degradation, reproductive failure in
females, developmental abnormalities and impairment of
the immune system. It is possible that a chronic deficiency
in humans may have similar effects.

e [t is an ideal compound for regulation of osmotic pressure,
since it has a low molecular mass, is highly soluble and has
no net charge. It serves this function in some of the tissues
of elasmobranch fish such as the skate and shark, and in
marine invertebrates. Any damage to these tissues releases
taurine, which is used as a chemoattractant for predators
such as the shrimp, which will attack small fish.

with the generation of ATP. The ammonia is converted
to urea (Figure 8.4).

Transport of amino acids into the cell

Amino acid metabolism occurs within the cell but, before
this can occur, the amino acids must be transported across
the plasma membrane. This requires transport proteins,
which have three important characteristics:

* Since the intracellular concentration of most amino acids
is considerably greater than that in the plasma (Table
8.2), the transport of these amino acids is an energy-
requiring process. This is achieved via the Na" gradient
across the plasma membrane, which is maintained by the
ATP-dependent Na* pump the Na'/K* ATPase (Figure
8.5). This is similar to that of the transport of glucose
across the luminal membranes of epithelial cells in the
gut and in the tubules is the kidney cortex.

e There are ten transporters so that some transport more
than one amino acid (Table 8.8).

» The properties of some of the transporters are different
in different tissues, but this will not be discussed further
here.

Dietary protein

Digestion Absorption

Circulating
amino acids

Small nitrogen
compounds

Carbon
dioxide

Glucose

Excretion

Figure 8.4 General summary of metabolism of amino acids.
Amino acids in blood can be derived from the diet or hydrolysis
of endogenous protein. The nitrogen in the amino acids can be
used to synthesise other nitrogen-containing compounds (e.g.
glutamine - see Table 8.4) or removed as urea (Chapter 10). The
amino acids are also used to synthesise proteins or peptides.
The carbon can be converted to CO,, glucose or triacylglycerol,
but, in humans, very little is converted into fat, so triacylglyc-
erol is omitted from the figure.
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Figure 8.5 Active amino acid transport into cells. Amino acids
are transported into cells against their concentration gradient
coupled to Na* ion transport down its concentration gradient.
The Na* ion is transported out in exchange for K*-ions, via the
Na*/K* ATPase, Chapter 5).

General principles in amino acid
catabolism

Liver, small intestine, muscle and kidney all participate in
amino acid catabolism with the liver, under most condi-
tions, playing the major role, but the metabolism of spe-
cific amino acids in the other three tissues is of considerable
biochemical and physiological importance (see below).

There are three general processes by which amino acids
are catabolised:

(1) Dby specific catabolic pathways;
(i) by conversion to other amino acids, which are then
catabolised by specific pathways;

(iii) by a combination of transamination plus deamination,
known as transdeamination.

The amino acids falling into each category are presented
in Table 8.9. The pathways in processes (i) and (ii) are
described in Appendix 8.3. The combined process of
deamination plus transamination illustrates important prin-
ciples in amino acid catabolism. These lead to an apprecia-
tion of some of the biochemical and physiological functions
of amino acids that are important in health and disease.

Deamination

A major ‘aim’ of amino acid catabolism is removal of the
a-NH, group, which results in the formation of ammonia
which is then converted to urea. The removal of the o-NH,
group for most amino acids results in the formation of a
carbon-compound, which is usually an oxoacid (e.g. the
oxoacid for alanine is pyruvate).

In metabolic reactions, oxidations usually occur by
removal of hydrogen: a hypothetical reaction for an amino
acid is:

amino acid + X — oxoacid + NH; + XH,

where X is the hydrogen acceptor (i.e. oxidising agent).
The usual acceptor molecules are either the flavin nucleo-
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Table 8.8 Amino acid transport systems in the cell membranes
of major tissues

Name of

system Preferred amino acids Na*-linked

A Alanine, glycine, proline, serine v/
and others

ASC Alanine, cysteine, proline, X
serine, threonine

L Isoleucine, leucine, methionine, X
phenylalanine, tryptophan,
tyrosine, valine

y* Arginine, histidine, lysine, X
ornithine

AG Glutamate, aspartate -

Dicarboxylate  Aspartate, glutamate v/

B B-Alanine, taurine v

N Asparagine, glutamine, histidine v/

N™ Glutamine, asparagine (muscle -
only)

Gly Glycine, sarcosine v

v Indicates transport is linked to Na* ion.
XlIndicates transport is not linked to Na* ion.
-Not known.

-Alanine is a component of enzyme A.
Taurine is discussed in Box 8.1.

tides (FAD or FMN) or the nicotinamide adenine nucleo-
tides (NAD" or NADP") (Chapter 9). Despite the fact that
there are 21 amino acids, there are only three reactions
which use these acceptors. The three reactions are:

* The oxidation of D-amino acids, catalysed by D amino
acid oxidase.

* The oxidation of proline, catalysed by proline oxidase.

* The dehydrogenation (i.e. oxidation) of glutamate cata-
lysed by glutamate dehydrogenose (Figure 8.6).

Glutamate dehydrogenation is involved in deamination of
most of the amino acids. The first two reactions are not
involved in the overall deamination system; they are
included here for completeness and because they are of
some general interest. The complete biochemical descrip-
tion of these reactions is given in Appendix 8.4. For a few
amino acids, e.g. threonine and serine, other specific reac-
tions are responsible for deamination.

D-amino acid oxidase

Although free amino acids and those in proteins in eukary-
otes are entirely of the L-form (except glycine, which is
not optically active), D-amino acids do occur in nature,
for example in bacterial cell walls (D-alanine and D-
glutamate). Consequently, they enter the body from
bacteria in food and from the digestion of bacteria in the
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Table 8.9 Processes involved in catabolism of amino acids

General catabolic process Amino acid Nitrogen end product
Amino acids that are converted Arginine glutamate
to other amino acids Asparagine aspartate

Glutamine glutamate
Histidine glutamine
Phenylalanine tyrosine
Proline glutamate
Serine glycine

A specific pathway for each Glycine ammonia

amino acid Lysine glutamate

Methionine ammonia
(Serine)” ammonia
Threonine ammonia
Tryptophan ammonia

Transamination/deamination Alanine glutamate
Aspartate glutamate
Isoleucine® glutamate
Leucine® glutamate
Ornithine® glutamate
Serine alanine
Tyrosine* glutamate
Valine* glutamate

“For all these amino acids, the first reaction involves transamination followed by a specific catabolic

pathway.

"There are several catabolic pathways for serine (Appendix 8.3).

D-amino acid Oxoacid
0, H20,

Glutamate Oxoglutarate

NAD"  NADH +H*

Proline 7—? Pyrroline-5-carboxylate

FAD FADH,

Figure 8.6 The three dehydrogenase (oxidase) reactions in amino
acid degradation. The enzymes are D-amino acid oxidase, gluta-
mate dehydrogenase and proline oxidase (dehydrogenase).
Biochemical details are given in Appendix 8.4.

intestine. It is the role of the D-amino acid oxidase to
metabolise them. FAD is the hydrogen acceptor, as
follows:

D-amino acid + FAD — oxoacid + NH; + FADH,

The FADH, then reacts with molecular oxygen, a reaction
also catalysed by the oxidase:

FADH, + 0, — FAD+H,0,

The H,0, is decomposed by the enzyme catalase which
occurs in the peroxisomes:

2H,0, - 2H,0+0,
Hence, the overall reaction is:

D-amino acid + O, — oxoacid + NH;

The oxoacid is then metabolised in the usual way (see
below). High activities of the oxidase are found in liver
and kidney where its function is to remove rapidly (i.e.
detoxify) the D-amino acids. Failure to metabolise these
amino acids could lead to their accumulation in cells with
the danger of osmotic effects or interference in the metabo-
lism of L-amino acids.

Proline oxidase (proline dehydrogenase)

Proline is oxidised to form pyrroline-5-carboxylate, and
FAD is the hydrogen acceptor. The pyrroline-5-carboxyl-
ate is converted, via several reactions, to glutamate:

proline ﬂpyrroline-s-carboxylate —— —— —— glutamate

FAD FADH,

The enzyme is present in the mitochondria so that the
FADH, is oxidised by the electron transfer chain. The
enzyme is worthy of note since it catalyses the initiating
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reaction for the major pathway that generates ATP in the
flight muscle of two insects that are of some interest to
humans: the tsetse fly and the Colorado beetle. Proline is
the major, if not the only, fuel for flight in these insects.
Both show high activities of proline oxidase in their flight
muscles. In addition all other beetles, so far investigated,
have high activities of proline oxidase and use proline as
a fuel for flight (Box 8.2). Why these insects use proline
rather than the more usual fuels, i.e. glucose trehalose or
fatty acids, is not known.

