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Preface

The food we eat has a major effect on our physical health and psychological wellbeing.
An understanding of the way in which nutrients are metabolized, and hence of the
principles of biochemistry, is essential for an understanding of the scientific basis of
what we would call a prudent or healthy diet.

My aim in the following pages is to explain both the conclusions of the many
expert committees that have deliberated on the problems of nutritional requirements,
diet and health over the years and also the scientific basis on which these experts have
reached their conclusions. Much what is now presented as ‘facts’ will be proven to be
incorrect in years to come. This book is intended to provide a foundation of scientific
knowledge and understanding from which to interpret and evaluate future advances
in nutrition and health sciences.

Nutrition is one of the basic sciences that underlie a proper understanding of health
and human sciences and the ways in which human beings and their environment
interact. In its turn, the science of nutrition is based on both biochemistry and
physiology, on the one hand, and the social and behavioural sciences on the other.
This book contains such biochemistry as is essential to an understanding of the science
of nutrition.

In a book of this kind, which is an zntroduction to nutrition and metabolism, it is not
appropriate to cite the original scientific literature which provides the (sometimes
conflicting) evidence for the statements made; in the clinical problems and some of
the tables of data I have acknowledged my sources of data as a simple courtesy to my
follow scientists, and also to guide readers to the original sources of information.
Otherwise, the suggestions for further reading and Internet sites listed under additional
resources are intended to provide an entry to the scientific literature.

Two of my colleagues have provided especially helpful comments: Dr Derek Evered,
Emeritus Reader in Biochemistry at Chelsea College, University of London, and
Professor Keith Frayn (University of Oxford). I would like to thank them for their
kind and constructive criticisms of the second edition of this book. I am grateful to
those of my students whose perceptive questions have helped me to formulate and
clarify my thoughts, and especially those who responded to my enquiry as to what
they would like to see (for the benefit of future generations of students) in this new
edition.
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This book is dedicated to those who will use it as a part of their studies, in the hope
that they will be able, in their turn, to advance the frontiers of knowledge, and help
their clients, patients and students to understand the basis of the advice they offer.

David A Bender
December 2001



Additional vesources

At the end of each chapter there is a list of the additional resources that are available
on the CD that accompanies this book. All of these can be run directly from the CD,
or may be copied onto a hard disk or network, for internal use only, in educational
institutions — instructions for installation are included in the ReadMe file on the CD.
To access the resources listed here you will require an IBM-compatible PC running
Windows 95, 98 or higher.

The resources on the CD consist of the following.

PowerPoint presentations to accompany each chapter

If you have Microsoft PowerPoint 2000 installed on your computer then you can view
these presentations immediately. If not, the PowerPoint viewer is also on the CD and
can be installed by running Ppview32.exe from the folder ‘extra files’.

Teachers are welcome to use these PowerPoint presentations, or parts of them, in
their lectures, provided that due acknowledgement is made; they are copyright David
A Bender 2002 (and some of the figures are copyright Taylor & Francis 2002), and
may not be published for profit in any form.

Self-assessment quizzes

For most chapters there is a computer-based self-assessment quiz on the CD. This
consists of a series of statements to be marked true or false; you assess your confidence
in your answer, and gain marks for being correct, or lose marks for being incorrect,
scaled according to your confidence in your answer.

These quizzes are accessed from the program Testme.exe on the CD.

Simulations of laboratory experiments

There are a number of simulations of laboratory experiments on the CD; they are
accessed by name — e.g. the Enzyme Assay program (Chapter 2) is accessed from the
Enzyme Assay icon.



Additional resources X1

Problems at the end of chapters

At the end of most chapters there are problems to be considered. These are of various

kinds:

* open-ended problems to be thought about;

* defined calculation problems to which there is a correct answer (but the answer is
not provided here);

* problems of data interpretation, in which you are guided through sets of data and
prompted to draw conclusions (again, deliberately, no answers to these problems
are provided);

* clinical problems in which you are given information about a patient and expected
to deduce the underlying biochemical basis of the problem, and explain how the
defect causes the metabolic disturbances.

Other resources

NUTRITION BOOKS

Bender AE and Bender DA, Food Tables and Labelling, Oxford University Press, Oxford,
1998.

Bender DA and Bender AE, Benders’ Dictionary of Nutrition and Food ‘Technology,
Woodhead Publishing, Cambridge, 1999.

Bender DA and Bender AE, Nutrition: a Reference Handbook, Oxford University Press,
Oxford, 1997.

Garrow JS, James WPT and Ralph A, Human Nutrition and Dietetics, 10th edn,
Churchill Livingstone, Edinburgh, 2000.

Holland B, Welch AA, Unwin D, Buss DH, Paul AA and Southgate DAT (eds),
McCance & Widdowson’s The Composition of Foods, Sth edn, RSC/HMSO, London,
1991.

BIOCHEMISTRY BOOKS

Campbell PN and Smith AD. Bzochemistry Ilustrated, 4th edn, Churchill Livingstone,
Edinburgh, 2000.

Champe PC and Harvey RA. Lippincott’s Ulustrated Reviews, Biochemistry, 2nd edn,
Lippincott-Raven, Philadelphia, 1994.

Elliott WH and Elliott DC. Biochemistry and Molecular Biology. Oxford University Press,
Oxford, 1997.

Frayn KN. Metabolic Regulation: A Human Perspective. Portland Press, London, 1996.

Gillham B, Papachristodoulou DK and Thomas JH. Wi/ls’ Biochemical Basis of Medicine.
3rd edn, Butterworth-Heinemann, Oxford, 1997.
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REVIEW JOURNALS

Nutrition Research Reviews, published biannually by CABI Publishing, Wallington,
Oxford, for the Nutrition Society.

Nutrition Reviews, published monthly by the International Life Sciences Institute,
Washington, DC.

Annual Reviews of Biochemistry and Annual Reviews of Nutrition, published annually by
Annuals Reviews Inc.

If you have problems with some of the chemistry in this book, try the following:

Wood EJ and Myers A, Essential Chemistry for Biochemistry, 2nd edn, The Biochemical
Society/Portland Press, London, 1991.

INTERNET LINKS

Professional organizations and learned societies

American Council on Science and Health: http://www.acsh.org/

American Society for Nutritional Sciences: http://www.nutrition.org

Association for the Study of Obesity: http://www.aso.org.uk

Biochemical Society: http://www.biochemsoc.org.uk/default.htm

British Association for the Advancement of Science: http://www.britassoc.org.uk/info/
scan5.html

British Dietetic Association: http://www.bda.uk.com

British Nutrition Foundation: http://ww.nutrition.org.uk

COPUS (Committee on Public Understanding of Science): http://www.royalsoc.ac.uk/
st_cop01.htm

International Society for the Study of Obesity: http://www.iaso.org/home.html

International Union of Nutritional Sciences home page: http://www.monash.edu.au/
TUNS/

Learning and Teaching Support Network, bioscience: http://ltsn.ac.uk/NV/
bioframes.htm

National Sports Medicine Institute: http://nsmi.org.uk/

North American Association for the Study of Obesity: http://www.naaso.org

Nutrition Society: http://www.nutsoc.org
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Information about nutrition and food

Arbor Nutrition Guide: http://arborcom.com/

Eat Well, Live Well Research and Information Centre, Monash University: http://
www.healthyeating.org

Food and Nutrition Information Center, US Department of Agriculture: http://
www.nal.usda.gov/fnic/

International Food Information Service: http://www.ifis.org/

Martindale’s Virtual Nutrition Center: http://www.sci.lib.uci.edu/HSG/Nutrition.html

Nutrition web sites reviewed from Tufts University: http://navigator.tufts.edu

General research tools and information

Cornell Cooperative Extension — a useful source of information on nutrition and
agriculture: hetp://www.cce.cornell.edu/

Enzyme database: http://www.expasy.ch/enzyme/

Glossary of biochemistry and molecular biology online: http://db.portlandpress.com/
db.htm

ILSI (International Life Sciences Institute) — publishers of Nusrition Reviews: http://
www.ilsi.org

MedBioWorld — links to nutrition-related journals available on-line: http://
www.sciencekomm.at/journals/food.html

Medline: http://www.nlm.nih.gov/PubMed/

MedWeb Biomedical Internet Resources from Emory University: http://
www.cc.emory.edu/WHSCL/medweb.html

OMNI (Organising Medical Networked Information): http://www.omni.ac.uk

On-Line Mendelian Inheritance in Man (OMIM): http://www3.ncbi.nih.gov.Omim/

Government and international sites

Department of Environment, Food and Rural Affairs, UK: http://www.maff.gov.uk/
defra/default.htm

Department of Health, UK: http://www.open.gov.uk/doh/dhhome.htm

FAO Food and Agriculture Organization of the UN: http://www.fao.org

FDA Consumer — the consumer bulletin of the US Food and Drug Administration:
http://www.fda.gov/fdac/796_toc.html

Food and Nutrition Information Center: http://www.nal.usda.gov/fnic/

Food Standards Agency (UK): http://www.foodstandards.gov.uk

Health Canada Nutrition: http://www.hc-sc.gc.ca/hppb/nutrition

TUNS (International Union of Nutritional Sciences): http://www.monash.edu.au/

NHS Direct Online — UK government site providing advice and information about
illnesses: http://www.nhsdirect.nhs.uk

United Nations and other international organizations:http://www.undcp.org/
unlinks.html



X1V Additional resources

US Food and Drug Administration: http://www.fda.gov.default.htm
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CHAPTER

Why eat?

An adult eats about a tonne of food a year. This book attempts to answer the question
‘why?’ — by exploring the need for food and the uses to which that food is put in the
body. Some discussion of chemistry and biochemistry is obviously essential in order to
investigate the fate of food in the body, and why there is a continuous need for food
throughout life. Therefore, in the following chapters various aspects of biochemistry
and metabolism will be discussed. This should provide not only the basis of our present
understanding, knowledge and concepts in nutrition, but also, more importantly, a
basis from which to interpret future research findings and evaluate new ideas and
hypotheses as they are formulated.

We eat because we are hungry. Why have we evolved complex physiological and
psychological mechanisms to control not only hunger, but also our appetite for different
types of food? Why do meals form such an important part of our life?

Objectives
After reading this chapter you should be able to:

* describe the need for metabolic fuels and, in outline, the relationship between
food intake, energy expenditure and body weight;

* describe in outline the importance of an appropriate intake of dietary fat;

* describe the mechanisms involved in short-term and long-term control of food
intake;

* describe in outline the mechanisms involved in the sense of taste;

* explain the various factors that influence people’s choices of foods.
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E The need for energy

There is an obvious need for energy to perform physical work. Work has to be done to
lift a load against the force of gravity, and there must be a source of energy to perform
that work. As discussed in section 5.1, the energy used in various activities can readily
be measured, as can the metabolic energy yield of the foods that are the fuel for that
work (see Table 1.1). This means that it is possible to calculate a balance between the
intake of energy, as metabolic fuels, and the body’s energy expenditure. Obviously,
energy intake has to be appropriate for the level of energy expenditure; as discussed
in Chapters 6, and 8 neither excess intake nor a deficiency is desirable.

Figure 1.1 shows the relationship between food intake, physical work and changes
in body reserves of metabolic fuels, as shown by changes in body weight. This study
was carried out in Germany at the end of the Second World War, when there was a
great deal of rubble from bomb damaged buildings to be cleared, and a large number
of people to be fed and found employment. Increasing food intake resulted in an
increase in work output — initially with an increase in body weight, indicating that
the food supply was greater than required to meet the (increased) work output. When
a financial reward was offered as well, the work output increased to such an extent
that people now drew on their (sparse) reserves of metabolic fuel, and there was a loss
of body weight.

Quite apart from obvious work output, the body has a considerable requirement
for energy, even at rest. Only about one-third of the average person’s energy expenditure
is for voluntary work (section 5.1.3). Two-thirds is required for maintenance of the
body’s functions, homeostasis of the internal environment and metabolic integrity.

‘ + financial inducement

10.5 12.5 12.5 12.5

Tonnes shifted per hour

Energy intake (MJ/day)

FIGURE 1.1 The relationship between food intake, work output and body weight (Wuppertal data).
From data reported by Widdowson EM, MRC Special Report series no. 275, HMSO, 1951.
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As shown in Figure 1.2, about 20% of total energy expenditure is required to maintain
the electrical activity of the brain and nervous system. This energy requirement, the
basal metabolic rate (BMR; section 5.1.3.1) can be measured by the output of heat,
or the consumption of oxygen, when the subject is completely at rest.

Part of this basal energy requirement is obvious — the heart beats to circulate the
blood; respiration continues; and there is considerable electrical activity in nerves and
muscles, whether they are ‘working’ or not. These processes require a metabolic energy
source. Less obviously, there is also a requirement for energy for the wide variety of
biochemical reactions occurring all the time in the body: laying down reserves of fat
and carbohydrate (section 5.6); turnover of tissue proteins (section 9.2.3.3); transport
of substrates into, and products out of, cells (section 3.2.2); and the production and
secretion of hormones and neurotransmitters.

1.1.1 UNITS OF ENERGY

Energy expenditure is measured by the output of heat from the body (section 5.1).
The unit of heat used in the early studies was the calorie — the amount of heat required
to raise the temperature of 1 gram of water by 1 degree Celsius. The calorie is still
used to some extent in nutrition; in biological systems the kilocalorie, kcal (sometimes
written as Calorie with a capital C) is used. One kilocalorie is 1000 calories (10° cal),
and hence the amount of heat required to raise the temperature of 1 kg of water
through 1 degree Celsius.

Correctly, the joule is used as the unit of energy. The joule is an SI unit, named after
James Prescott Joule (1818-89), who first showed the equivalence of heat, mechanical
work and other forms of energy. In biological systems, the kilojoule (k] = 10°J =
1000 J) and megajoule (1 MJ = 10°J = 1,000,000 J) are used.

Adipose
tissue Remainder
4% 16%
Skeletal
muscle
22%

Liver
21%

Kidneys
8%

Heart

9% Brain

20%

FIGURE 1.2 Percentage of total energy expenditure by different organs of the body.
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To convert between calories and joules:

1 keal = 4.186 kJ (normally rounded off to 4.2 kJ)
1 kJ = 0.239 kcal (normally rounded off to 0.24 kcal)

As discussed in section 5.1.3, average energy expenditure of adults is between 7.5
and 10 M]J/day for women and between 8 and 12 M]J/day for men.

E Metabolic fuels

The dietary sources of metabolic energy (the metabolic fuels) are carbohydrates, fats,
protein and alcohol. The metabolism of these fuels results in the production of carbon
dioxide and water (and also urea in the case of proteins; section 9.3.1.4). They can be
converted to the same end-products chemically, by burning in air. Although the process
of metabolism in the body is more complex, it is a fundamental law of chemistry that,
if the starting material and end-products are the same, the energy yield is the same,
regardless of the route taken. Therefore, the energy yield of foodstuffs can be
determined by measuring the heat produced when they are burnt in air, making
allowance for the extent to which they are digested and absorbed from foods. The
energy yields of the metabolic fuels in the body, allowing for digestion and absorption,
are shown in Table 1.1.

1.2.1 THE NEED FOR CARBOHYDRATE AND FAT

Although there is a requirement for energy sources in the diet, it does not matter
unduly how that requirement is met. There is no requirement for a dietary source of
carbohydrate — as discussed in section 5.7, the body can make as much carbohydrate
as is required from proteins. Similarly, there is no requirement for a dietary source of
fat, apart from the essential fatty acids (section 4.3.1.1), and there is certainly no
requirement for a dietary source of alcohol. However, as discussed in section 7.3.2,
diets that provide more than about 35-40% of energy from fat are associated with
increased risk of heart disease and some cancers, and there is some evidence that diets
that provide more than about 20% of energy from protein are also associated with
health problems. Therefore, as discussed in section 7.3, the general consensus is that
diets should provide about 55% of energy from carbohydrates, 30% from fat and
15% from protein.

Although there is no requirement for fat in the diet, fats are nutritionally important
and, as discussed in section 1.3.3.1, there is a specific mechanism for detecting the
taste of fats in foods.
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TABLE 1.1 The energy yield of metabolic fuels

kcal/g k)/g
Carbohydrate 4 |7
Protein 4 6
Fat 9 37
Alcohol 7 29

1 kcal = 4.186 kJ or 1 k] = 0.239 kcal

* It is difficult to eat enough of a very low-fat diet to meet energy requirements. As
shown in Table 1.1, the energy yield per gram of fat is more than twice that of
carbohydrate or protein. The problem in many less developed countries, where
undernutrition is a problem (see Chapter 8), is that diets provide only 10-15% of
energy from fat, and it is difficult to consume a sufficient bulk of food to meet
energy requirements. By contrast, the problem in Western countries is an
undesirably high intake of fat, contributing to the development of obesity (see
Chapter 6) and the diseases of affluence (see section 7.3.1).

* Four of the vitamins, A, D, E and K (see Chapter 11), are fat soluble, and are
found in fatty and oily foods. More importantly, because they are absorbed dissolved
in fat, their absorption requires an adequate intake of fat. On a very low-fat diet
the absorption of these vitamins may be inadequate to meet requirements.

® There is a requirement for small amounts of two fatty acids which are required
for specific functions; these are the so-called essential fatty acids (section 4.3.1.1).
They cannot be formed in the body, but must be provided in the diet.

* In many foods, a great deal of the flavour (and hence the pleasure of eating) is
carried in the fat.

®  Fats lubricate food, and make it easier to chew and swallow.

1.2.2 THE NEED FOR PROTEIN

Unlike fats and carbohydrates, there is a requirement for protein in the diet. In a
growing child this need is obvious. As the child grows, and the size of its body increases,
so there is an increase in the total amount of protein in the body.

Adults also require protein in the diet. There is a continuous small loss of protein
from the body, for example in hair, shed skin cells, enzymes and other proteins secreted
into the gut and not completely digested. More importantly, there is turnover of
tissue proteins, which are continually being broken down and replaced. Although
there is no change in the total amount of protein in the body, an adult with an
inadequate intake of protein will be unable to replace this loss, and will lose tissue
protein. Protein turnover and requirements are discussed in Chapter 9.
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1.2.3 THE NEED FOR MICRONUTRIENTS —
MINERALS AND VITAMINS

In addition to metabolic fuels and protein, the body has a requirement for a variety of
mineral salts, in small amounts. Obviously, if a metal or ion has a function in the
body, it must be provided by the diet, as the different elements cannot be
interconverted. Again, the need is obvious for a growing child; as the body grows in
size, so the total amounts of minerals in the body will increase. In adults, there is a
turnover of minerals in the body, and losses must be replaced from the diet.

There is a requirement for a different group of nutrients, also in very small amounts
— the vitamins. These are organic compounds that have a variety of functions in
metabolic processes. They cannot be synthesized in the body, and so must be provided
by the diet. There is turnover of the vitamins, so there must be replacement of the
losses. Vitamins and minerals are discussed in Chapter 11.

E Hunger and appetite

Human beings have evolved an elaborate system of physiological and psychological
mechanisms to ensure that the body’s needs for metabolic fuels and nutrients are
met.

1.3.1 HUNGER AND SATIETY — SHORT-TERM
CONTROL OF FEEDING

As shown in Figure 1.3, there are hunger and satiety centres in the brain, which
stimulate us to begin eating (the hunger centres in the lateral hypothalamus) and to
to stop eating when hunger has been satisfied (the satiety centres in the ventromedial
hypothalamus). A great deal is known about the role of these brain centres in controlling
food intake, and there are a number of drugs which modify responses to hunger and
satiety. Such drugs can be used to reduce appetite in the treatment of obesity (section
6.3.3) or to stimulate it in people with loss of appetite or anorexia.

What is not known is what signals hunger or satiety to these hypothalamic centres.
It may be the relative concentrations of glucose, triacylglycerols, non-esterified fatty
acids and ketone bodies available as metabolic fuels in the fed and fasting states (section
5.3). Equally, the relative concentrations of the hormones insulin and glucagon (section
5.3 and section 10.5) and some of the peptide hormones secreted by the gastrointestinal
tract during digestion of food may be important. There is also evidence that the
amount of the amino acid tryptophan available for uptake into the brain may be
important; tryptophan availability to the brain is controlled by both the concentration
of tryptophan relative to other large neutral amino acids (section 4.4.1) and the extent
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ventromedial hypothalamus
satiety centres

Amygdala (temporal lobe) — learned food behaviour

FIGURE 1.3 Hypothalamic appetite control centres.

to which it is bound to serum albumin — non-esterified fatty acids displace tryptophan
from albumin binding, making it more readily available for brain uptake.

There is experimental evidence that the liver may play a key role in controlling
appetite. In the fasting state there is a considerable increase in citric acid cycle activity
in the liver (section 5.4.4) as the liver metabolizes fatty acids and other fuels to provide
the adenosine triphosphate (ATP) required for synthesis of glucose from amino acids
and other non-carbohydrate precursors (the process of gluconeogenesis; section 5.7)
in order to maintain the plasma concentration of glucose. This hepatic ‘energy flow’
hypothesis still begs the question of what provides the signal from the liver to the
central nervous system; although there are sensory neuronal pathways from the liver,
lesioning them does not affect feeding behaviour in experimental animals.

The hypothalamic hunger and satiety centres control food intake remarkably
precisely. Without conscious effort, most people can regulate their food intake to
match energy expenditure very closely — they neither waste away from lack of metabolic
fuel for physical activity nor lay down excessively large reserves of fat. Even people
who have excessive reserves of body fat and can be considered to be so overweight or
obese as to be putting their health at risk (section 6.2.2) balance their energy intake
and expenditure relatively well considering that the average intake is a tonne of food
a year, whereas the record obese people weigh about 250 kg (compared with average
weights between 60 and 100 kg), and it takes many years to achieve such a weight. A
gain or loss of 5 kg body weight over 6 months would require only a 1% difference
between food intake and energy expenditure per day (section 5.2).
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1.3.2 LONG-TERM CONTROL OF FOOD
INTAKE AND ENERGY EXPENDITURE

In addition to the immediate control of feeding by hunger and satiety, there is also
long-term control of food intake and energy expenditure, in response to the state of
body fat reserves. In 1994 it was shown that the normal product of the gene that is
defective in the homozygous recessive mutant (0h/0b) obese mouse is a small peptide
that is secreted by adipose tissue. Administration of the synthetic peptide to genetically
obese mice caused them to lose weight, and administration of excessive amounts of
the peptide to normal mice also caused weight loss. It was called leptin, from the
Greek AemTOC — lean or thin.

Further studies showed that the administration of leptin to the genetically obese
diabetic ( fz/fa) rat had no effect on body weight, and indeed these rats secreted a
normal or greater than normal amount of leptin. The defect in these animals is a
mutation in the membrane receptor for leptin.

Initially, the leptin receptor was found in the hypothalamus, and because the
circulating concentration of leptin is determined largely by the mass of adipose tissue
in the body, it was assumed that the function of leptin is to signal the size of fat
reserves in the body to the hypothalamus, in order to control appetite. Interestingly,
subcutaneous adipose tissue secretes more leptin than does abdominal adipose tissue,
which may be an important factor in the difference in health risks associated with
central (abdominal) obesity and hip—thigh obesity, which is due to subcutaneous fat
(section 6.3.2).

Control of food intake is certainly one of the functions of leptin — reduced food
intake can be observed in response to direct injection of the peptide into the central
nervous system, and in response to leptin there is increased secretion of a number of
peptide neurotransmitters that are known to be involved in regulation of feeding
behaviour. However, the weight loss seen in response to leptin is greater than can be
accounted for by the reduced food intake alone. Furthermore, in response to leptin
there is a specific loss of adipose tissue, whereas, as discussed in section 8.2, in response
to reduced food intake there is a loss of both adipose tissue and lean tissue.

Leptin receptors are also found in a variety of tissues other than the hypothalamus,
including muscle and adipose tissue itself. Leptin has a number of actions in addition
to its action in the hypothalamus, which result in increased energy expenditure and
loss of adipose tissue:

* It causes increased expression of uncoupling protein (section 3.3.1.4) in adipose
tissue and muscle. This results in relatively uncontrolled oxidation of metabolic
fuel, unrelated to requirements for physical and chemical work, and increased
heat output from the body (thermogenesis).

* Itincreases the activity of lipase in adipose tissue (section 10.5.1), resulting in the
breakdown of triacylglycerol reserves and release of non-esterified fatty acids for
oxidation.
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® It decreases the expression of acetyl CoA carboxylase in adipose tissue (section
5.6.1). This results in both decreased synthesis of fatty acids and increased oxidation
of fatty acids as a consequence of decreased formation of malonyl CoA (section
5.6.1 and section 10.5.2).

® There is some evidence that leptin also promotes apoptosis (programmed cell
death) specifically in adipose tissue, thus reducing the number of adipocytes
available for storage of fat in the body.

The result of these actions of leptin on adipose tissue and muscle is that there is a
considerable increase in metabolic rate, and an increase in energy expenditure, as well
as a reduction in food intake.

Although most leptin is secreted by adipose tissue, it is also secreted by muscle and
the gastric mucosa. The role of leptin secretion by muscle is unclear, but in response
to a meal there is a small increase in circulating leptin, presumably from the gastric
mucosa. This suggests that, in addition to its role in long-term control of food intake
and energy expenditure, leptin may be important in responses to food intake. Insulin
(which is secreted mainly in response to food intake; section 5.3.1) stimulates the
synthesis and secretion of leptin in adipose tissue.