Glutamate dehydrogenase

The amino acid glutamate is deaminated in a reaction cata-
lysed by the enzyme glutamate dehydrogenase, using either
NAD" or NADP" as the oxidising agent, as follows:

glutamate + NAD" — oxoglutarate + NADH + NH;

The biochemical details of this reaction are given in
Appendix 8.4.

Glutamate dehydrogenase, in combination with the
process of transamination, plays the major role in deamina-
tion of many amino acids.

Transamination

Transamination is a process in which the aNH, group of
an amino acid is removed and the oxoacid is formed.
However, the o.-NH, group is not lost: it is transferred to
the oxoacid of another amino acid:

amino acid, + oxoacid, — oxoacid, + amino acid,

For many amino acids, the accepting oxoacid (i.e. oxoacid,)
is oxoglutarate, so that transamination results in the forma-
tion of glutamate:

amino acid, + oxoglutarate — oxoacid; + glutamate
Three examples are:
(1) aspartate + oxoglutarate — oxaloacetate + glutamate
(i) alanine + oxoglutarate — pyruvate + glutamate
(iii) leucine + oxoglutarate — oxoisocaproate + glutamate

The reactions are catalysed by enzymes known as amino-
transferases (formerly known as transaminases). For the
above reactions, they are (i) aspartate aminotransferase, (ii)
alanine aminotransferase and (iii) leucine aminotransfer-
ase. Details of these reactions can be found in Appendix
8.4.

Transamination reactions can also occur within, rather
than at the beginning of, the pathway of catabolism, so
that the substrate for the aminotransferase is a partially
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degraded amino acid (Appen-
dix 8.3 contains examples of
such pathways).

Two questions now arise:
(i) what is the fate of the
oxoacid, e.g. what is the fate
of oxaloacetate, pyruvate and
oxoisocaproate, in the above
examples, and (ii) what is the
fate of the glutamate?

Aminotransferases have
received many names as
fashions in nomenclature have
changed. Two obsolete names
are still used in clinical
practice: glutamate-oxaloacetate
transaminase (abbreviated to
GOT) is now aspartate
aminotransferase, and
glutamate-pyruvate
transaminase (GPT) is now
alanine aminotransferase. The
new abbreviations are AST and
ALT, respectively.

Fate of the oxoacid

The fate of the oxoacid is either (i) formation of a common
intermediate of metabolism, i.e. an intermediate within a
well-established metabolic pathway (e.g. oxaloacetate or
pyruvate, in the above examples), or (ii) conversion to a
‘common intermediate’, e.g. oxoisocaproate is converted
to acetyl-CoA (see Appendix 8.3).

Although amino acid catabolism appears complex, there
are two simple but important points (principles) that help
in understanding the overall plan:

e The catabolism of all 21 amino acids gives rise to
only six common intermediates: acetyl-CoA, pyruvate,
oxoglutarate, succinyl-CoA, fumarate or oxaloacetate
(Table 8.10).

* From these six intermediates, only three end-products
are produced: carbon dioxide, glucose or fat, and the first
two are quantitatively the most important. A simple
overview of these processes is given in Figure 8.7.
(The details of the reactions that convert the individual
amino acids to one of the intermediates are given in
Appendix 8.3.)

The processes that give rise to these three end-products
are:

e Oxidation of acetyl-CoA through the complete Krebs
cycle to produce CO, (Chapter 9).

* Gluconeogenesis
(Chapter 6).

to form glucose (or glycogen)

» Synthesis of fatty acid and thence triacylglycerol, via
the fatty acid synthesis and the esterification pathways
(Chapter 11).

Oxidation to carbon dioxide Since the only compound
for which the carbon-skeleton can be fully oxidised to CO,,
by the Krebs cycle, is acetate (in the form of acetyl-CoA),
all of the common intermediates that are fully oxidised
to CO, must first be converted to acetyl-CoA. Thus,
intermediates that enter the cycle at positions other than
acetyl-CoA are converted to malate, which then leaves the
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Box 8.2 Proline: A fuel for flight in the tsetse fly and beetles

The tsetse fly is a blood-sucking insect which transmits the
parasite causing sleeping sickness in humans and cattle. A
study of the maximum enzyme activities in the flight muscle
showed that the activity of citrate synthase, the first enzyme
of the complete Krebs cycle, is lower in the flight muscle of
the tsetse than in other insects (Table B2(i)). It could be
inferred from this observation that the Krebs cycle is unim-
portant for ATP generation. However, there are two major
points of entry of substrates into the Krebs cycle: at the level
of citrate, which is where acetyl-CoA feeds in for complete
oxidation, and at the level of oxoglutarate, where other fuels
such as glutamine feed into the cycle. In the tsetse fly and
beetles, proline feeds into the cycle after conversion to oxo-
glutarate. As is the case for glutamine in immune and tumour
cells (Chapters 17 and 21), the pathway for proline oxidation
uses part of the Krebs cycle between oxoglutarate and malate
(see below, Figure B2(i)): proline is converted to malate, and
then to pyruvate which is transaminated to form alanine. The
activity of proline dehydrogenase (also known as proline
oxidase) in the flight muscle of the tsetse and the Colorado
beetle is high by comparison with that in the flight muscle of
other insects (Table B2(i) below).

For each alanine molecule formed from proline in this
pathway, 12 molecules of ATP are generated from ADP. What
happens to the alanine? It is released from the muscle into the

blood (haemolymph) and is then taken up by the fat body,
which is equivalent to the liver of higher animals. The alanine
is here converted back to proline using ATP provided by fat
oxidation. In order to fuel this pathway, the concentration of
proline in the haemolymph is very high, about 140 mM! This
quantity can generate enough ATP to support flight for about
30 minutes. It is calculated that this would permit flight for a
distance of about 1-2 km. After such a flight, the tsetse has to
rest whilst the proline is resynthesised from alanine. Hence,
clearing of bush by 1-2 km swathes in Africa means that the
insect has to rest on the ground, increasing the opportunity for
it to enter traps containing insecticide.

So why are tsetse flies and beetles different from other
insects? No one has come up with a satisfactory answer. What
is surprising is that the pathway for ATP generation in these
insects is almost identical to that which generates ATP for
tumour cells, except that glutamine rather than proline is the
fuel. The interesting question is whether these insects can
provide clues as to why tumour cells prefer glutamine and use
only part of the Krebs cycle rather than the usual complete
cycle. It would not be the first time that the study of insects
has provided novel biochemical and physiological informa-
tion relevant to higher animals (e.g. insects were the first
animals in which it was shown that hormones stimulate gene
expression).

Table B2(i) Activities of some enzymes in insect flight muscles

Enzyme activity (Lmol of product formed/min per g wet wt. of muscle at 25 °C)

Insect Proline dehydrogenase Alanine aminotransferase Citrate synthase
Tsetse fly 40 402 74
Giant waterbug 0.5 4.5 244
Honey bee 1.5 7.2 346
Bumblebee 2.9 8.0 382
Poplar hawk moth 24 7.5 430
Fleshfly 3.0 45 345
Blowfly 2.0 40 418
Pyruvate ALANINE PROLINE
NADPH| malate prelle = S0
dehydrogenase dehydrogenase .
NADP* alanine (0xdase) FADH,
Malate aminotransferase -
1-pyrroline
5-carboxylate
part Krebs NAD*
cycle é
. NADH
Fumarate Oxoglutarate Glutamate

FADHZK ‘/'ﬁNADt GDP
Succinate

NADH, GTP

FAD

Figure B2 (i) The pathway for conversion of proline and alanine in the flight muscle of the tsetse fly: the major ATP-generating
pathway. Alanine aminotransferase is essential for the proline oxidation pathway in order for glutamate to enter the Krebs
cycle as oxoglutarate and pyruvate to be converted to alanine, the end of the pathway. It is assumed that the pathway is
the same for the Colorado beetle, but no studies have been reported.
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Figure 8.7 Simplified summary of degradation of 21 amino acids.
The 21 amino acids are degraded to six different common
intermediates that are further metabolised to produce only three
end-products (CO,, glucose or fat).

cycle and is converted to acetyl-CoA, for the complete
oxidation. The sequence of the five reactions by which this
occurs is as follows:

(i) The conversion of the intermediate to malate via the
reactions of the Krebs cycle.

(i) The transport of malate across the mitochondrial

membrane into the cytosol.

(iii) The conversion of cytosolic malate to oxaloacetate,
which is then converted to phosphoenolpyruvate or to
pyruvate in the reactions catalysed by phosphoenol-
pyruvate carboxykinase or the malic enzyme,
respectively:

malate + NAD" — oxaloacetate + NADH

oxaloacetate + GTP — phosphoenolpyruvate +
GDP +CO,

malate + NADP* — pyruvate + NADPH + CO,
(iv) The conversion of the phosphoenolpyruvate (PEP) to
pyruvate by the action of pyruvate kinase (as in
glycolysis).

PEP + ADP — pyruvate + ATP

(v) The transport of the pyruvate into the mitochondrion
followed by its conversion to acetyl-CoA by pyruvate
dehydrogenase.

These processes, except for transport across the mitochon-
drial membrane, are summarised in Figure 8.8.

Oxidation plus gluconeogenesis Most but not all amino
acids are catabolised in the liver. Perhaps somewhat sur-
prisingly, the amount of ATP generated from the oxidation
of the amino acids derived from ingested protein on a
normal Western diet usually exceeds the amount of ATP
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Table 8.10 The six common metabolic intermediates derived
from amino acids via the catabolism of their oxoacids

The six common

Amino acid source intermediates

Alanine, glycine, serine, pyruvate
cysteine, tryptophan®

Arginine, histidine, proline, oxoglutarate

glutamine, glutamate

Valine, isoleucine,* methionine,
threonine

Phenylalanine,” tyrosine*

Asparagine, aspartate

Leucine, phenylalanine, tyrosine,
lysine, tryptophan, isoleucine

succinyl-CoA

fumarate
oxaloacetate
acetyl-CoA®

*Also give rise to acetyl-CoA.

bAcetyl-CoA is formed directly from these amino acids, that is, not via
pyruvate and pyruvate dehydrogenase.

N
Pyruvate
pyruvate
pyruvate dehydrogenase
kinase
PEP Acetyl-CoA <&
T PEP carboxy- \
kinase
S /——» Citrate
Oxaloacetate
T Aconitate
Malate
Krebs cycle
Isocitrate
Fumarate
/ \\ 2-oxoglutarate
Succinate A// X

~_—____ Succinyl-CoA
A

Figure 8.8 The role of the Krebs cycle in the oxidation of the six
common intermediates. The six short arrows indicate the posi-
tions in the cycle where the various intermediates from amino
acid catabolism feed into the cycle. Eventually they are all con-
verted to acetyl-CoA for complete oxidation by the cycle. The
pathway is indicated by the broader arrows.

that is normally used by the liver, under normal conditions.
Consequently, the rate of the catabolic process could be
restricted by the rate of utilisation of ATP, which would
result in accumulation of oxoacids in the liver. The problem
is overcome by increasing the rate of a process that requires
ATP hydrolysis and, in addition, also utilises the oxoacids:
this process is formation of glucose from the oxoacids (i.
e. gluconeogenesis). In fact, the oxidation of approximately
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Amino acids

Oxoacids

¢ See Fig. 8.8

Oxaloacetate

{

PEP
(See Chapter :3)// PerQ/*ate

Acetyl-CoA

ADP Krebs
cycle
ATP

Glucose CO,

Figure 8.9 The ATP produced from oxidation of half of the amino
acids is used to synthesise glucose from the other half of the
amino acids. This is a general metabolic point, it does not apply
in all conditions: the ATP can be used in other processes (e.g.
urea cycle). In starvation, ATP is generated from fat oxidation,
since oxoacids are not oxidised but are converted to glucose.

half of the oxoacids generates
sufficient ATP to convert
the other half to glucose
(Figure 8.9).

The situation is, however,
different in starvation. In this
condition, it is the degradation
of muscle protein that provides

It is important to note that
glucose can be synthesised
from all the common
intermediates except acetyl-
CoA. Hence, all amino acids
except two, leucine and lysine,
can give rise to the net
synthesis of glucose (Table
8.10).

the amino acids for gluconeo-
genesis, so that all the oxo-acids generated (except those
for lysine and leucine) are used to synthesise the glucose
required for oxidation by the brain. Hence, a process other
than amino acid oxidation must generate the ATP required
by gluconeogenesis. This process is fatty acid oxidation.

Fat synthesis The acetyl-CoA produced from amino acid
catabolism is also a precursor for fatty acid and triacyl-
glycerol synthesis, both in adipose tissue and liver (details
of pathways are given in Chapter 11). Unfortunately, the
quantitative significance of this pathway is not known. It
is likely to be variable and probably small in humans.

Fate of glutamate

In transamination, the acceptor oxoacid is always oxoglu-
tarate, which is converted to glutamate:

amino acid + oxoglutarate — glutamate + oxoacid

CH 8 AMINO ACID AND PROTEIN METABOLISM

The fate of the glutamate is re-formation of oxoglutarate
in the deamination reaction catalysed by glutamate dehy-
drogenase, in which the NH, group in glutamate is
removed as ammonia and the oxoglutarate is formed, as
follows:

glutamate + NAD* — NADH + oxoglutarate + NH;

Full details of this reaction are given in Appendix 8.4.

Transdeamination

The net result of all these reactions is deamination of the
amino acid, as follows:

amino acid + NAD™ — oxoacid + NADH + NH,*

This combination of reactions is known as transdeamina-
tion and is the mechanism for deamination of a number
of amino acids (Table 8.9). The role of this process in
catabolism is shown in Figure 8.10. The ammonia that is
produced is converted, almost exclusively, to urea for
excretion. Because of the biochemical and clinical signifi-
cance of ammonia, a whole chapter is devoted to it and to
urea formation.

As might be expected, there are a number of exceptions
to this general principle:

¢ For some amino acids, the transamination reaction occurs
during the course of, rather than at the beginning of, the
catabolic pathway (Appendix 8.3).

* For some reactions, the process of transamination is
near-equilibrium. This means that amino acids involved
can be synthesised from their oxoacid by transfer of the
o-NH, group. There are five amino acids in this group:

. CO, + H,0O
Ee G
ucose
Amino acid  Oxoacid X Triacylglycerol
@
Oxoglutarate  Glutamate

W—» Ammonia —>—> Urea

Figure 8.10 A summary of the processes involved in transdeami-
nation. (1) transamination (2) glutamate dehydrogenase. The
glutamate dehydrogenase reaction results in ammonia produc-
tion. The oxoacids are further metabolised to C0,, glucose or
fat.
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® GLUTAMATE
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% ® S
Leucine

Alanine 0) Pyruvate

Oxoglutarate Glutarate

Aspartate ® Oxaloacetate

Oxoglutarate Glutarate

Isoleucine  2-oxo-3-methylvalerate
Leucine 2-oxoisocaproate }
Valine 2-oxoisovalerate

I>®<:

Oxoglutarate Glutamate

Figure 8.11 Five near-equilibrium reactions involved in transami-
nation of five different amino acids. Three enzymes are involved
in these reactions: (1) alanine aminotransferase (2) aspartate
aminotransferase (3) branched-chain amino acid amino-
transferase, i.e. one enzyme catalyses the three reactions. (The
branched-chain amino acids are essential.)

alanine, aspartate and the three branched-chain amino
acids, isoleucine, leucine and valine (Figure 8.11). The
biochemical importance of this is discussed below.

e Some amino acids are converted to glutamate prior to
deamination: these are proline, arginine, histidine and
glutamine (Figure 8.12).

Central role of transdeamination

The physiological relevance together with clinical impor-
tance of transamination and deamination is wide-ranging.
As an aid to understanding the somewhat complex nature
of amino acid metabolism, it can be considered (or imag-
ined) as a metabolic ‘box’ (represented in Figure 8.13).
Some pathways feed oxoacids into the box whereas others
remove oxoacids; and the ammonia that is released is
removed to form urea. The box illustrates the role of trans-
deamination as central to a considerable amount of the
overall metabolism in the liver cell (i.e. protein, carbohy-
drate and fat metabolism, see below).
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Glutamate

Urea

A

Oxoglutarate
NH3; ——

Figure 8.12 Degradation of arginine, histidine, proline and glu-
tamine. These amino acids are all converted to glutamate which
can then be degraded to produce oxoglutarate and ammonia. For
details, see Appendix 8.3.

Dietary
protein

Endogenous

protein %
k 6

Protein <—— Amino acid Oxoacid ——> Glucose

- S
Other f Fat

compounds

CO2 + H20

/|5'

Oxoglutarate Glutamate
glutamate

dehydrogenase

Ammonia

Figure 8.13 The central role of transdeamination in metabolism
of amino acids and further metabolism of the oxoacids in the liver.
The box contains the reactions for conversion of the amino acids
to their respective oxoacids. Processes are as follows: (1) diges-
tion of protein in the intestine and absorption of resultant amino
acids, (2) degradation of endogenous protein to amino acids
(primarily but not exclusively muscle protein), (3) protein
synthesis, (4) conversion of amino acid to other nitrogen-
containing compounds (see Table 8.4), (5) oxidation to CO,,
(6) conversion to glucose via gluconeogenesis, (7) conversion
to fat.