There is also a circadian variation in leptin secretion, with an increase during the
night. This is in response to the glucocorticoid hormones, which are secreted in increased
amount during the night. It is likely that the loss of appetite and weight loss associated
with chronic stress, when there is increased secretion of glucocorticoid hormones, is
mediated by the effect of these hormones on leptin synthesis and secretion.

When leptin was first discovered, there was great hope that, as in the obese mouse,
human obesity (see Chapter 6) might be due to a failure of leptin synthesis or secretion,
and that administration of synthetic leptin might be a useful treatment for severe
obesity. However, most obese people secrete more leptin than lean people (because
they have more adipose tissue), and it is likely that the problem is due not to lack of
leptin, but rather to a loss of sensitivity of the leptin receptors. Only in a very small
number of people has obesity been found to be genetically determined by a mutation
in the leptin gene.

1.3.3 APPETITE

In addition to hunger and satiety, which are basic physiological responses, food intake
is controlled by appetite, which is related not only to physiological need, but also to
the pleasure of eating — flavour and texture, and a host of social and psychological
factors.

1.3.3.1 Taste and flavour

Taste buds on the tongue can distinguish five basic tastes — salt, savouriness, sweet,
bitter and sour — as well as having a less well-understood ability to taste fat. The
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ability to taste salt, sweetness, savouriness and fat permits detection of nutrients; the
ability to taste sourness and bitterness permits avoidance of toxins in foods.

Salt (correctly the mineral sodium) is essential to life, and wild animals will travel
great distances to a salt lick. Like other animals, human beings have evolved a
pleasurable response to salty flavours — this ensures that physiological needs are met.
There is evidence that sensitivity to salt changes in response to the state of sodium
balance in the body, with an increased number of active salt receptors (see below) on
the tongue at times of sodium depletion. However, there is no shortage of salt in
developed countries and, as discussed in section 7.3.4, average intakes of salt are
considerably greater than requirements, and may pose a hazard to health.

The sensation of savouriness is distinct from that of saltiness, and is sometimes
called umami (the Japanese for savoury). It is largely due to the presence of free amino
acids in foods, and hence permits detection of protein-rich foods. Stimulation of the
umami receptors of the tongue is the basis of flavour enhancers such as monosodium
glutamate, which is an important constituent of traditional oriental condiments, and
is widely used in manufactured foods.

The other instinctively pleasurable taste is sweetness, which permits detection of
carbohydrates, and hence energy sources. While it is only sugars (section 4.2.1) that
have a sweet taste, human beings (and a few other animals) secrete the enzyme amylase
in saliva (section 4.2.21); amylase catalyses the hydrolysis of starch, which is the
major dietary carbohydrate, to sweet-tasting sugars while the food is being chewed.

The tongue is sensitive to the taste not of triacylglycerols, but rather of free fatty
acids, and especially polyunsaturated fatty acids (section 4.3.1.1). This suggests that
the lipase secreted by the tongue has a role in permitting the detection of fatty foods
as an energy source, in addition to its role in fat digestion (section 4.3.2).

Sourness and bitterness are instinctively unpleasant sensations; many of the toxins
that occur in foods have a bitter or sour flavour. Learned behaviour will overcome the
instinctive aversion, but this is a process of learning or acquiring tastes, not an innate
or instinctive response.

The receptors for salt, sourness and savouriness (umami) all act as ion channels,
transporting sodium ions, protons or glutamate ions respectively into the cells of the
taste buds.

The receptors for sweetness and bitterness act via cell-surface receptors linked to
intracellular formation second messengers. There is evidence that both cyclic adenosine
monophosphate (cAMP) (section 1.3.2) and inositol trisphosphate (section 10.3.3)
mechanisms are involved, and more than one signal transduction pathway may be
involved in the responses to sweetness or sourness of different compounds. Some
compounds may activate more than one type of receptor.

In addition to the sensations of taste provided by the taste-buds on the tongue, a
great many flavours can be distinguished by the sense of smell. Again some flavours
and aromas (fruity flavours, fresh coffee and, at least to a non-vegetarian, the smell of
roasting meat) are pleasurable, tempting people to eat and stimulating appetite. Other
flavours and aromas are repulsive, warning us not to eat the food. Again this can be
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seen as a warning of possible danger — the smell of decaying meat or fish tells us that
it is not safe to eat.

Like the acquisition of a taste for bitter or sour foods, a taste for foods with what
would seem at first to be an unpleasant aroma or flavour can also be acquired. Here
things become more complex — a pleasant smell to one person may be repulsive to
another. Some people enjoy the smell of cooked cabbage and sprouts, whereas others
can hardly bear to be in the same room. The durian fruit is a highly prized delicacy in
South-East Asia, yet to the uninitiated it smells of sewage or faeces — hardly an
appetizing aroma.

1.3.4 WHY DO PEOPLE EAT WHAT THEY DO?

People have different responses to the same taste or flavour. This may be explained in

terms of childhood memories, pleasurable or otherwise. An aversion to the smell of a

food may protect someone who has a specific allergy or intolerance (although sometimes

people have a craving for the foods of which they are intolerant). Most often, we

simply cannot explain why some people dislike foods that others eat with great relish.
A number of factors may influence why people choose to eat particular foods.

1.3.4.1 The availability and cost of food

In developed countries the simple availability of food is not a constraint on choice.
There is a wide variety of foods available, and when fruits and vegetables are out of
season at home they are imported; frozen, canned and dried foods are widespread. By
contrast, in developing countries, the availability of food is a major constraint on
what people choose. Little food is imported, and what is available will depend on the
local soil and climate. In normal times the choice of foods may be very limited, while
in times of drought there may be little or no food available at all, and what little is
available will be very much more expensive than most people can afford.

Even in developed countries, the cost of food may be important and, for the most
disadvantaged members of the community, poverty may impose severe constraints on
the choice of foods. In developing countries, cost is the major problem.

1.3.4.2 Religion, habit and tradition

Religious and ethical considerations are important in determining the choice of foods.
Observant Jews and Muslims will eat meat only from animals that have cloven hooves
and chew the cud. The words kosher in Jewish law and hallal in Islamic law both mean
clean; the meat of other animals, which are scavenging animals, birds of prey and
detritus-feeding fish, is regarded as unclean (traife or haram). We now know that
many of these forbidden animals carry parasites that can infect human beings, so
these ancient prohibitions are based on food hygiene.

Hindus will not eat beef. The reason for this is that the cow is far too valuable, as
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a source of milk and dung (as manure and fuel) and as a beast of burden, for it to be
killed just as a source of meat.

Many people refrain from eating meat as a result of humanitarian concern for the
animals involved, or because of real or perceived health benefits. Vegetarians can be
divided into a variety of groups, according to the strictness of their diet:

* Some avoid red meat but eat poultry and fish.

* Some specifically avoid beef because of the potential risk of contracting variant
Creutzfeldt—Jakob disease (vCJD) from eating meat infected with bovine
spongiform encephalitis (BSE).

* Some (pescetarians) eat fish, but not meat or poultry.

*  QOvo-lacto-vegetarians eat eggs and milk but not meat.

* Lacto-vegetarians eat milk but not eggs.

® Vegans eat only plant foods, and no foods of animal origin.

Perhaps the strictest of all vegetarians are the Jains (originally from Gujarat in
India), whose religion not only prohibits the consumption of meat, but extends the
sanctity of life to insects and grubs as well —an observant Jain will not eat any vegetable
that has grown underground, lest an insect was killed in harvesting it.

Foods that are commonly eaten in one area may be little eaten elsewhere, even
though they are available, simply because people have not been accustomed to eating
them. To a very great extent, eating habits as adults continue the habits learned as
children.

Haggis and oatcakes rarely travel south from Scotland, except as speciality items;
black pudding is a staple of northern British breakfasts but is rarely seen in the south-
east of England. Until the 1960s yoghurt was almost unknown in Britain, eaten only
by a few health food ‘cranks’ and immigrants from Eastern Europe. Many British
children believe that fish comes only as rectangular fish fingers, whereas children in
inland Spain may eat fish and other seafood three or four times a week. The French
mock the British habit of eating lamb with mint sauce — and the average British
reaction to such French delicacies as frogs’ legs and snails in garlic sauce is one of
horror. The British eat their cabbage well boiled; the Germans and Dutch ferment it
to produce sauerkraut.

This regional and cultural diversity of foods provides one of the pleasures of travel.
As people travel more frequently, and become (perhaps grudgingly) more adventurous
in their choice of foods, so they create a demand for different foods at home, and there
is an increasing variety of foods available in shops and restaurants.

A further factor which has increased the range of foods available has been
immigration of people from a variety of different backgrounds, all of whom have, as
they have become established, introduced their traditional foods to their new homes.
It is hard to believe that in the 1960s there were only a handful of tandoori restaurants
in the whole of Britain and that pizza was something seen only in southern Italy and
a few specialist restaurants, or that Balti cooking was unknown until the 1990s.
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Some people are naturally adventurous and will try a new food just because they
have never eaten it before. Others are more conservative and will try a new food only
when they see someone else eating it safely and with enjoyment. Others are yet more
conservative in their food choices; the most conservative eaters ‘know’ that they do
not like a new food because they have never eaten it before.

1.3.4.3 Luxury status of scarce and expensive foods

Foods that are scarce or expensive have a certain appeal of fashion or style; they are
(rightly) regarded as luxuries for special occasions rather than everyday meals.
Conversely, foods that are widespread and cheap have less appeal.

In the nineteenth century, salmon and oysters were so cheap that the Articles of
apprentices in London specified that they should not be given salmon more than
three times a week, while oysters were eaten by the poor. Through much of the
twentieth century, salmon was scarce and a prized luxury food; however, fish farming
has increased the supply of salmon to such an extent that it is again a (relatively)
inexpensive food. Chicken, turkey, guinea fowl and trout, which were expensive luxury
foods in the 1950s, are now widely available as a result of changes in farming practice,
and they form the basis of inexpensive meals.

By contrast, fish such as cod and herring, once the basis of cheap meals, are now
becoming scarce and expensive as a result of depletion of fish stocks by overexploitation.

1.3.2.4 The social functions of food

Human beings are essentially social animals, and meals are important social functions.
People eating in a group are likely to eat better, or at least to have a wider variety of
foods and a more lavish and luxurious meal, than people eating alone. Entertaining
guests may be an excuse to eat foods that we know to be nutritionally undesirable,
and perhaps to eat to excess. The greater the variety of dishes offered, the more people
are likely to eat. As we reach satiety with one food, so another, different, flavour is
offered to stimulate appetite. A number of studies have shown that, faced with only
one food, people tend to reach satiety sooner than when a variety of different foods is
on offer. This is the difference between hunger and appetite — even when we are
satiated, we can still ‘find room’ to try something different.

Conversely, and more importantly, many lonely single people (and especially the
bereaved elderly) have little incentive to prepare meals and no stimulus to appetite.
Although poverty may be a factor, apathy (and frequently, especially in the case of
widowed men, ignorance) severely limits the range of foods eaten, possibly leading to
undernutrition. When these problems are added to the problems of infirmity, ill-
fitting dentures (which make eating painful) and arthritis (which makes handling
many foods difficult) and the difficulty of carrying food home from the shops, it is not
surprising that we include the elderly among those vulnerable groups of the population
who are at risk of undernutrition.
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In hospitals and other institutions there is a further problem. People who are unwell
may have low physical activity, but they have higher than normal requirements for
energy, and nutrients, as a part of the process of replacing tissue in convalescence
(section 9.1.2.2), or as a result of fever or the metabolic effects of cancer (section 8.4).
At the same time, illness impairs appetite, and a side-effect of many drugs is to distort
the sense of taste, depress appetite or cause nausea. It is difficult to provide a range of
exciting and attractive foods under institutional conditions, yet this is what is needed
to tempt the patient’s appetite.

Additional resources

PowerPoint presentation 1 on the CD.



CHAPTER

Enzymes and
metabolic pathways

All metabolic processes depend on reaction between molecules, with breaking of some
covalent bonds and the formation of others, yielding compounds that are different
from the starting materials. In order to understand nutrition and metabolism it is
therefore essential to understand how chemical reactions occur, how they are catalysed
by enzymes and how enzyme activity can be regulated and controlled.