There are at least seven pathways that feed into or out
of the transdeamination box: these are shown in Figure
8.13. They are:

1. amino acids from dietary protein;
2. amino acids from body protein;

3. amino acids for protein synthesis;
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4. amino acids that provide nitrogen and/or carbon for the
synthesis of other nitrogen-containing compounds;
small compounds, e.g. glutamine and larger compounds
(e.g. peptides);

5. oxidation of the oxoacids;

6. conversion of oxoacids to glucose (or glycogen);

7. conversion of oxoacids to fat.

The biochemical details of these processes and their control
are given elsewhere in this text.

It is the rates of these various processes that control the
magnitude and direction of flux through the transdeamina-
tion system and the eventual fate of the amino acids in
various conditions. These are discussed for several condi-
tions: the normal fed state; starvation; trauma, surgery and
cancer.

Changes in amino acid metabolism
in different conditions

The fed state

The protein in the food is digested and the resultant amino
acids are absorbed from the intestine (process 1): these will
be used for synthesis of protein (process 3) and some nitro-
gen-containing compounds (process 4). Amino acids not
required for these two processes are converted to oxoacids,
of which about half are oxidised for ATP generation
(process 5) and the other half converted to glucose (or gly-
cogen) (process 6); the ATP generated in process 5 is used
in process 6. Triacylglycerol synthesis (process 7) occurs
if the formation of oxoacids exceeds those required for
oxidation or for glucose synthesis. The quantitative impor-
tance of process 7 is probably minimal (Figure 8.14(a)).

Starvation

If starvation lasts for more than 24 hours, the rate of deg-
radation of body protein (process 2) exceeds the rate of
protein synthesis (process 3). The resultant amino acids are
converted to oxoacids, most of which are converted to
glucose (process 6) which is released and used predomi-
nantly by the brain (see Chapter 6). In this condition, the
ATP required for gluconeogenesis is obtained from the
oxidation of fatty acids (Figure 8.14(b)).

Trauma, surgery and cancer

In these conditions, in general, process 2 is accelerated
and the resultant oxoacids are converted to glucose or are
oxidised. If anorexia is present and the patient is not receiv-
ing parenteral nutrition, oxoacids will be converted mainly
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to glucose. Process 4 is increased to provide for the
nitrogen-containing small compounds and peptides that are
required in this condition (e.g. glutamine, arginine, cyste-
ine, cytokines, acute phase proteins) (Figure 8.14(c)).
This brief account of the integration of amino acid
metabolism is over-simplified but serves to illustrate how

(@
Dietary
protein

Endogenous

protein \(\ /

Protein <—— Amino acid Oxoacid —|> Glucose

Other / >—< \Fat

compounds

CO2 + H20

Oxoglutarate  Glutamate

Ammonia

(b)
Endogenous
protein

Amino acid Oxo0acid =3 Glucose

o o

compounds
Oxoglutarate  Glutamate

o

r
Ammonia
()
Dietary
protein
\ COs + Hz0
Endogenous ( o _ /
protein =P AMino acid Ox0aCid w3~ Glucose
Other
(e(.:g. r‘r&f)uot;rr:]c:rs]e Oxoglutarate  Glutamate
peptides)

Ammonia

Figure 8.14 (a) The central role of transdeamination in the fed
state. The emphasis in the fed state is digestion of dietary
protein and conversion of oxoacids to glucose or C0O,. Only a
small amount of fat, if any, is synthesised. (b) The central role
of transdeamination in the starved state. Endogenous protein
is degraded and the oxoacids are converted solely to glucose.
(c) The central role of transdeamination during trauma or in
the cancer patient. Endogenous protein is degraded to provide
amino acids for (1) other nitrogen-containing compounds, e.g.
essential proteins or peptides, amino acids, such as glutamine;
(2) glucose, especially if anorexia is present. It is likely that, in
starvation and trauma, some protein synthesis occurs, for
example, to replace damaged proteins.
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changes in amino acid metabolism play a role in the essen-
tial physiological processes in these conditions. Evidence
for these changes is provided in this and subsequent chap-
ters. Some amino acids are metabolised in tissues other
than the liver and description of this metabolism provides
a more realistic picture of whole-body protein and amino
acid metabolism in the body (see below).

Amino acid metabolism
in different tissues

Amino acid metabolism is important in all tissues/organs
but especially so in the liver, intestine, skeletal muscle,
adipose tissue, kidney, lung, brain, cells in the bone marrow
and cells of the immune system.

Liver

The liver is the only organ capable of catabolising all
amino acids, with the important exception of the branched-
chain amino acids. This makes physiological sense, since
it is the only organ in which ammonia can be converted
into urea and, moreover, most amino acids that are absorbed
by the gut enter the hepatic portal vein for immediate
passage through the liver. In fact, of the amino acids that
enter this vein, the liver normally removes and catabolises
more than 70% although, on a low protein diet, a lower
proportion, especially the essential amino acids, is removed,
so that they are available for other tissues. The liver plays
a major role in the regulation of catabolism of amino
acids.

With a minimal protein diet (just sufficient to maintain
nitrogen balance), the maximal activities of the enzymes
responsible for the degradation of essential amino acids are
low. This ensures that the essential amino acids are pro-
tected from degradation. As the intake of dietary protein
increases, the activities of these enzymes increase, due to
acute changes in activity and chronic increases in the
amount of enzyme. Acute regulation of essential amino
acid oxidation is achieved via changes in amino acid con-
centrations in tissues. For example, it has been shown that
the rate of leucine oxidation in the whole body is propor-
tional to the amount of protein ingested and hence the
concentration of leucine in the body (Figure 8.15). The rate
of urea production is also directly proportional to protein
intake. This is consistent with the view that the intracellu-
lar concentrations of amino acids play a role in the control
of the rate of catabolism of amino acids, and consequently
ammonia and urea formation (Chapter 10).
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The overall rate of amino acid metabolism depends
on:

¢ The concentration of amino acids in the liver.

* The activities of the key enzymes that catalyse degrada-
tion of the essential amino acids.

* The rate of protein synthesis, in liver and other tissues,
which depends on the concentrations of some hormones
and the concentration(s) of ‘signal’ amino acids (e.g.
leucine) (Figure 8.16).
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Figure 8.15 A plot of leucine oxidation against leucine intake.
The plot illustrates a linear relationship between leucine intake
and oxidation. The leucine intake is calculated from the protein
intake. It is assumed that the same relationship would hold for
other amino acids. A similar response is seen for urea production.
Data from Young et al., 2000.
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Figure 8.16 The control of amino acid breakdown and protein
synthesis in liver. The factors in regulation are as follows: (i) the
amino acid concentration in the blood regulates the rate of urea
production (Chapter 10); (ii) the amino acid leucine, and the
anabolic hormones increase the rate of protein synthesis. Mass
action is a term used to describe the effect of concentration of
substrate on the reaction rate. The control of protein synthesis
is discussed in Chapter 20. Control by leucine has been studied
primarily in muscle.
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Skeletal muscle

The major role of skeletal muscle is movement, which
is described and discussed in Chapter 13). Nevertheless,
since muscle comprises 40% of the body it is large enough
to play a part in control of the blood concentrations of
the major fuels: glucose, fatty acids, triacylglycerol and
some amino acids. Skeletal muscle contains the largest
quantity of protein in the body, which is used as a source
of amino acids under various conditions (e.g. starvation,
trauma, cancer: see above). It plays an important part
in the metabolism, in particular, of branched-chain
amino acids, glutamine and alanine, which are important
in the overall metabolism of amino acids in the body
(discussed below).

Branched-chain amino acid metabolism
in muscle and liver

Muscle is quantitatively the most important tissue for
uptake of the branched-chain amino acids (BCAAs) but
both muscle and liver can oxidise the oxoacids of the
BCAAs . Liver cannot utilise the BCAASs, since it lacks the
first enzymes in their metabolism (the aminotransferases)
but it contains the enzymes for oxidising the oxoacids,
which includes the first enzyme, the branched-chain
oxoacid dehydrogenase, which oxidises all three of the
oxoacids. The lack of the aminotransferases in liver directs
these amino acids to muscle for metabolism and protects
the nitrogen from conversion to urea. The significance of
this is that nitrogen in the BCAAs is transferred to oxoglu-
tarate to form glutamate in muscle and the glutamate is
then aminated with ammonia to form glutamine. Muscle is
a major tissue for production of glutamine which is also
stored in muscle prior to release into the blood for use by
many cells and tissues as a fuel and also as a nitrogen
donor.

The oxoacids produced as a result of transamination of
the BCAAs are either oxidised in the muscle, or, in resting
muscle, released into the blood for uptake and oxidation
in the liver (Figure 8.17, see also Figure 8.23).

Small intestine

At least five amino acids — glutamine, glutamate, aspartate,
asparagine and arginine — are metabolised largely within
the enterocytes of the small intestine. The reactions
involved in their metabolism are:

* Asparagine and glutamine are converted to aspartate and
glutamate, by the enzymes asparaginase and glutamin-
ase, respectively:
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Figure 8.17 The metabolism of branched-chain amino acids in
muscle and the fate of the nitrogen and oxoacids. The o-NH,
group is transferred to form glutamate which is then aminated
to form glutamine. The ammonia required for amination arises
from glutamate via glutamate dehydrogenase, but originally from
the transamination of the branded chain amino acids. Hence,
they provide both nitrogen atoms for glutamine formation.

glutamine + H,O — glutamate + NH;
asparagine + H,O — aspartate + NH;

* The aspartate and glutamate produced by these reactions,
plus those taken up from the lumen, are metabolised to
oxaloacetate and oxoglutarate, respectively, as discussed
above. The a-NH, group in these amino acids is trans-
ferred to pyruvate to form alanine, which is released and
then taken up by the liver, where the NH, group is con-
verted to ammonia and then to urea.

e The ammonia produced from asparagine and glutamine
is released into the hepatic portal vein, for removal by
the liver and conversion to urea. The concentration of
ammonia in the blood in the hepatic portal vein is about
ten times higher than in the hepatic vein, indicating the
quantitative importance of the liver in removing this
ammonia.

* Arginine is metabolised only as far as citrulline, which
is released into the bloodstream; its fate is interesting and
is described below.

The biochemical roles of these processes The metabo-
lism of glutamate and aspartate by the enterocytes provides
not only ATP, via oxidation of the oxoacids, but can also
be considered to be a detoxification process. Both gluta-
mate and aspartate are neurotransmitters in the brain. If
their concentrations in blood increase too much, they could
interfere with the control of neurotransmitter levels in
the brain with possible changes in behaviour or clinical
problems (see below). One such phenomenon is ‘Chinese
Restaurant Syndrome’, but there may be other problems,
as yet not reparted.
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BRAIN,
MACROPHAGES, OTHER TISSUES
ENDOTHELIAL CELLS (wound healing)

M
KIDNEY Arginine

INTESTINAL
LUMEN

Citrulline Arginine

Figure 8.18 The role of the intestine and kidney in formation of
arginine. The intestine converts arginine to citrulline, to be
released into the blood to be taken up by the kidney where it
is converted to arginine. An important role of arginine is conver-
sion to nitric oxide, a key messenger molecule, and neuromodula-
tor in the brain (Chapter 14).

Some meals, particularly those
served in Chinese restaurants,
contain large amounts of
glutamate (an additive in
cooking, sometimes, which is
usually known as monosodium
glutamate). In sensitive
individuals, the amount of
glutamate absorbed overloads
the capacity of the enzymes to
metabolise the glutamate,
possibly due to a low activity
of glutamate dehydrogenase in
the intestine: symptoms are
headache, sweating and nausea.
They are short-lived, probably
due to metabolism of glutamate
in the liver. A transient increase
in the blood concentration
increases the entry of glutamate
into the brain, where it
activates neurones in which
glutamate is a neurotransmitter.

The citrulline leaves the
intestine and is transported to
the kidney, where it is con-
verted back to arginine (Figure
8.18). This inter-organ process
protects arginine from degra-
dation in the liver. Mainte-
nance of the arginine level in
the blood is important since it
is a precursor for several com-
pounds that are of particular
importance for cells of the
immune system and other cells
(see Table 8.4) and as the
precursor for the formation of
the messenger molecule, nitric
oxide.

The intestine is the first
tissue to ‘see’ all the amino

acids, whereas the liver is the first tissue to catabolise the
amino acids that are not removed by intestine. Hence it
makes physiological sense for the intestine to synthesise
important nitrogen-containing compounds from amino
acids, prior to their metabolism in the liver. These include:

(i) Proline, which is formed from glutamate and required
for synthesis of collagen.

(i) Glutathione, which is synthesised from glutamate,
glycine and cysteine (Figure 8.19).

(iii) Some peptides that act as local hormones or which
are released into the blood, to be transported to endo-
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Glutamate + cysteine

v-glutamylcysteine

,— Glycine

Glutathione

Figure 8.19 The formation of glutathione. Glutathione is an
important peptide especially in removal of free radicals (i.e. as
an antioxidant). It is synthesised in the intestine from gluta-
mate, cysteine and glycine (see Appendix 8.4 for details).

crine glands or to the brain, where they interact with
neurones that affect appetite.

(iv) Mucus to aid transport and digestion of food in the
intestine.

(v) Enzymes and other proteins which are involved in
digestion.

The amount of protein synthesised and then released in (iv)
and (v) is about 70 g each day. Even under conditions of
starvation or malnutrition, proliferation and differentiation
of stem cells located in the crypts of the villi are important
to provide the cells necessary for replenishment of those
lost from the villi. New cells move up the villus to replace
those lost at the top. Under these conditions, amino acids
are not available from the intestine and have to be taken
up from the blood across the basolateral membrane. A low
level of amino acids in the blood, due to chronic malnutri-
tion, will prevent or reduce the rate of proliferation of these
cells, so that digestion of even the small amount of food
ingested during malnutrition, or refeeding after starvation,
is difficult. A vicious circle thus results from protein-
deficient diets which increase the risk of development of
protein-energy-malnutrition. This is especially severe in
children but may also contribute to the clinical problems
that occur in the elderly whose diets are of low quality.

Colon

The two important fuels for colonocytes are glutamine and
short-chain fatty acids. The oxidation of both fuels provides
ATP for the cells, which is important not only to maintain
digestive and absorptive functions but also to maintain
membrane structure and hence the physical barrier between
the lumen and the blood and peritoneal cavity. This barrier
normally prevents significant rates of translocation of bac-
teria into the peritoneal cavity and thence into the blood.
If this barrier is breached, translocation of pathogens and
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toxins normally present in the colon can occur which can
result in peritonitis and even systemic sepsis (Chapter 18).
The specific role of glutamine in these cells is discussed
below.

Kidney

The kidney has several important roles in amino acid
metabolism:

» The synthesis of arginine from citrulline. The latter is
produced from other amino acids in the small intestine
and then released into the blood. The kidney takes up
citrulline and converts it to arginine, which is then
released into the blood for use by other tissues (Figure
8.18). Since arginine is a precursor for a number of
important compounds, and aids wound healing, this is a
significant biochemical role of the kidney.

e The synthesis of creatine. In the kidney, guanidinoace-
tate is produced from arginine and glycine, then released
into the blood to be taken up by the liver and methylated
to form creatine (Figure 8.20(a)). The creatine is, in turn,
taken up by the muscle where it is phosphorylated to
produce phosphocreatine, which can maintain the ATP
level, especially in ‘explosive’ exercise. Creatine and
phosphocreatine are converted in muscle to creatinine,
which is important in clinical practice (Figure 8.20(b))
(Box 8.3).

* Gluconeogenesis. The gluconeogenic pathway is present
in the kidney, as in the liver. Thus, amino acids (and
lactate) can be converted to glucose in the kidney but a
major precursor, in acidotic conditions, is glutamine.

e The kidney takes up glutamine and metabolises it to

- produce ammonia, which is
Since these are fundamentally

important processes, the
transport of protons into the
glomerular filtrate and the
transport of ammonia can be
considered as secretions rather
than excretions.

released into the tubules to
buffer protons that are secreted
into the glomerular filtrate by
the kidney, to reduce the
hydrogenion concentration in

the blood:
NH, +H"— NH,*

This helps to maintain the normal pH of the blood. The
reactions also produce oxoglutarate, which can either be
oxidised or be used to synthesise glucose (see below).