Objectives
After reading this chapter you should be able to:

* explain how covalent bonds are broken and formed, what is meant by
thermoneutral, endothermic and exothermic reactions and how reactions come
to equilibrium;

* cexplain how a catalyst increases the rate at which a reaction comes to equilibrium
and how enzymes act as catalysts;

* cxplain how an enzyme exhibits specificity for both the substrates bound and the
reaction catalysed;

* define a unit of enzyme activity;

* explain how pH, temperature and concentration of enzyme affect the rate of
reaction;
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® describe and explain the dependence of the rate of reaction on concentration of
substrate, define the kinetic parameters K_and I/ and explain how they are
determined experimentally;

* explain how enzymes may show cooperative binding of substrate and how this
affects the substrate dependence of activity;

* describe the difference between irreversible and reversible inhibitors of enzymes,
their clinical relevance and how they may be distinguished experimentally;

® describe the difference between competitive and non-competitive reversible
inhibitors of enzymes, their clinical relevance and how they may be distinguished
experimentally;

* explain what is meant by the terms coenzyme and prosthetic group, apoenzyme
and holoenzyme and describe the roles of coenzymes in oxidation and reduction
reactions;

® describe the classification of enzymes on the basis of the reaction catalysed,;

® describe and explain what is meant by a metabolic pathway and by linear, branched,
spiral (looped) and cyclic pathways.

2.1 Chemical reactions: breaking and making covalent bonds

Breaking covalent bonds requires an initial input of energy in some form — normally
as heat, but in some cases also light or other radiation. This is the activation energy of
the reaction. The process of breaking a bond requires activation of the electrons forming
the bond — a temporary shift of electrons from orbitals in which they have a stable
configuration to other orbitals, further from the nucleus. Electrons that have been
excited in this way have an unstable configuration, and the covalent bonds they had
contributed to are broken. Electrons cannot remain in this excited state for more than
a fraction of a second. Sometimes they simply return to their original unexcited state,
emitting the same energy as was taken up to excite them, but usually as a series of
small steps, rather than as a single step. Overall there is no change when this occurs.

More commonly, the excited electrons may adopt a different stable configuration,
by interacting with electrons associated with different atoms and molecules. The result
is the formation of new covalent bonds, and hence the formation of new compounds.
In this case, there are three possibilities (as shown in Figure 2.1):

® There may be an output of energy equal to the activation energy of the reaction,
so that the energy level of the products is the same as that of the starting materials.
Such a reaction is energetically neutral (thermoneutral).

®  There may be an output of energy greater than the activation energy of the reaction,
so that the energy level of the products is lower than that of the starting materials.
This is an exothermic reaction — it proceeds with the output of heat. An exothermic
reaction will proceed spontaneously once the initial activation energy has been
provided.



Enzymes and metabolic pathways 17

energy level

energy level
energy level

initial . initial .
excited excited

final final

FIGURE 2.1 Energy changes in chemical reactions: thermoneutral, endothermic and exothermic reactions.

There may be an output of energy less than the activation energy, so that the
energy level of the products is higher than that of the starting materials. The

solution will take up heat from its surroundings and will have to be heated for the
reaction to proceed. This is an endothermic reaction.

In general, reactions in which relatively large complex molecules are broken down
to smaller molecules are exothermic, whereas reactions that involve the synthesis of
larger molecules from smaller ones are endothermic.

2.1.1 EQUILIBRIUM

Some reactions, such as the burning of a hydrocarbon in air to form carbon dioxide
and water, are highly exothermic, and the products of the reaction are widely dispersed.
Such reactions proceed essentially in one direction only. However, most reactions do
not proceed in only one direction. If two compounds, A and B, can react together to

form X and Y, then X and Y can react to form A and B. The reactions can be written
as:

1) A+B—>X+Y

2) X+Y—>A+B
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Starting with only A and B in the solution, at first only reaction (1) will occur,
forming X and Y. However, as X and Y accumulate, so they will undergo reaction (2),
forming A and B. Similarly, starting with X and Y, at first only reaction (2) will occur,
forming A and B. As A and B accumulate, so they will undergo reaction (1), forming
X and Y.

In both cases, the final result will be a solution containing A, B, X, and Y. The
relative amounts of {A+B} and {X+Y] will be the same regardless of whether the
starting compounds (substrates) were A and B or X and Y. At this stage the rate of
reaction (1) forming X and Y; and reaction (2) forming A and B, will be equal. This is
equilibrium, and the reaction can be written as:

A+B=X+Y

If there is a large difference in energy level between {A+B} and [X+Y}—i.e. if the
reaction is exothermic in one direction (and therefore endothermic in the other
direction) — then the position of the equilibrium will reflect this. If reaction (1) above
is exothermic, then at equilibrium there will be very little A and B remaining — most
will have been converted to X and Y. Conversely, if reaction (1) is endothermic, then
relatively little of the substrates will be converted to X and Y at equilibrium.

At equilibrium the ratio of {A+BJ/[X+Y} is a constant for any given reaction,
depending on the temperature. This means that a constant addition of substrates will
disturb the equilibrium and increase the amount of product formed. Constant removal
of products will similarly disturb the equilibrium and increase the rate at which
substrate is removed.

2.1.2 CATALYSTS

A catalyst is a compound that increases the rate at which a reaction comes to
equilibrium without itself being consumed in the reaction, so that a small amount of
catalyst can affect the reaction of many thousands of molecules of substrate. Although
a catalyst increases the rate at which a reaction comes to equilibrium, it does not
affect the position of the equilibrium. Catalysts affect the rate at which equilibrium is
achieved in three main ways:

* By providing a surface on which the molecules that are to undergo reaction can
come together in higher concentration than would be possible in free solution,
thus increasing the probability of them colliding and reacting. Binding also aligns
the substrates in the correct orientation to undergo reaction.

* By providing a microenvironment for the reactants that is different from the
solution as a whole.

* By participating in the reaction by withdrawing electrons from, or donating
electrons to, covalent bonds. This enhances the breaking of bonds that is the
prerequisite for chemical reaction and lowers the activation energy of the reaction.
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2.2 Enzymes

Enzymes are proteins that catalyse metabolic reactions. There are also a number of
enzymes that are not proteins but are catalytic molecules of RNA (section 9.2.2) —
these are sometimes referred to as ribozymes.

As discussed in section 4.4.2, proteins are linear polymers of amino acids. Any
protein adopts a characteristic pattern of folding, determined largely by the order of
the different amino acids in its sequence. This folding of the protein chain results in
reactive groups from a variety of amino acids, which might be widely separated in the
primary sequence, coming together at the surface and creating a site that has a defined
shape and array of chemically reactive groups. This is the active site of the enzyme. It
is the site that both binds the compounds which are to undergo reaction (the substrates)
and catalyses the reaction.

Many enzymes also have a non-protein component of the catalytic site; this may
be a metal ion, an organic compound that contains a metal ion (e.g. haem; section
3.3.1.2), or an organic compound, which may be derived from a vitamin (see Chapter
11) or readily synthesized in the body. This non-protein part of the active site may be
covalently bound, in which case it is generally referred to as a prosthetic group, or
may be tightly, but not covalently, bound, in which case it is usually referred to as a
coenzyme (section 2.4).

Amino acid side-chains at the active site provide chemically reactive groups which
can facilitate the making or breaking of specific chemical bonds in the substrate by
donating or withdrawing electrons. In this way, the enzyme can lower the activation
energy of a chemical reaction (Figure 2.2) and so increase the speed at which the
reaction attains equilibrium under much milder conditions than are required for a
simple chemical catalyst. In order to hydrolyse a protein into its constituent amino
acids in the laboratory, it is necessary to use concentrated acid as a catalyst and to heat
the sample at 105 °C overnight to provide the activation energy of the hydrolysis. As
discussed in section 4.4.3, this is the process of digestion of proteins, which occurs in
the human gut under relatively mild acid or alkaline conditions, at 37 °C, and is
complete within a few hours of eating a meal.

non-enzymic

energy level

initial : *enzyme
excited ]
final

FIGURE 2.2 The ¢ffect of enzyme catalysis on the activation energy of a reaction.
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2.2.1 SPECIFICITY OF ENZYMES

The binding of substrates to enzymes involves interactions between the substrates
and reactive groups of the amino acid side-chains that make up the active site of the
enzyme. This means that enzymes show a considerable specificity for the substrates
they bind. Normally, several different interactions must occur before the substrate
can bind in the correct orientation to undergo reaction, and binding of the substrate
often causes a change in the shape of the active site, bringing reactive groups closer to
the substrate.

Figure 2.3 shows the active sites of three enzymes that catalyse the same reaction
— hydrolysis of a peptide bond in a protein (section 4.4.3). The three enzymes show
different specificity for the bond that they hydrolyse:

* Trypsin catalyses cleavage of the esters of basic amino acids.
*  Chymotrypsin catalyses hydrolysis of the esters of aromatic amino acids.
* Elastase catalyses hydrolysis of the esters of small neutral amino acids.

This difference in specificity for the bond hydrolysed is explained by differences in
the substrate binding sites of the three enzymes. In all three enzymes, the substrate
binds in a groove at the surface, in such as way as to bring the bond to be cleaved over
the serine residue that initiates the catalysis. The amino acid providing the carboxyl
side of the peptide bond to be cleaved sits in a pocket below this groove, and it is the
nature of the amino acids that line this pocket that determines the specificity of the
enzymes:

2

2
(peptide in groove on enzyme surface( )

(peptide in groove on enzyme surface( )

+ Gly| Gly,
Gly\Q= Gly
Asp Ser
trypsin chymotrypsin

2
(peptide in groove on enzyme sLlr“ace( )

Thr]

Val

Gly

elastase

FIGURE 2.3 Enzyme specificity — the substrate binding sites of trypsin, chymotrypsin and elastase.
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* Intrypsin there is an acidic group (from aspartate) at the base of the pocket — this
will attract a basic amino acid side-chain.

* Inchymotrypsin the pocket is lined by small neutral amino acids, so that a relatively
large aromatic group can fit in.

* In elastase there are two bulky amino acid side-chains in the pocket, so that only
a small neutral side-chain can fit it.

The specificity of enzymes is such that they distinguish between the - and 1-
isomers (Figure 2.4), and between the cis- and #rans-isomers (Figure 2.5 and section
4.3.1.1), of the substrate. This is because the isomers have different shapes. In non-
enzymic chemical reactions they may behave identically, and it may be difficult to
distinguish between them. The shape and conformation of the substrate are critically
important for binding to an enzyme.

The participation of reactive groups at the active site provides specificity not only
for the substrates that will bind, but also for the reaction that will be catalysed. For
example, in a non-enzymic model system, an amino acid may undergo O.-
decarboxylation to yield an amine, transfer of the 0t-amino group and replacement
with an oxo-group (section 9.3.1.2), isomerization between the D- and 1-isomers, or a
variety of reactions involving elimination or replacement of the side-chain. In an
enzyme-catalysed reaction only one of the possible reactions will be catalysed by any
given enzyme.

2.2.2 STAGES IN AN ENZYME-CATALYSED REACTION

An enzyme-catalysed reaction can be considered to occur in three distinct steps, all of
which are reversible:
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* Binding of the substrate (S) to the enzyme, to form the enzyme—substrate complex:
Enz +S = Enz-S

® Reaction of the enzyme-substrate complex to form the enzyme—product complex:
Enz—-S = Enz-P

* Breakdown of the enzyme—product complex, with release of the product (P):
Enz—P<= Enz + P

Hence, overall, the process can be written as:

Enz+S = Enz-S—= Enz—P = Enz+ P

where Enz is the enzyme, S the substrate and P the product. The reaction occurs in
three stages, all of which are reversible.

2.2.3 UNITS OF ENZYME ACTIVITY

When an enzyme has been purified, it is possible to express the amount of enzyme in
tissues or plasma as the number of moles of enzyme protein present. However, what
is more important is not how much of the enzyme protein is present in the cell, but
how much catalytic activity there is — how much substrate can be converted to product
in a given time. Therefore, amounts of enzymes are usually expressed in units of
activity.

The SI unit of catalysis is the katal = 1 mole of substrate converted per second.
However, enzyme activity is usually expressed as the number of micromoles (LLmol) of
substrate converted (or of product formed) per minute. This is the standard unit of
enzyme activity, determined under specified optimum conditions for that enzyme, at
30 °C. This temperature is a compromise between mammalian biochemists, who would
work at body temperature (37 °C for human beings) and microbiological biochemists,
who would normally work at 20 °C.
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2.3 Factors affecting enzyme activity

Any given enzyme has an innate activity — for many enzymes the catalytic rate constant
is of the order of 4-5000 mol of substrate converted per mole of enzyme per second
or higher. However, a number of factors affect the activity of enzymes.

2.3.1 EFFECT OF PH

Both the binding of the substrate to the enzyme and catalysis of the reaction depend
on interactions between the substrates and reactive groups in the amino acid side-
chains which make up the active site. They have to be in the appropriate ionization
state for binding and reaction to occur — this depends on the pH of the medium. Any
enzyme will have maximum activity at a specific pH — the optimum pH for that
enzyme. As the pH rises or falls away from the optimum, so the activity of the enzyme
will decrease. Most enzymes have little or no activity 2-3 pH units away from their
pH optimum. Figure 2.6 shows the activity of two enzymes that are found in plasma
and which catalyse the same reaction, hydrolysis of a phosphate ester; enzyme A is
acid phosphatase (released from the prostate gland, with a pH optimum around 3.5)
and enzyme B is alkaline phosphatase (released from bone, with a pH optimum around
9.0). Neither has any significant activity at pH 7.35-7.45, which is the normal range
of plasma pH. However, alkaline phosphatase is significantly active in the alkaline
microenvironment at cell surfaces, and is important, for example, in the hydrolysis of
pyridoxal phosphate (the main form of vitamin B, in plasma; section 11.9) to free
pyridoxal for uptake into tissues.