Brain

As indicated in other parts of this book, the oxidation of
glucose for ATP generation, and the uptake of essential
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Figure 8.20 (a) The synthesis of phosphocreatine. The com-
pound guanidinoacetate is formed from arginine and glycine in
the kidney and is then transported to the liver where it is meth-
ylated addition of ‘CH;" (see Chapter 15) to form creatine (see
Appendix 8.4 for details). Creatine is taken up by tissues/
organs/cells and phosphorylated to form phosphocreatine, par-
ticularly in muscle. (b) Conversion of phosphocreatine and cre-
atine to creatinine in muscle. Creatinine is gradually formed and
then released into blood and excreted in urine.

fatty acids for phospholipid formation during development
of the brain and repair of oxidative damage in the adult
brain, are of the utmost importance. However, amino acid
metabolism is also crucial. The following points are perti-

nent to the metabolism of
amino acids in the brain: Measurement of arteriovenous
differences across the brain
shows that it does take up the
precursor amino acids for

formation of the

* Three amino acids, glutamate,
aspartate and glycine, are

neurotransmitters. neurotransmitters including
tryptophan and tyrosine. It also
e Some amino acids are | takes up the branched-chain
precursors for neuro- | amino acids for formation of

glutamine.

transmitters: glutamate for
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Box 8.3 Creatine, phosphocreatine
and creatinine

Creatine is not an amino acid but is made from glycine,
arginine and methionine in a pathway that spans three
tissues (Figure 8.20(a)). Arginine and glycine are con-
densed in the kidney to form guanidinoacetate which is
transported to the liver where it acquires a methyl group.
The creatine is released and then taken up by tissues, par-
ticularly skeletal muscle, which requires a transporter in
the plasma membrane for creatine to enter muscle. The
activity of this transporter, somewhat surprisingly, is stim-
ulated by insulin. In the muscle, creatine is phosphorylated
to form phosphocreatine. This has two roles:

¢ In cardiac muscle, skeletal muscle and brain it acts as a
reservoir of high-energy phosphate which can rapidly
re-phosphorylate ADP to maintain ATP levels for short
periods, i.e. a buffer for ATP;

* In some cells, it functions as a shuttle to transport ATP
from the mitochondria to the sites at which a high rate
of ATP hydrolysis occurs; this occurs in cardiac muscle,
some skeletal muscles, spermatozoa, in some species,
and the retina.

In the muscle, phosphocreatine and creatine undergo
cyclisation to form creatinine (Figure 8.20(b)). Since cre-
atinine cannot be metabolised, it is released from muscle
and is then excreted in the urine. This biochemical process
is useful in clinical practice, since creatinine production is
spontaneous and is remarkably constant: 1.7% of the phos-
phocreatine and creatine in muscle cyclises each day, so
that its concentration in blood provides an indication of
the glomerular filtration rate, and hence provides an indi-
cation of the function (i.e. the health) of the kidney.

Y-aminobutyrate; tyrosine for adrenaline, noradrenaline
and dopamine; tryptophan for 5-hydroxytryptamine;
arginine for nitric oxide (Figure 8.21).

The amino acids, aspartate and glutamate, are not taken
up from the blood but are synthesised in the brain. This
requires nitrogen (for the —-NH, groups) which is obtained
from branched-chain amino acids via transamination, as
in other tissues.

Glutamine also plays an important role in the brain as an
amino acid shuttle to maintain the concentration of the
neurotransmitter glutamate in the presynaptic terminal.
Glutamate is released from the presynaptic neurone and
crosses the synapse to bind to the postsynaptic receptor.
To terminate the action of glutamate as a neurotransmit-
ter, it is transported out of the synapse into the glial cell,
where it is converted back to glutamine. The glutamine
is released and taken up again by presynaptic neurone
where it is converted back to glutamate and packed into

TRYPTOPHAN ——— 5-hydroxytryptamine
(serotonin)

TYROSINE —— > Dopamine
Adrenaline

Noradrenaline

GLUTAMATE —— > y-aminobutyrate
(GABA)

ARGININE —— > Nitric oxide

AMINO ACIDS ——> Neuropeptides
e.g. opioids

Figure 8.21 The amino acids that are precursors for neurotrans-
mitters in the brain. These are discussed in Chapter 14.

| |
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TERMINAL
Glutamine Glutamine
NH3
VESICLE NH3
N, B
Glutamate
1 L SYNAPSE

REGEPTOR POSTSYNAPTICi NEURONE

Figure 8.22 The glutamate/glutamine shuttle for provision of the
glutamate neurotransmitter in the brain. This illustrates another
role for glial cells in the brain.

vesicles in preparation for release into the synapse once
more (Figure 8.22).

* The pathways for synthesis of the monoamine neuro-
transmitters are not, at least in some neurones,
saturated with precursor amino acids (tyrosine for for-
mation of noradrenaline plus dopamine; tryptophan
for formation of 5-hydroxytryptamine (serotonin)).
Marked increases in the blood level of these amino
acids can increase their concentrations in neurones
which can influence the concentration of the respective
neurotransmitters in some neurones in the brain. This
may result in changes in behaviour.

* The transport of amino acids into the brain (i.e. across the
blood-brain barrier) requires a specific transporter, as for
transport of amino acids in other tissues. The transporter
that transports tyrosine and tryptophan into the brain also
transports the branched-chain amino acids (Table 8.8).
Hence, the branched-chain amino acids can compete with
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tyrosine and tryptophan for entry into brain. Conse-
quently, a marked increase in the blood levels of
branched-chain amino acids can lead to decreased levels
of tyrosine and tryptophan in neurones and, consequently,
their corresponding neurotransmitters. A large increase
in the blood levels of branched-chain amino acids,
produced by supplementation of the diet with these
amino acids, can influence behaviour, probably by
influencing the brain levels of amine transmitters. There
is some evidence that intake of branched chain amino
acids can reduce physical fatigue (Chapter 13).

Insulin-secreting cells in the endocrine pancreas

The rate of insulin secretion by the B-cells in the islets of
Langerhans in the pancreas is increased by a number of
amino acids: e.g. alanine, aspartate and glutamine.

Glutamine: an amino acid of
central importance

Glutamine is an amino acid that can be oxidised to generate
ATP in many different cells. Hence, it is considered, along
with fatty acids and glucose, as a major fuel in the body,
arole which is discussed below and in Chapter 9. To func-
tion as a quantitatively significant fuel it must be present
in or made available from protein in the diet, and/or syn-
thesised in the body, utilised at a significant rate and its
concentrations in the blood maintained reasonably con-
stant, under all conditions. These topics are discussed in
five subsections: glutamine in the diet; tissues that synthe-
sise glutamine; tissues that utilise glutamine; liver: a tissue
that can both produce and use glutamine; blood glutamine
as a fuel. It is estimated that about 100 g of glutamine is
metabolised within the body each day, most of that is
synthesised in the body. A list of the roles of glutamine in
the body is presented in Table 8.11.

Glutamine in the diet

Glutamine is present in peptide bonds in the protein in the
food but it is also present in the free form in meat and some
root vegetables. It is released by proteolysis in the small
intestine and absorbed into the enterocytes. Here some of
it is metabolised so that only about 50% or less of the
absorbed glutamine enters the blood. However, if the food
is supplemented with glutamine or if it is ingested as a
bolus, a significant proportion enters the blood. To main-
tain the physiological blood level under normal conditions,
it must be synthesised de novo in the body.
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Table 8.11 Roles of glutamine in some cells, tissues and organs

Immune cells
Precurson for nucleotide synthesis.
Fuel for immune cells: at rest and during proliferation.
Enhances T-lymphocyte responses to infection.
Supports phagocytosis by neutrophils and macrophages.

Small and large intestine
Precurson for nucleotide synthesis.
Fuel for colonocytes.
Fuel for enterocytes and for stem cells in the crypts of villi.
Maintenance of gut-associated lymphoid tissue (GALT).
Maintenance of gut barrier, especially that in the colon.

Kidney
Substrate for gluconeogenesis.
Formation of ammonia for buffering protons in the filtrate in
the tubules.

Skeletal muscle
Glutamine is synthesised, stored and secreted.

Lung
Fuel for endothelial cells (largest number of endothelial cells
in any organ).
Fuel for lung alveolar macrophages.

Central nervous system
Shuttle for maintenance of glutamate as a neurotransmitter.

Data from Biolo et al. (2005).

Tissues that synthesise glutamine

The three tissues that fulfil this role are skeletal muscle,
adipose tissue and lung. Of these, muscle is quantitatively
the most important.

Skeletal muscle

Early studies using indwelling catheters to measure arte-
riovenous concentration differences across muscle indi-
cated that of those amino acids released, during starvation
about 70% 1is alanine and glutamine (Table 8.12). Yet,
the content of these two amino acids in muscle protein
is only about 10%. This was the first line of evidence
that muscle synthesis glutamine requires both carbon and
nitrogen atoms. The carbon atoms are obtained from
glucose and the two nitrogen atoms are obtained from
the branched-chain amino acids, via transamination and
the glutamate dehydrogenase reactions (Figure 8.23). It is
estimated that in humans approximately 80 g of glutamine
is released from muscle each day. The oxoacids that
are produced from the branched-chain acids are either
oxidised in muscle or released for use by other tissues
(see Figure 8.17).
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Table 8.12 Arteriovenous concentration differences in amino
acids across the muscles in the leg of humans in the postabsorp-
tive period

Arteriovenous difference”

Percentage of total

Amino acid pmol/L amino acids released
Alanine =70 30
Glutamine =70 30
Glycine 24 10
Lysine -20 9
Proline -16 7
Threonine -10 4
Histidine -10 4
Leucine -10 4
Valine -8 3
Arginine -5 2
Phenylalanine -5 2
Tyrosine —4 2
Methionine —4 2
Isoleucine -4 2

“The concentration difference is that between blood in the femoral artery
and that in the femoral vein. The minus sign indicates release from the
muscle. Data taken from Felig (1975). It is estimated that about 80 g of
glutamine is released each day from skeletal muscle.