2.3.2 EFFECT OF TEMPERATURE

Chemical reactions proceed faster at higher temperatures, for two reasons:

*  Molecules move faster at higher temperatures, and hence have a greater chance
of colliding to undergo reaction.

* At a higher temperature it is also easier for electrons to gain activation energy,
and hence become excited into unstable orbitals to undergo reaction.

With enzyme-catalysed reactions, although the rate at which the reaction comes
to equilibrium increases with temperature, there is a second effect of temperature —
denaturation of the enzyme protein, leading to irreversible loss of activity (section
4.4.2. As the temperature increases, so the movement of parts of the protein molecules
relative to each other increases, leading eventually to disruption of the hydrogen
bonds that maintain the folded structure of the protein. When this happens, the
protein chain unfolds and the active site is lost. As the temperature increases further,
so the denatured protein becomes insoluble, and precipitates out of solution.
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FIGURE 2.6 The ¢ffect of pH on enzyme activity. Enzyme A has a pH optimum of 3.5, enzyme B a pH
optimum of 9.0.

As shown in Figure 2.7, temperature thus has two opposing effects on enzyme
activity. At relatively low temperatures (up to about 50—55 °C), increasing temperature
results in an increase in the rate of reaction. However, as the temperature increases
further, so denaturation of the enzyme protein becomes increasingly important,
resulting in a rapid fall in activity at higher temperatures. The rate of increase in the
rate of reaction with increasing temperature depends on the activation energy of the
reaction being catalysed; the rate of decrease in activity at higher temperatures is a
characteristic of the enzyme itself.

The apparent temperature optimum of an enzyme-catalysed reaction depends on
the time for which the enzyme is incubated. As shown in Figure 2.7, during a short
incubation (e.g. 1 min) there is negligible denaturation, and so the apparent optimum
temperature is relatively high, whereas during a longer incubation denaturation is
important, and so the apparent optimum temperature is lower.

The effect of temperature is not normally important physiologically, as body
temperature is normally maintained close to 37 °C. However, some of the effects of
fever (when body temperature may rise to 40 °C) may be due to changes in the rates
of enzyme-catalysed reactions. Because different enzymes respond differently to changes
in temperature, there can be a considerable loss of the normal integration between
different enzymic reactions and metabolic pathways.
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FIGURE 2.7 The temperature dependence of enzyme activity. In a short (1 min) incubation the enzyme
may have an optimum temperature as high as 90 °C, but in longer incubations this falls, so that in a 10-min
incubation the optimum temperature is about 55 °C.

2.3.3 EFFECT OF SUBSTRATE CONCENTRATION

In a simple chemical reaction involving a single substrate, the rate at which product
is formed increases linearly as the concentration of the substrate increases. When
more substrate is available, more will undergo reaction.

With enzyme-catalysed reactions, the change in the rate of formation of product
with increasing concentration of substrate is not linear, but hyperbolic, as shown in
Figure 2.8. At relatively low concentrations of substrate (region A in Figure 2.8), the
catalytic site of the enzyme may be empty at times, until more substrate binds to
undergo reaction. Under these conditions, the rate of formation of product is limited
by the time taken for another molecule of substrate to bind to the enzyme. A relatively
small change in the concentration of substrate has a large effect on the rate at which
product is formed in this region of the curve.

At high concentrations of substrate (region B in Figure 2.8), as product leaves the
catalytic site, another molecule of substrate binds more or less immediately, and the
enzyme is saturated with substrate. The limiting factor in the formation of product is
now the rate at which the enzyme can catalyse the reaction, and not the availability of
substrate. The enzyme is acting at or near its maximum rate (or maximum velocity,
usually abbreviated to IV ). Even a relatively large change in the concentration of
substrate has little effect on the rate of formation of product in this region of the
curve.
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FIGURE 2.8 The substrate dependence of an enzyme-catalysed reaction. In region A the enzyme is very
unsaturated with substrate, and the rate of reaction increases sharply with increasing concentration of substrate.
In region B the enzyme is almost saturated with substrate, and there is little change in the rate of reaction
with increasing substrate.

From a graph of the rate of formation of product versus the concentration of substrate
(Figure 2.8), it is easy to estimate the maximum rate of reaction that an enzyme can
achieve () when it is saturated with substrate. However, it is not possible to
determine from this graph the concentration of substrate required to achieve saturation,
because the enzyme gradually approaches IV as the concentration of substrate
increases.

It is easy to estimate the concentration of substrate at which the enzyme has achieved
half its maximum rate of reaction. The concentration of substrate to achieve half I/
is called the Michaelis constant of the enzyme (abbreviated to K ), to commemorate
Michaelis, who, together with Menten, first formulated a mathematical model of the
dependence of the rate of enzymic reactions on the concentration of substrate.

The K_ of an enzyme is not affected by the amount of the enzyme protein that is
present. It is an (inverse) index of the affinity of the enzyme for its substrate. An
enzyme which has a high K has a relatively low affinity for its substrate compared
with an enzyme which has a lower K_. The higher the value of K _, the greater is the
concentration of substrate required to achieve half-saturation of the enzyme.

In general, enzymes that have a low K _ compared with the normal concentration
of substrate in the cell are likely to be acting at or near their maximum rate, and
hence to have a more or less constant rate of reaction despite (modest) changes in the
concentration of substrate. By contrast, an enzyme which has a high K compared
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with the normal concentration of substrate in the cell will show a large change in the
rate of reaction with relatively small changes in the concentration of substrate.

If two enzymes in a cell can both act on the same substrate, catalysing different
reactions, the enzyme with the lower K  will be able to bind more substrate, and
therefore its reaction will be favoured at relatively low concentrations of substrate.
Thus, knowing the values of K_and I/__for two enzymes, for example at a branch
point in a metabolic pathway (see Figure 2.18), it is possible to predict whether one
branch or the other will predominate in the presence of different amounts of the
substrate.

2.3.3.1 Experimental determination of K_and V__

Plotting the graph of rate of reaction against substrate concentration, as in Figure
2.8, permits only an approximate determination of the values of K_and I/, and a
number of methods have been developed to convert this hyperbolic relationship into
a linear relationship, to permit more precise fitting of a line to the experimental points,
and hence more precise estimation of K_and VV__ .

The most widely used such linearization of the data is the Lineweaver—Burk double-
reciprocal plot of 1/rate of reaction versus 1/[substrate}, as shown in Figure 2.9. This
has an intercept on the y (1/v) axis = 1/ when 1/s = 0 (i.e. at an infinite
concentration of substrate), and an intercept on the x (1/5) axis = —1/K .

Experimentally, the values of K _and IV are determined by incubating the enzyme
(at optimum pH) with a range of concentrations of substrate, plotting the graph
shown in Figure 2.9 and extrapolating back from the experimental points to determine
the intercepts.

The Michaelis—Menten equation that describes the dependence of rate of reaction
on concentration of substrate is:

v=(V, XISHSI + K,)

One of the underlying assumptions of the Michaelis—Menten model is that there is
no change in the concentration of substrate — this means that what should be measured
is the initial rate of reaction. This is usually estimated by determining the amount of
product formed at a series of short time intervals after the initiation of the reaction,
then plotting a rate curve (product formed versus time incubated) and estimating the
tangent to this curve as the initial rate of reaction.

2.3.3.2 Enzymes with two substrates

Most enzyme-catalysed reactions involve two substrates; it is only enzymes catalysing
lysis of a molecule or an isomerization reaction (section 2.5) that have only a single
substrate.
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FIGURE 2.9 The Lineweaver—Burk donble-reciprocal plot to determine KX and V.
For a reaction involving two substrates (and two products):

A+B=C+D

the enzyme may act by either:

* an ordered mechanism, in which each substrate binds in turn:
A + Enz = A-Enz
A-Enz + B—= A-Enz-B = C-Enz-D = C-Enz + D
C-Enz = Enz + C

* a ping-pong mechanism in which one substrate undergoes reaction, modifying
the enzyme and releasing product, then the second substrate binds, reacts with
the modified enzyme and restores it to the original state:

A + Enz = A-Enz = C-Enz* = C + Enz*
B + Enz* = B-Enz* = D-Enz = D + Enz

These two different mechanisms can be distinguished by plotting 1/» vs. 1{substrate
A} at several different concentrations of substrate B; as shown in Figure 2.10, the
lines converge if the mechanism is ordered but are parallel for a ping-pong reaction.
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FIGURE 2.10 The Lineweaver—Burk double-reciprocal plots for ordered and ping-pong two-substrate
reactions.

2.3.3.3 Cooperative (allosteric) enzymes

Not all enzymes show the simple hyperbolic dependence of rate of reaction on substrate
concentration shown in Figure 2.8. Some enzymes consist of several separate protein
chains, each with an active site. In many such enzymes, the binding of substrate to
one active site causes changes in the conformation not only of that active site, but of
the whole multi-subunit array. This change in conformation affects the other active
sites, altering the ease with which substrate can bind to the other active sites. This is
cooperativity — the different subunits of the complete enzyme cooperate with each
other. Because there is a change in the conformation (or shape) of the enzyme molecule,
the phenomenon is also called allostericity (from the Greek for ‘different shape’), and
such enzymes are called allosteric enzymes.

Figure 2.11 shows the change in rate of reaction with increasing concentration of
substrate for an enzyme that displays substrate cooperativity. At low concentrations
of substrate, the enzyme has little activity. When one of the binding sites becomes
occupied, this causes a conformational change in the enzyme and so increases the ease
with which the other sites can bind substrate. Therefore, there is a steep increase in
the rate of reaction with increasing concentration of substrate. Of course, once all the
sites become saturated, the rate of reaction cannot increase any further with increasing
concentration of substrate; the enzyme achieves its maximum rate of reaction.

Enzymes that display substrate cooperativity are often important in controlling
the overall rate of metabolic pathways (section 10.2.1). Their rate of reaction is
extremely sensitive to the concentration of substrate. Furthermore, this sensitivity
can readily be modified by a variety of compounds that bind to specific regulator sites
on the enzyme and affect its conformation, so affecting the conformation of all of the
active sites of the multi-subunit complex, and either activating the enzyme at low
concentrations of substrate by decreasing cooperativity or inhibiting it by increasing
cooperativity.
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FIGURE 2.11 The substrate dependence of an enzyme showing subunit cooperativity — a sigmoid curve.
For comparison the hyperbolic substvate dependence of an enzyme not showing substrate cooperativity is shown
as a dotted line.

2.3.4 INHIBITION OF ENZYME ACTIVITY

Inhibition of the activity of key enzymes in metabolic pathways by end-products or
other metabolic intermediates is an important part of metabolic integration and control
(section 10.2). In addition, many of the drugs used to treat diseases are inhibitors of
enzymes. Some act by inhibiting the patient’s enzyme, so altering metabolic regulation;
others act by preferentially inhibiting key enzymes in the bacteria or other organisms
that are causing disease.

2.3.4.1 Irreversible inhibitors

Compounds that inhibit enzymes may either act reversibly, so that the inhibition
gradually wears off as the inhibitor is metabolized, or irreversibly, causing chemical
modification of the enzyme protein, so that the effect of the inhibitor is prolonged,
and only diminishes gradually as the enzyme protein is catabolized and replaced (section
9.1.1).

It is important when designing drugs to know whether they act as reversible or
irreversible inhibitors. An irreversible inhibitor may only need to be administered
every few days; however, it is more difficult to adjust the dose of an irreversible inhibitor
to match the patient’s needs, because of the long duration of action. By contrast, it is
easy to adjust the dose of a reversible inhibitor to produce the desired effect, but such
a compound may have to be taken several times a day, depending on the rate at which
it is metabolized and excreted from the body.

Irreversible inhibitors are chemical analogues of the substrate, and bind to the
enzyme in the same way as does the substrate, then undergo part of the reaction
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sequence of the normal reaction. However, at some stage they form a covalent bond
to a reactive group in the active site, resulting in inactivation of the enzyme. Such
inhibitors are sometimes called mechanism-dependent inhibitors, or suicide inhibitors,
because they cause the enzyme to commit suicide.

Experimentally, it is simple to distinguish between irreversible and reversible
inhibitors; a reversible inhibitor can be removed from the enzyme (for example by
dialysis), and this will restore activity. By contrast, an irreversible inhibitor, being
covalently bound, cannot be removed by dialysis, and so activity cannot be restored.