BRANCHED- GLUCOSE
CHAIN
AMINO
ACIDS Oxoglutarate
. glutamate
amino- dehydrogenase
transferase
Oxoacids Glutamate
¢ glutamine NHj
¢ synthetase
CO, GLUTAMINE

Figure 8.23 formation of glutamine from glucose and branched-
chain amino acids in muscle and adipose tissue and probably in
the lung. Oxoacids may also be released into blood for oxidation
in the liver.

In addition to synthesis, muscle also stores glutamine. It
is estimated that the total quantity stored in all the skeletal
muscles is about 80 g. The glutamine released by muscle
can be utilised by the kidney, enterocytes in the small
intestine, colonocytes, all the immune cells and the cells
in the bone marrow (Figure 8.24). Details of the pathways
of utilisation by these tissues are discussed.

Alanine synthesis in muscle The synthesis and release
of alanine by muscle can be considered as a safety mecha-
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Figure 8.24 Some fates of glutamine that is released by muscle.
Glutamine is released from the store of glutamine in the muscle
but, for immune system and bone marrow, it may also be pro-
vided from adipocytes (Chapter 17). It is assumed that gluta-
mine is present as a free amino acid in muscle and that there
is a specific transport protein in the plasma membrane that can
be regulated.

CAPILLARY

INTESTINE

MUSCLE

nism to prevent the accumulation of ammonia. To under-
stand how alanine synthesis can remove ammonia, it must
be remembered that the glutamate dehydrogenase reaction
removes, as well as forms, ammonia (i.e. it is a near-
equilibrium reaction). Hence, the direction of this reaction
is dependent on the concentrations of substrates and prod-
ucts so that, at high levels of ammonia, ammonia reacts
with oxoglutarate to form glutamate, which can then be
transaminated with pyruvate to yield alanine, which is then
released into the bloodstream. In rather loose terms,
alanine formation in muscle can be considered as a ‘nitro-
gen overflow system’. The fate of the alanine that is
released by muscle is removal from the blood by liver
and conversion to glucose via gluconeogenesis. The two
reactions are as follows:

(@

NADH + oxoglutarate + NH; ———— glutamate + NAD"

(i)
glutamate oxoglutarate

pyruvate alanine
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Figure 8.25 Excess ammonia in the muscle is used to form
alanine. Ammonia is released from several reactions and is
incorporated into alanine via glutamate dehydrogenase and
transamination. 0G - oxoglutarate. Alanine is released into the
blood from volece it is removed by the liver.

These reactions are catalysed by:

(1) glutamate dehydrogenase and (ii) alanine-glutamate
aminotransferase. The net reaction is, therefore:

pyruvate + NH; — alanine

and the alanine is released from the muscle. A descrip-
tion of this nitrogen overflow system is provided in
Figure 8.25.

Adipose tissue

The metabolism of the branched-chain amino acids,
glutamine and alanine in adipose tissue is similar to that
in muscle. Glutamine is synthesised from glucose and
branched-chain amino acids and then released from the
adipocytes into the blood. Alanine is synthesised from
glutamate and pyruvate. Unfortunately, the quantitative
importance of adipose tissue for the uptake of branched-
chain amino acids and formation of glutamine is not
known. It is of interest to note that most lymphocytes and
other immune cells in the body are contained within lymph
nodes and almost all lymph nodes are present within
adipose tissue depots, where adipocytes may provide glu-
tamine, locally, for immune cells. This is a physiological
explanation for the ability of adipocytes to form glutamine
(Chapter 17). Since adipose tissue is important in the for-
mation and release of glutamine, it would be of interest to
know if this changed in patients suffering from obesity. No
studies have yet been done. Adipocytes which are numer-
ous in bone marrow, may provide most of the glutamine
required by proliferating cells to this tissue.
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Lung

The cells in lung are able to synthesise glutamine presum-
ably from glucose and branched-chain amino acids. The
quantitative importance of glutamine synthesis and release
are not known. It is estimated that the lung, adipose tissue
and possibly the liver synthesise and release about 40 g of
glutamine each day: about twice this amount is released by
muscle. The physiological/biochemical importance of this
process in the lung may be to provide glutamine for the
large number of resident macrophages present in the lung.
Glutamine is essential for phagocytosis by macrophages.
In the lung, they remove microorganisms and environmen-
tal particles that enter with every breath.

Tissues that utilise glutamine

The major tissues that use glutamine are kidney, small
intestine, colon, immune cells and bone marrow cells.
Rates of utilisation by these last four tissues cannot be
measured in vivo. Rates of utilisation by isolated cells have
been measured in vitro (Chapters 17 and 21).

Kidney

As indicated above, one function of the kidney is to main-
tain the pH of the blood by excreting (secreting) protons
into the glomerular filtrate during acidosis. In order to
buffer these protons in the glomerular filtrate, ammonia is
also excreted. The buffering occurs as follows:

NH, +H* — NH,*

This buffering action is important to maintain the pH of
the urine between 5 and 6. If the system fails, the pH
drops to between 1 and 2, which is a very dangerous level.
The ammonia is provided from glutamine which is taken
up from the blood and metabolised in such a way that
both of its nitrogen atoms are released as ammonia. This
is achieved by the successive activities of the enzymes,
glutaminase and glutamate dehydrogenase, in the epithelial
cells of the proximal tubules of the kidney, as follows
(Figure 8.26):

glutamine + H,0 — glutamate + NH,
glutamate — oxoglutarate + NH,

Full details of the reaction are given in Appendix 8.4 and
a detailed discussion of the role of the kidney in regulation
of the acid/base balance is given in (Appendix 13.4).
The oxoglutarate produced from these successive reactions
is either oxidised to yield ATP or, under conditions of
starvation, converted to glucose via gluconeogenesis
(Figure 8.26).
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Figure 8.26 Fate of glutamine in the kidney. Glutamine is con-
verted to oxoglutarate releasing two molecules of ammonia. The
fate of the oxoglutarate is, in the fed condition, oxidation to
€0, to generate ATP. In starvation, it is converted to glucose via
gluconeogenesis. The quantitative importance of the kidney to
provide glucose, in comparison with the liver, is not known but
it may be significant.

Small and large intestine

The enterocytes in the small intestine and colonocytes in
the large intestine both use glutamine as a fuel (Figure
8.27). In the small intestine, the ATP generated from the
conversion of glutamine to alanine is important not only
for maintenance of the normal energy-requiring process in
the cells but, in addition, for synthesis and secretion of
mucus, and enzymes of digestion), and also for absorption
of the products of digestion. It is also important as a precur-
sor for the nucleotides required for DNA and RNA syn-
thesis for the proliferation of the stem cells in the crypts
of the villi. This process is important for producing cells
to replace those lost from the villi by damage incurred
during the process of digestion, including desquamation.
Thus, a chronic low level of glutamine could impair this
process, which would interfere in the normal digestion and
absorption of food. Hence, especially on a low protein or
inadequate diet, synthesis of glutamine or starvation, is
essential to maintain a functioning intestine. This is one
reason why enteral feeding of patients who are recovering
from trauma or surgery is encouraged in hospitals.

Also of clinical importance, radiation or chemotherapy
for the treatment of cancer can cause damage to the villi
in the intestine, probably as a result of DNA damage in the
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Figure 8.27 Pathway of glutamine metabolism in the intestinal
cells. Glutamine is metabolised to alanine to generate ATP:
alanine is released into the blood to be taken up by the Lliver.

proliferating stem cells. Provision of glutamine to the
patient undergoing such therapy protects against this
damage or encourages repair of DNA during the recovery
period between treatments.

Immune cells

Immune cells play major roles in defence against infection
and also in recovery from trauma but, even when these
cells are resting (i.e. when there is no or little immune
activity), they use glutamine at a high rate to generate ATP
(Chapters 9 and 17). The pathway for metabolism of glu-
tamine in these cells is shown in Figure 8.28.