2.3.4.2 Competitive reversible inhibitors

A competitive inhibitor is a compound that binds to the active site of the enzyme in
competition with the substrate. Commonly, but not always, such compounds are
chemical analogues of the substrate. Although a competitive inhibitor binds to the
active site, it does not undergo reaction, or, if it does, not to yield the product that
would have been obtained by reaction of the normal substrate.

A competitive inhibitor reduces the rate of reaction because at any time some
molecules of the enzyme have bound the inhibitor, and therefore are not free to bind
the substrate. However, the binding of the inhibitor to the enzyme is reversible, and
therefore there is competition between the substrate and the inhibitor for the enzyme.
This means that the sequence of the reaction in the presence of a competitive inhibitor
can be shown as:

Enz +S + 1 = Enz-I
Enz+S+1 = Enz—S = Enz—P = Enz + P

Figure 2.12 shows the s/v and double-reciprocal plots for an enzyme incubated
with various concentrations of a competitive inhibitor. If the concentration of substrate
is increased, it will compete more effectively with the inhibitor for the active site of
the enzyme. This means that at high concentrations of substrate the enzyme will
achieve the same maximum rate of reaction ¥ _)in the presence or absence of inhibitor.
It is simply that in the presence of inhibitor the enzyme requires a higher concentration
of substrate to achieve saturation — in other words, the K of the enzyme is higher in
the presence of a competitive inhibitor.

The effect of a drug that is a competitive inhibitor is that the rate at which product
is formed is unchanged, but there is an increase in the concentration of the substrate
of the inhibited enzyme in the cell. As the inhibitor acts, so it will cause an increase in
the concentration of substrate in the cell, and eventually this will rise high enough for
the enzyme to reach a more or less normal rate of reaction. This means that a
competitive inhibitor is appropriate for use as a drug where the aim is to increase the
available pool of substrate (perhaps so as to allow an alternative reaction to proceed),
but inappropriate if the aim is to reduce the amount of product formed.
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FIGURE 2.12 Substrate/velocity and Lineweaver—Burk double-veciprocal plots for an enzyme incubated
with varying concentrations of a competitive inhibitor.

2.3.4.3 Non-competitive reversible inhibitors

Compounds that are non-competitive inhibitors bind to the enzyme—substrate complex,
rather than to the enzyme itself. The enzyme—substrate—inhibitor complex reacts only
slowly to form enzyme—product—inhibitor, so the effect of a non-competitive inhibitor
is to slow down the rate at which the enzyme catalyses the formation of product. The
reaction sequence can be written as:

Enz+S+1 = EnzS+1<= EnzSI = EnzP-I1 = Enz+P+1

Because there is no competition between the inhibitor and the substrate for binding
to the enzyme, increasing the concentration of substrate has no effect on the activity
of the enzyme in the presence of a non-competitive inhibitor. The K_ of the enzyme is
unaffected by a non-competitive inhibitor, but the IV is reduced. Figure 2.13 shows
the s/v and double-reciprocal plots for an enzyme incubated with several concentrations
of a non-competitive inhibitor.

A non-competitive inhibitor would be the choice for use as a drug when the aim is
either to increase the concentration of substrate in the cell or to reduce the rate at
which the product is formed, as, unlike a competitive inhibitor, the accumulation of
substrate has no effect on the extent of inhibition.

2.4 COENZYMES AND PROSTHETIC GROUPS

Although most enzymes are proteins, many contain small non-protein molecules as
an integral part of their structure. These may be organic compounds or metal ions. In
either case, they are essential to the function of the enzyme, and the enzyme has no
activity in the absence of the metal ion or coenzyme.

When an organic compound or metal ion is covalently bound to the active site of
the enzyme it is usually referred to as a prosthetic group; compounds that are tightly
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FIGURE 2.13 Substrate/velocity and Lineweaver—Burk double-reciprocal plots for an enzyme incubated
with varying concentrations of a non-competitive inbibitor.

but not covalently bound are referred to as coenzymes. Like the enzyme itself, the
coenzyme or prosthetic group participates in the reaction, but at the end emerges
unchanged. Sometimes the coenzyme is chemically modified in the reaction with the
first substrate, then restored to its original state by reaction with the second substrate.
This would be a ping-pong reaction (section 2.3.3.2); transaminases (section 9.3.1.2)
catalyse a ping-pong reaction in which the amino group from the first substrate forms
an amino derivative of the coenzyme as an intermediate step in the reaction.

Some compounds that were historically considered as coenzymes do not remain
bound to the active site of the enzyme, but bind and leave in the same way as other
substrates. Such compounds include the nicotinamide nucleotide coenzymes (NAD
and NADP) and coenzyme A. Although they are not really coenzymes, they are present
in the cell in very much smaller concentrations than most substrates, and are involved
in a relatively large number of reactions, so that they turn over rapidly.

Table 2.1 shows the major coenzymes, the vitamins they are derived from and their
principal metabolic functions.

2.4.1 Coenzymes and metals in oxidation and reduction reactions

In its simplest form, oxidation is the combination of a molecule with oxygen. Thus, if
a carbohydrate, such as glucose (CH,,0), is burned in air (or metabolized in the
body), it is oxidized to carbon dioxide and at the same time oxygen is reduced to
water:

CH,O,+6Xx0,—>6XxCO,+ 6xXH0

Oxidation reactions need not involve the addition of oxygen; oxidation is the removal
of electrons from a molecule. Thus, the conversion of the iron Fe*" ion to Fe’™ is also
an oxidation, although in this case there is no direct involvement of oxygen.
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TABLE 2.1 The major coenzymes

Source Functions
CoA Coenzyme A Pantothenic acid ~ Acyl transfer reactions
FAD Flavin adenine dinucleotide Vitamin B, Oxidation reactions
FMN Flavin mononucleotide Vitamin B, Oxidation reactions
NAD Nicotinamide adenine dinucleotide ~ Niacin Oxidation and reduction
reactions

NADP  Nicotinamide adenine dinucleotide ~ Niacin Oxidation and reduction

phosphate reactions
PLP Pyridoxal phosphate Vitamin B, Amino acid metabolism

There are a number of other coenzymes,which are discussed as they are relevant to specific metabolic
pathways. In addition to those shown in this table, most of the other vitamins also function as coenzymes
(see Chapter 11).

In many reactions, the removal of electrons in an oxidation reaction does not result
in the formation of a positive ion — hydrogen ions (H") are removed together with the
electrons. This means that the removal of hydrogen from a compound is also oxidation.
For example, a hydrocarbon such as ethane (CH 6) is oxidized to ethene (CH) by
removing two hydrogen atoms onto a carrier:

CHs—CH3 + carrier = CH2=CH2 + carrier—H2

Reduction is the reverse of oxidation — the addition of hydrogen, or electrons, or
the removal of oxygen are all reduction reactions. In the reaction above, ethane was
oxidized to ethene at the expense of a carrier, which was reduced in the process. The
addition of hydrogen to the carrier is a reduction reaction. Similarly, the addition of
electrons to a molecule is a reduction, so, just as the conversion of Fe?* to Fe’* is an
oxidation reaction, the reverse reaction, the conversion of Fe’* to Fe?*, is a reduction.

Most of the reactions involved in energy metabolism involve the oxidation of
metabolic fuels, while many of the biosynthetic reactions involved in the formation of
metabolic fuel reserves and the synthesis of body components are reductions.

In some metabolic oxidation and reduction reactions the hydrogen acceptor or
donor is a prosthetic group, e.g. haem (section 2.4.1.1) or riboflavin (section 2.4.1.2).
In other cases, the hydrogen acceptor or donor acts as a substrate of the enzyme (e.g.
the nicotinamide nucleotide coenzymes; section 2.4.1.3).

2.4.1.1 Metal ions

The electron acceptor or donor may be a metal ion that can have two different stable
electron configurations. Commonly, iron (which can form Fe** or Fe’* ions) and copper
(which can form Cu™ or Cu’" ions) are involved.

In some enzymes, the metal ion is bound to the enzyme protein; in others, it is
incorporated in an organic molecule, which in turn is attached to the enzyme. For
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example, haem is an organic compound containing iron that is the coenzyme for a
variety of enzymes, collectively known as the cytochromes (section 3.3.1.2). Haem is
also the prosthetic group of haemoglobin, the protein in red blood cells that binds
and transports oxygen between the lungs and other tissues, and myoglobin in muscle.
However, in haemoglobin and myoglobin the iron of haem does not undergo oxidation;
it binds oxygen but does not react with it.

2.4.1.2 Riboflavin and flavoproteins

Vitamin B, (riboflavin; section 11.7) is important in a wide variety of oxidation and
reduction reactions. A few enzymes contain riboflavin itself, while others contain a
riboflavin derivative: either riboflavin phosphate (sometimes called flavin
mononucleotide) or flavin adenine dinucleotide (FAD; Figure 2.14). When an enzyme
contains riboflavin, it is usually covalently bound at the active site. Although riboflavin
phosphate and FAD are not normally covalently bound to the enzyme, they are very
tightly bound, and can be regarded as prosthetic groups. The resultant enzymes with
attached riboflavin are collectively known as flavoproteins.

As shown in Figure 2.15, the riboflavin moiety of flavoproteins can undergo two
reduction reactions. It can accept one hydrogen, to form the flavin radical (generally
written as flavin-H®), followed by a second hydrogen, forming fully reduced flavin-
H.,.

Some reactions involve transfer of a single hydrogen to a flavin, forming flavin-H*,
which is then recycled in a separate reaction. Sometimes two molecules of flavin each
accept one hydrogen atom from the substrate to be oxidized. Other reactions involve
the sequential transfer of two hydrogens onto the flavin, forming first the flavin-H*
radical, then fully reduced flavin-H..

As discussed in section 7.4.2.1, the reoxidation of reduced flavins in enzymes that
react with oxygen is a major source of potentially damaging oxygen radicals.

2.4.1.3 The nicotinamide nucleotide coenzymes: NAD and NADP

The vitamin niacin (section 11.8) is important for the formation of two closely related
compounds, the nicotinamide nucleotide coenzymes — nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP). As
shown in Figure 2.16, they differ only in that NADP has an additional phosphate
group attached to the ribose. The whole of the coenzyme molecule is essential for
binding to enzymes, and most enzymes can bind and use only one of these two
coenzymes, either NAD or NADP, despite the overall similarity in their structures.
The functionally important part of these coenzymes is the nicotinamide ring, which
undergoes a two-electron reduction. In the oxidized coenzymes there is a positive
charge associated with the nitrogen atom in the nicotinamide ring, and the oxidized
forms of the coenzymes are usually shown as NAD* and NADP™. Reduction involves
the transfer of two electrons and two hydrogen ions (H") from the substrate to the
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FIGURE 2.14 Riboflavin and the flavin coenzymes, riboflavin monophosphate and flavin adenine
dinucleotide.

coenzyme. One electron neutralizes the positive charge on the nitrogen atom. The
other, with its associated H* ion, is incorporated into the ring as a second hydrogen at
carbon-2.

The second H' ion removed from the substrate remains associated with the
coenzyme. This means that the reaction can be shown as

X-H, + NAD" = X + NADH + H"

where X-H  is the substrate and X is the product (the oxidized form of the substrate).
Note that the reaction is reversible, and NADH can act as a reducing agent:

X + NADH + H" = X-H, + NAD"

where X is now the substrate and X-H, is the product (the reduced form of the
substrate).
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FIGURE 2.15 Oxidation and reduction of the flavin coenzymes. The reaction may proceed as either a
single two-electron reaction or as two single-electron steps by way of intermediate formation of the riboflavin
semiquinone radical.

The usual notation is that NAD and NADP are used when the oxidation state is
not relevant, and NAD(P) when either NAD or NADP is being discussed. The oxidized
coenzymes are shown as NAD(P)* and the reduced forms as NAD(P)H.

Unlike flavins and metal coenzymes, the nicotinamide nucleotide coenzymes do
not remain bound to the enzyme, but act as substrates, binding to the enzyme,
undergoing reduction and then leaving. The reduced coenzyme is then reoxidized
either by reaction with another enzyme, for which it acts as a hydrogen donor, or by
way of the mitochondrial electron transport chain (section 3.3.1.2). Cells contain
only a small amount of NAD(P) (of the order of 400 nmol/g in liver), which is rapidly
cycled between the oxidized and reduced forms by different enzymes.

In general, NAD™ is the coenzyme for oxidation reactions, with most of the resultant
NADH being reoxidized by the mitochondrial electron transport chain, while NADPH
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is the main coenzyme for reduction reactions (e.g. the synthesis of fatty acids; section

5.6.1).