The glutamine taken up by these cells is not completely
oxidised but converted to aspartate, which is then released.
Not only is glutamine a fuel for generating ATP in these
cells but it is also a precursor for the nucleotides required
for DNA and RNA synthesis when immune cells are pro-
liferating, a major response of immune cells to an infec-
tion. Consequently, it is important to maintain the normal
level of glutamine in blood at all times. A decrease in the
level could result in a poor response to an infection (Chapter
18). This consideration has led to the supplementation of
normal diets with glutamine or to the inclusion of gluta-
mine in commercial feeds for patients (Chapter 18). The
positions in the pathways for purine and pyrimidine nucle-
otides synthesis where glutamine provides the nitrogen are
shown in Figures 20.9 and 20.10.
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Figure 8.28 Metabolic fate of glutamine in immune cells. Gluta-
mine is converted to glutamate and then to oxoglutarate which
is converted to oxaloacetate. Enzymes are as follows: (1) gluta-
minase, (2) glutamate dehydrogenase, (3) oxoglutarate dehydro-
genase, (4) succinyl-CoA transferase, (5) succinate dehydrogenase,
(6) fumarase, (7) malate dehydrogenase, (8) aspartate amino-
transferase. The pathway is presented in such a way as to indi-
cate that conversion of oxoglutarate to oxaloacetate is part of
the Krebs cycle. The pathway is known as glutaminolysis.

Bone marrow cells

Between them, the bone marrow and the small intestine
possess the highest number of proliferating cells in
the body. The bone marrow contains stem cells which
proliferate and differentiate to produce red and white blood
cells (Chapter 17). This requires not only this amino acids
to support protein synthesis but also glutamine, both as a
fuel and as a precursor for nucleotides, as in the other
proliferating cells. The pathway for metabolism of gluta-
mine in cells isolated from the bone marrow is similar to
that in lymphocytes (Figure 8.28).

Tumour cells

Tumour cells also require glutamine as a fuel for energy
generation and as a precursor for the synthesis of purine
and pyrimidine nucleotides for DNA and RNA synthesis.
The roles and importance of glutamine in tumour cells and
possible competition between the cells for glutamine are
discussed in Chapter 21. The pathway for the metabolism
of glutamine is similar to that in the immune cells.

Comparison of the early stages of glutamine
metabolism in kidney, intestine and lymphocytes

Although glutamine metabolism in these various tissues is
important in the generation of ATP, the metabolism is
different due to other functions of glutamine metabolism
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Figure 8.29 The initial reactions of glutamine metabolism in
kidney, intestine and cells of the immune system. The initial
reaction in all these tissues is the same, glutamine conversion
to glutamate catalysed by glutaminase: the next reactions are
different depending on the function of the tissue or organ.
In the kidney, glutamate dehydrogenase produces ammonia to
buffer protons. In the intestine, the transamination produces
alanine for release and then uptake and formation of glucose in
the liver. In the immune cells, transamination produces aspartate
which is essential for synthesis of pyrimidine nucleotides required
for DNA synthesis: otherwise it is released into the blood to be
removed by the enterocytes in the small intestine or by cells in
the Lliver.

in the tissues. The early stages of glutamine metabolism in
these tissues are presented in Figure 8.29 for comparison.

Liver: a tissue that can both produce
and use glutamine

There are two types of hepatocytes in the liver, the peri-
portal and perivenous cells (Chapter 10) and they metabo-
lise glutamine in opposite directions. The periportal cells
possess the enzyme glutaminase that converts glutamine
to glutamate and ammonia, which is converted to area:
glutamate is converted to glucose. In contrast, perivenous
cells possess the enzyme glutamine synthetase, which con-
verts glutamate to glutamine with the uptake of ammonia.
This provides a ‘safety net’ to remove any ammonia from
the blood that has ‘escaped’ the urea cycle (Figure 8.30).

Blood glutamine as a fuel

From the above discussion, it is clear that some tissues
synthesise and then release glutamine into the blood and
others take up glutamine and use it as a fuel and/or as a
nitrogen donor. Hence, glutamine can be considered as a
fuel in the blood, alongside glucose and fatty acids. Its
oxidation in the Krebs cycle is described in Chapter 9. The
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Figure 8.30 Different roles of periportal and perivenous cells in
the liver in respect of glutamine metabolism. Glutamine is con-
verted to glucose in periportal cells via gluconeogenesis: in
perivenous cells, ammonia is taken up, to form glutamine, which
is released into the blood. This emphasises the importance of
the liver in removing ammonia from the blood, i.e. if possesses
two process to ensure that all the ammonia is removed.
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Figure 8.31 Comparison of glutamine as a fuel in the blood with
glucose and fatty acids. The concentration of glutamine in the
blood is similar to that of fatty acid. The amount of glutamine
stored in muscle is similar to the amount of glycogen stored in
the liver; that is, about 80 g. Mobilisation of each of these
stored fuels is discussed in Chapters 6, 7, 17 and 18. It appears
that glutamine is stored free in the cytosol. Polyglutamine on
vesicles containing glutamine have not been found.

properties of glutamine which enable it to function as a
fuel (Figure 8.31) are as follows:

e It is a small molecule.
e It is very soluble in the plasma.

* It has no net charge, so that transport is not limited by
any change in electrical potential across a membrane.

* It can be used by many different cells and tissues.
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* In these cells, it is metabolised to glutamate, which is
converted to aspartate or alanine. The pathways generate
NADH and FADH, which transfer electrons along the
respiratory chain to generate ATP.

e The concentration in human blood is relatively high
(0.6 mM).

e This concentration is maintained under many different
conditions.

* When the blood concentration of glutamine decreases
below that which is physiological, functional impair-
ment can result: poor proliferation of immune cells and
poor phagocytosis by macrophages.

e Although not all the glutamine is made available to the
blood from the digested protein in food, since some
of it is metabolised in the enterocytes, it is readily
synthesised in glutamine-producing tissues. This is
analogous to glucose, which can also be utilised by the
enterocytes but is synthesised, via gluconeogenesis, in
the liver and in the kidney. Reactions that are involved
in the pathway of glutamine synthesis are presented
above.

* Glutamine is stored in muscle: approximately 80 g in the
total skeletal muscle in the body. This is an amount
similar to that of glucose which is stored as glycogen in
the liver (Chapters 2 and 6).

* Glutamine, along with glucose, can stimulate insulin
secretion by the endocrine pancreas. The significance of
this is the regulation of the plasma glutamine concentra-
tion is not known.

Urea ‘salvage’

The formation and excretion of urea is the primary mecha-
nism by which excess nitrogen, in the form of ammonia,
is removed from the body. Surprisingly, it was found that
the actual rate of urea synthesis exceeded considerably the
rate of excretion of the urea. The interesting question,
therefore, is what is the fate of this lost urea? The answer
is that urea enters the large intestine, where it is degraded
by microorganisms that possess the enzyme urease, which
catalyses the reaction:

CO(NH, ), — CO, +2NH,

The ammonia can then be utilised for amino acid synthesis
in some or all of the microorganisms in the intestine, a
process requiring the enzyme glutamate dehydrogenase to
incorporate the ammonia into glutamate

NH; + oxoglutarate — glutamate — other amino acids
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Thus, nitrogen is provided for the synthesis of all amino
acids and hence for synthesis of protein, as these micro-
organisms proliferate. However, when some micro-
organisms die, this protein will be degraded and result in
formation of amino acids. (Note that a large number of
microorganisms are expelled in the faeces.) Some of these
amino acids will be absorbed and enter the blood from
where they will be taken up by the liver or bypass the liver
and be taken up by other tissues. In these tissues, and in
the liver, these amino acids can be used for protein syn-
thesis. This can, therefore, be considered as a salvage
pathway for amino acids (Figure 8.32). An important ques-
tion is what is the quantitative significance in humans? The
answer is that it may be particularly important when protein
intake is minimal (i.e. during malnutrition, especially in
children). It is also known to be important in some animals
under some conditions (Box 8.4). Hence, it is unfortunate
that it is called ‘urea salvage’ since amino acid salvage is
probably its physiological role.

Ornithine INTESTINE

cycle

Amino
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I VARIOUS TISSUES |

—> Proteins ’

Figure 8.32 Urea salvage in humans. Urea diffuses into the
colon where it is converted to ammonia in those microorganisms
that possess the enzyme urease. The ammonia is used by most
microorganisms in the colon to synthesise their protein. Upon
death in the colon, these organisms are degraded and the
protein is hydrolysed to amino acids, some of which are absorbed
by the host to be used for protein synthesis, etc.

Box 8.4 The Long Sleep

Imagine sleeping for between three and five months
without getting up to eat, urinate or defecate. The tempera-
ture outside is well below zero but you have maintained
your temperature between 31 and 35 °C. If you are female,
you may well have given birth and suckled your offspring
during this time. You wake up and are immediately active
—how might you feel? In fact, without external assistance,
no human could survive such an ordeal but for the North
American black bear or the polar bear it has been a normal
winter.

There is no doubt that the bear uses its fat stores for
its energy requirement during hibernation. Since it stores
so little glycogen, maybe the bear’s brain requires little
glucose and functions primarily on ketone bodies (Chapter
7). However, one of the most remarkable adaptations to
this hibernation must be the bear’s nitrogen metabolism.
The lack of opportunity to excrete urea might suggest that
the bear manages, during this period, to reduce its amino
acid metabolism dra