2.5 Classification and naming of enzymes

There is a formal system of enzyme nomenclature, in which each enzyme has a number,
and the various enzymes are classified according to the type of reaction catalysed and
the substrates, products and coenzymes of the reaction. This is used in research
publications, when there is a need to identify an enzyme unambiguously, but for
general use there is a less formal system of naming enzymes. Almost all enzyme
names end in -ase, and many are derived simply from the name of the substrate acted
on, with the suffix -ase. In some cases, the type of reaction catalysed is also included.
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TABLE 2.2 Classification of enzyme-catalysed reactions

| Oxidoreductases Oxidation and reduction reactions
Dehydrogenases Addition or removal of H
Oxidases Two-electron transfer to O,, forming H,0O,
Two-electron transfer to '/20,, forming H,O
Oxygenases Incorporate O, into product
Hydroxylases Incorporate '/20, into product as ~OH and form H,O
Peroxidases Use as H,0O, as oxygen donor, forming H,O
2 Transferases Transfer a chemical group from one substrate to the other
Kinases Transfer phosphate from ATP onto substrate
3 Hydrolases Hydrolysis of C—O, C—N, O—P and C-S bonds
(e.g. esterases, proteases, phosphatases, deamidases)
4 Lyases Addition across a C—C double bond
(e.g. dehydratases, hydratases, decarboxylases)
5  Isomerases Intramolecular rearrangements
6 Ligases (synthetases) Formation of bonds between two substrates

Frequently linked to utilization of ATP, with intermediate
formation of phosphorylated enzyme or substrate

Altogether there are some 5-10,000 enzymes in human tissues. However, they
can be classified into only six groups, depending on the types of chemical reaction
they catalyse:

oxidation and reduction reactions;

transfer of a reactive group from one substrate onto another;

hydrolysis of bonds;

addition across carbon—carbon double bonds;

rearrangement of groups within a single molecule of substrate;

formation of bonds between two substrates, frequently linked to the hydrolysis of
ATP — ADP + phosphate.

QNN N =

This classification of enzymes is expanded in Table 2.2, to give some examples of
the types of reactions catalysed.

.6 Metabolic pathways

A simple reaction, such as the oxidation of ethanol (alcohol) to carbon dioxide and
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water, can proceed in a single step — for example, simply by setting fire to the alcohol
in air. The reaction is exothermic, and the oxidation of ethanol to carbon dioxide and
water yields an output of 29 kJ/g.

When alcohol is metabolized in the body, although the overall reaction is the same,
it does not proceed in a single step, but as a series of linked reactions, each resulting
in a small change in the substrate. As shown in Figure 2.17, the metabolic oxidation
of ethanol involves 11 enzyme-catalysed reactions, as well as the mitochondrial electron
transport chain (section 3.3.1.2). The energy yield is still 29 kJ/g, as the starting
material (ethanol) and the end products (carbon dioxide and water) are the same, and
hence the change in energy level is the same overall, regardless of the route taken.
Such a sequence of linked enzyme-catalysed reactions is a metabolic pathway.

Metabolic pathways can be divided into three broad groups:

®  Catabolic pathways, involved in the breakdown of relatively large molecules and
oxidation, ultimately to carbon dioxide and water. These are the main energy-
yielding metabolic pathways.

*  Anabolic pathways, involved in the synthesis of compounds from simpler precursors.
These are the main energy-requiring metabolic pathways. Many are reduction
reactions, and many involve condensation reactions. Similar reactions are also
involved in the metabolism of drugs and other foreign compounds, and hormones
and neurotransmitters, to yield products that are excreted in the urine or bile.

*  Central pathways, involved in interconversions of substrates, that can be regarded
as being both catabolic and anabolic. The principal such pathway is the citric acid
cycle (section 5.4.4).

In some metabolic pathways all the enzymes are free in solution, and intermediate
products are released from one enzyme, equilibrate with the pool of intermediate in
the cell, and then bind to the next enzyme.

In some cases, two or more enzymes catalysing consecutive steps in a pathway may
be physically adjacent, either bound to a membrane or in a multienzyme complex, so
that the product of one enzyme is passed directly to the active site of the next, without
equilibrating with the pool of intermediate in the cell.

2.6.1 LINEAR AND BRANCHED PATHWAYS

The simplest type of metabolic pathway is a single sequence of reactions in which the
starting material is converted to the end product with no possibility of alternative
reactions or branches in the pathway.

Simple linear pathways are rare, as many of the intermediate compounds in
metabolism can be used in a variety of different pathways, depending on the body’s
need for various end-products. Many metabolic pathways involve branch points, as
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CH,
2CO, + 3 H,0 HC=0
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FIGURE 2.17 The oxidation of ethanol. The box shows the rapid non-enzymic reaction when ethanol is
burned in air; metabolic oxidation of ethanol involves 11 separate enzyme-catalysed steps, as well as the
mitochondrial electron transport chain.

shown in Figure 2.18, in which an intermediate may proceed down one branch or
another. The fate of an intermediate at a branch point will depend on the relative
activities of the two enzymes that are competing for the same substrate. As discussed
above (section 2.3.3), if the enzymes catalysing the reactions from D — P and from D
— X have different values of K_, then it is possible to predict which branch will
predominate at any given intracellular concentration of D.

Enzymes catalysing reactions at branch points are usually subject to regulation
(section 10.1), so as to direct substrates through one branch or the other, depending
on the body’s requirements at the time.
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FIGURE 2.18 Linear and branched metabolic pathways.
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2.6.2 SPIRAL OR LOOPED REACTION SEQUENCES

Sometimes a complete metabolic pathway involves repeating a series of reactions
several times over. Thus, the oxidation of fatty acids (section 5.5.2) proceeds by the
sequential removal of two-carbon units. The removal of each two-carbon unit involves
a repeated sequence of four reactions, and the end-product of each loop of the pathway
is a fatty acid that is two carbons shorter than the one that entered the loop. It then
undergoes the same sequence of reactions. This is shown in cartoon form in Figure
2.19.

Similarly, the synthesis of fatty acids (section 5.6.1) involves the repeated addition
of two-carbon units until the final chain length (commonly 14, 16 or 18 carbon units)
has been achieved. The addition of each two-carbon unit involves four separate reaction
steps, which are repeated in each loop of the pathway. The synthesis of fatty acids is
catalysed by a large multienzyme complex in which the enzymes catalysing each step
of the sequence are arranged in a series of concentric rings; the innermost ring catalyses
the reaction sequence until the growing fatty acid chain is long enough to reach to
the next ring of enzymes outwards from the centre.

2.6.3 CyCLIC PATHWAYS

The third type of metabolic pathway is cyclic; a product is assembled, or a substrate
is catabolized, attached to a carrier molecule that is reformed at the end of each cycle
of reactions.

Figure 2.20 shows a cyclic biosynthetic pathway in cartoon form; the product is
built up in a series of reactions, then released, regenerating the carrier molecule. An
example of such a pathway is the urea synthesis cycle (section 9.3.1.4).

Figure 2.21 shows a cyclic catabolic pathway in cartoon form; the substrate is
bound to the carrier molecule, then undergoes a series of reactions in which parts are
removed, until at the end of the reaction sequence the original carrier molecule is left.
An example of such a pathway is the citric acid cycle (section 5.4.4).

The intermediates in a cyclic pathway can be considered to be catalysts, in that
they participate in the reaction sequence, but at the end they emerge unchanged.
Until all the enzymes in a cyclic pathway are saturated (and hence acting at V),
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FIGURE 2.19 A spiral or looped (repeating) metabolic pathway.
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FIGURE 2.20 A biosynthetic cyclic metabolic pathway.

addition of any one of the intermediates will result in an increase in the intracellular
concentration of all intermediates, and an increase in the rate at which the cycle runs
and either substrate is catabolized or product is formed.
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FIGURE 2.21 A catabolic cyclic metabolic pathway.

Additional resources

PowerPoint presentation 2 on the CD.
Self-assessment quiz 2 on the CD.

The simulation program Enzyme Assay on the CD will let you simulate experiments
with a variety of enzymes to determine the optimum conditions for enzyme assay,
investigate their substrate dependence and also study the effects of inhibitors on enzyme
activity.

PROBLEM 2.1: An unusual cause of diabetes

This problem concerns @ small number of families with a clear pattern of dominant
inheritance of an unusual form of diabetes (section 10.7) that can be classified as non-
insulin dependent, as those affected secrete significant amounts of insulin (although
less than normal subjects), but which develops in early childhood. It is generally
referred to as maturity-onset diabetes of the young (MODY).
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TISSUE UPTAKE OF GLUCOSE

Glucose enters the cells of most tissues by means of an active transport mechanism
(section 3.2.2) that is stimulated by the hormone insulin. This means that insulin
promotes the uptake and utilization of glucose in most tissues. After entry, glucose is
phosphorylated to glucose 6-phosphate. In the liver, glucose enters cells by facilitated
diffusion and is then trapped by phosphorylation to glucose 6-phosphate, which cannot
cross cell membranes. Glucose 6-phosphate is then either metabolized as a metabolic
fuel (section 5.4.1) or used to synthesize the storage carbohydrate glycogen (section
5.6.3).

Two enzymes catalyse the formation of glucose 6-phosphate from glucose:

* Hexokinase is expressed in all tissues; it has a K for glucose of 0.15 mmol/L.
*  Glucokinase is expressed only in liver and the B-cells of the pancreas; it has a K
for glucose of 20 mmol/L.

The normal range of plasma glucose is between 3.5 and 5 mmol/L, rising in
peripheral blood to 8—10 mmol/L after a moderately high intake of glucose. The
concentration of glucose in the portal blood, coming from the small intestine to the
liver (section 4.2.2.3), may be considerably higher than this.

*  What effect do you think changes in the plasma concentration of glucose will
have on the rate of formation of glucose 6-phosphate catalysed by hexokinase?
®  What effect do you think changes in the plasma concentration of glucose will
have on the rate of formation of glucose 6-phosphate catalysed by glucokinase?
*  What do you think is the importance of glucokinase in the liver?

Froguel and co-workers (1993) reported studies of the glucokinase gene in a number
of families affected by MODY, and also in unaffected families. They published a list of
16 variants of the glucokinase gene, shown in Table 2.3. All their patients with MODY
had an abnormality of the gene.

*  Using the genetic code shown in Table 9.8, fill in the amino acid changes associated
with each mutation in the gene.

*  Why do you think the mutations affecting codons 4, 10 and 116 had no effect on
the people involved?

®  What conclusions can you draw from this information?

The same authors also studied the secretion of insulin in response to glucose infusion
in patients with MODY and normal control subjects. They were given an intravenous
infusion of glucose; the rate of infusion was varied so as to maintain a constant plasma
concentration of glucose of 10 mmol/L.
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TABLE 2.3 Known mutations in the glucokinase gene

Codon Nucleotide change = Amino acid change Effect
4 GAC = AAC ! None

10 GCC = GCT ! None

70 GAA = AAA ! MODY
98 CAG = TAG ! MODY
16 ACC = ACT ! None

|75 GGA = AGA ! MODY
182 GTG = AIG ! MODY
186 CGA = TGA ! MODY
203 GTG = GCG ! MODY
228 ACG = ATG ! MODY
261 GGG = AGG ! MODY
279 GAG = TAG ! MODY
300 GAG = AAG ! MODY
300 GAG = CAG ! MODY
309 CTC = CcCC ! MODY
414 AAG = GAG ! MODY

From data reported by Froguel P ez al. (1993) New England Journal of Medicine 328: 697-702.

TABLE 2.4 Plasma glucose and insulin before and after 60 minutes of glucose infusion in control subjects
and patients with maturity-onset diabetes of the young (MODY)

Plasma glucose (mmol/L) Insulin (mUI/L)
Control Control
Patients subjects Patients subjects
Fasting 70x 04 51+£03 52 6+ 2
Glucose infusion  Maintained at 10 mmol/L
by varying rate of infusion 12+7 40z 11

From data reported by Froguel P ez a/. (1993) New England Journal of Medicine 328: 697-702.

Their plasma concentrations of glucose and insulin were measured before and after
60 min of glucose infusion; the results are shown in Table 2.4.

®  What conclusions can you draw from this information about the probable role of
glucokinase in the B-cells of the pancreas?

*  Can you deduce the way in which the B-cells of the pancreas sense an increase in
plasma glucose and signal the secretion of insulin?
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PROBLEM 2.2: Studies of a novel endopeptidase

What reaction is catalysed by an endopeptidase, as opposed to an exopeptidase?

A new enzyme, of bacterial origin, is being studied for its potential use in a washing
powder preparation. The enzyme is an endopeptidase, and has been purified by a
variety of chromatographic techniques.

The activity of the enzyme has been determined using an assay based on the
hydrolysis of a synthetic substrate, p-nitrophenyl acetate. On hydrolysis this (colourless)
substrate yields 1 mol of p-nitrophenol (which is yellow) for each mole of substrate
hydrolysed.

In the following experiments, 0.1 mL of a solution containing 1 mg of the purified
protein per litre was used in each incubation. The enzyme was incubated at 30 °C and
pH 7.5, for 10 min; the formation of p-nitrophenol was followed spectro-
photometrically. The results are shown in Table 2.5.

Using these results, determine the I/ of the enzyme under these incubation
conditions.

Given the relative molecular mass of the enzyme (= 50,000), calculate the catalytic
rate constant, £__(the maximum rate of reaction expressed in mole of product formed
per mole of enzyme per second).

TABLE 2.5 The rate of reaction of a novel endopeptidase incubated with p-nitrophenyl acetate as a model
substrate

Concentration of p-nitrophenyl Nitrophenol formed
acetate added (mol/L) (Lmol/10 min)

[4x 10" 222

20x 107 294

33x 10 4.44

50x 10 5.88

.0x 1072 9.08

PROBLEM 2.3: Clinical chemistry — determination
of serum alkaline phosphatase activity

The activity of alkaline phosphatase in serum is elevated above normal in a variety of
different bone diseases, as well as biliary obstruction and some other liver diseases.
Measurement of alkaline phosphatase activity in serum can thus give useful information
about these conditions. It is especially useful for diagnosis of preclinical rickets and
osteomalacia (section 11.3.4).

According to the literature, the range of alkaline phosphatase activity in serum
from healthy adults is (mean £ sp) 75 & 12 units/L. The reference range (that which
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TABLE 2.6 The absorbance of p-nitrophenylate at pH 12

p-Nitrophenylate (mmol/L) Absorbance at 405 nm
0.1 1.830
0.05 0915
0.025 0.458
0.0125 0.229
0.00625 0.114

is considered ‘normal’) is & 2 sp around the mean; values outside this range are
considered abnormal.

The activity of alkaline phosphatase is measured by hydrolysis of p-nitrophenyl
phosphate to yield p-nitrophenol and free phosphate. At alkaline pH, p-nitrophenol
dissociates; the p-nitrophenylate ion has a strong yellow colour, with maximum
absorbance at 405 nm.

The activity of alkaline phosphatase in a serum sample was determined by incubating
0.1 mL of serum with 0.2 mL of p-nitrophenyl phosphate at 14 mmol/L in 2.7 mL of
buffer at pH 10.4 at 30 °C for 10 min. The reaction was stopped by addition of 3 mL
of 0.2 mol/L sodium hydroxide, which both denatures the enzyme and also raises the
pH of the incubation mixture to 12. The absorbance of the final reaction mixture was
then determined at 405 nm, using a cuvette with a 1-cm light path. The result was a
reading of 0.95 absorbance units.

Table 2.6 shows the absorbance at 405 nm of p-nitrophenylate in buffer at pH 12,
using a cuvette with a 1-cm light path.

Was the activity of alkaline phosphatase in the serum sample within the reference
range?



CHAPTER 3

The role of
ATP 1n metabolism

The coenzyme adenosine triphosphate (ATP) acts as the central link between energy-
yielding metabolic pathways and energy expenditure on physical and chemical work.
The oxidation of metabolic fuels is linked to the phosphorylation of adenosine
diphosphate (ADP) to adenosine triphosphate (ATP), while the expenditure of
metabolic energy for the synthesis of body constituents, transport of compounds across
cell membranes and the contraction of muscle results overall in the hydrolysis of ATP
to yield ADP and phosphate ions. The total body content of ATP + ADP is under
350 mmol (about 10 g), but the amount of ATP synthesized and used each day is
about 100 mol — about 70 kg, an amount equal to body weight.

Objectives
After reading this chapter you should be able to:

* explain how endothermic reactions can be linked to the overall hydrolysis of ATP
to ADP and phosphate;

* describe how compounds can be transported across cell membranes against a
concentration gradient and explain the roles of ATP and proton gradients in
active transport;

® describe the role of ATP in muscle contraction and the role of creatine phosphate
as a phosphagen;
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® describe the structure and functions of the mitochondrion and explain the processes
involved in the mitochondrial electron transport chain and oxidative
phosphorylation, explain how substrate oxidation is regulated by the availability
of ADP and explain how respiratory poisons and uncouplers act.

3.1 The adenine nucleotides

Nucleotides consist of a purine or pyrimidine base linked to the five-carbon sugar
ribose. The base plus sugar is a nucleoside; in a nucleotide the sugar is phosphorylated.
Nucleotides may be mono-, di- or triphosphates.

Figure 3.1 shows the nucleotides formed from the purine adenine — the adenine
nucleotides, adenosine monophosphate (AMP), adenosine diphosphate (ADP) and
adenosine triphosphate (ATP) — as well as the nucleotide triphosphates formed from
the purine guanine and the pyrimidine uracil (see also section 10.3.2 for a discussion
of the role of cyclic AMP in metabolic regulation and hormone action).

In the nucleic acids (DN A and RNA; sections 9.2.1 and 9.2.2 respectively) it is the
purine or pyrimidine that is important, carrying the genetic information. However,
in the link between energy-yielding metabolism and the performance of physical and
chemical work, what is important is the phosphorylation of the ribose. Although
most reactions are linked to adenosine triphosphate, a small number are linked to
guanosine triphosphate (GTP; see, for example, sections 5.7 and 9.2.3.2) or uridine
triphosphate (UTP; section 5.5.3).

3.2 Functions of ATP

Under normal conditions, the processes shown in Figure 3.2 are tightly coupled, so
that the oxidation of metabolic fuels is controlled by the availability of ADP, which, in
turn is controlled by the rate at which ATP is being utilized in performing physical
and chemical work. Work output, or energy expenditure, thus controls the rate at
which metabolic fuels are oxidized, and hence the amount of food that must be eaten
to meet energy requirements. As discussed in section 5.3.1, metabolic fuels in excess
of immediate requirements are stored as reserves of glycogen in muscle and liver and
as fat in adipose tissue.

In all of the reactions in which ATP is utilized, what is observed overall is hydrolysis
of ATP to ADP and phosphate. However, as discussed below, although this is the
overall reaction, simple hydrolysis of ATP does not achieve any useful result; it is the
intermediate steps in the reaction of ATP + H,O — ADP + phosphate that are
important.



The role of ATP in metabolism 51

NH, o] o)

. I
NZ ]N\> HI\“I/ jN\> HN/\‘
k§ N e X, —N ,5;L\

N H HoN N H o N
adenine guanine H racil

adenosine monophosphate (AMP)

NH, OH OH

b1
CHy—0—P—0—P—OH

\ |

OH  OH

FIGURE 3.1 The adenine nucleotides (the box shows the structures of adenine, guanine and uracil;
guanine and uracil form a similar series of nucleotides).

3.2.1 THE ROLE OF ATP IN ENDOTHERMIC REACTIONS

As discussed in section 2.1.1, the equilibrium of an endothermic reaction A + B == C
+ D lies well to the left unless there is an input of energy. The hydrolysis of ATP is
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FIGURE 3.2 Linkage between ATP utilization in physical and chemical work and the oxidation of
metabolic fuels.

exothermic, and the equilibrium of the reaction ATP + H.O == ADP + phosphate
lies well to the right. Linkage between the two reactions could thus ensure that the
(unfavoured) endothermic reaction could proceed together with overall hydrolysis of
ATP to ADP + phosphate.

Such linkage between two apparently unrelated reactions can easily be achieved in
enzyme-catalysed reactions; there are three possible mechanisms:

1 Phosphorylation of the hydroxyl group of a serine, threonine or tyrosine residue
in the enzyme (Figure 3.3), thus altering the chemical nature of its catalytic site.
As discussed in section 10.3, phosphorylation of the enzyme is also important in
regulating metabolic pathways, especially in response to hormone action.

2 Phosphorylation of one of the substrates; as shown in Figure 3.4, the synthesis of
glutamine from glutamate and ammonia (section 9.3.1.3) involves the formation
of a phosphorylated intermediate.

3 Transfer of the adenosyl group of ATP onto one of the substrates, as shown in
Figure 3.5. The activation of the methyl group of the amino acid methionine in
methyltransfer reactions involves formation of S-adenosyl methionine (see also
Figure 11.22).

Not only is the hydrolysis of ATP to ADP and phosphate an exothermic reaction,
but the concentration of ATP in cells is always very much higher than that of ADP
(the ratio of ATP to ADP is about 500:1), again ensuring that the reaction will indeed
proceed in the direction of ATP hydrolysis. Furthermore, the concentration of ADP
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FIGURE 3.3 The role of ATP in endothermic reactions — phosphorylation of the enzyme.
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FIGURE 3.4 The role of ATP in endothermic reactions — phosphorylation of the substrate.
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in cells is kept extremely low by rephosphorylation to ATP, linked to the oxidation of
metabolic fuels (section 3.3). Again, this serves to ensure that the equilibrium of the

reaction ATP + H O — ADP + phosphate lies well to the right.

In a number of cases, there is a further mechanism to ensure that the equilibrium
of an ATP-linked reaction is kept well to the right, to such an extent that the reaction
is essentially irreversible. The reaction shown in Figure 3.6 results in the hydrolysis of
ATP to AMP and pyrophosphate. There is an active pyrophosphatase in cells, which
catalyses the hydrolysis of pyrophosphate to yield 2 mol of phosphate, so removing
one of the products of the reaction, and ensuring that it is essentially irreversible.
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FIGURE 3.5 The role of ATP in endothermic reactions — adenylation of the substrate (see also Figure
11.22).
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FIGURE 3.6 Hydrolysis of ATP to AMP and pyrophosphate.

3.2.2 TRANSPORT OF MATERIALS
ACROSS CELL MEMBRANES

Compounds that are lipid soluble will diffuse freely across cell membranes, as they
can dissolve in the lipid of the membrane — this is passive diffusion. Hydrophilic
compounds require a transport protein in order to cross the lipid membrane — this is
facilitated or carrier-mediated diffusion. Neither passive nor facilitated diffusion alone
can lead to the concentration of the transported material being greater inside the cell

than outside.
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Concentrative uptake of the material being transported may be achieved in three
main ways: protein binding, metabolic trapping and active transport. These last two
mechanisms are both ATP dependent.

3.2.2.1 Protein binding for concentrative uptake

In the case of a hydrophilic compound that enters the cell by carrier-mediated diffusion,
a net increase in concentration inside the cell can sometimes be achieved by binding it
to an intracellular protein. Only material in free solution can equilibrate across the
membrane, not that which is protein bound. Such binding proteins are important, for
example, in the intestinal absorption of calcium (section 4.6.1) and iron (section 4.6.2).

Hydrophobic compounds are transported in plasma bound to transport proteins
(e.g. the plasma retinol binding protein; section 11.2.2.2) or dissolved in the lipid
core of plasma lipoproteins (section 5.6.2), and net intracellular accumulation to a
higher concentration than in plasma depends on an intracellular binding protein that
has a greater affinity for the ligand than does the plasma transport protein.

3.2.2.2 Metabolic trapping

Glucose enters cells by carrier-mediated diffusion. Once inside the cell, it is
phosphorylated to glucose 6-phosphate, a reaction catalysed by the enzyme hexokinase,
using ATP as the phosphate donor (section 5.4.1 and Problem 2.1). Glucose 6-
phosphate does not cross cell membranes, and therefore there is a net accumulation of
{glucose plus glucose 6-phosphate} inside the cell, at the expense of 1 mol of ATP
utilized per mole of glucose trapped in this way. Vitamins B, (riboflavin; section 11.7.1)
and B (section 11.9.1) are similarly accumulated inside cells by phosphorylation at
the expense of ATP.

3.2.2.3 Ion pumps and active transport

Active transport is the accumulation of a higher concentration of a compound on one
side of a cell membrane than on the other, without chemical modification such as
phosphorylation. The process is dependent on hydrolysis of ATP to ADP and
phosphate, either directly, as in the case of ion pumps, or indirectly, as is the case
when metabolites are transported by sodium-dependent transporters.

In some ion pumps the role of ATP is simple. As shown in Figure 3.7, when the
membrane transport protein is phosphorylated it undergoes a conformational change
that opens the transmembrane pore and permits it to transport an ion across the
membrane. Before the ion can be released at the membrane surface, the transport
protein has to be dephosphorylated.

The key to understanding the role of ATP in the sodium pump lies in the fact that
the hydrolysis is effected not by H,O, but by H* and OH™ ions. As shown in Figure
3.8, the ATPase that catalyses the hydrolysis of ATP to ADP and phosphate is within
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FIGURE 3.7 Therole of ATP in active transport — P-type transporters which have to be phosphorylated in
order to permit transport across the cell membrane.
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FIGURE 3.8 The role of ATP in active transport — generation of a proton gradient linked to the sodium
pump and sodium-dependent transporters.
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the membrane, and takes an H* ion from inside the cell and an OH~ ion from the
extracellular fluid, so creating a pH gradient across the membrane.

The protons in the extracellular fluid then enter the cell on a transmembrane carrier
protein, and react with the hydroxyl ions within the cell, so discharging the pH
gradient. The carrier protein that transports the protons across the cell membrane
does so only in exchange for sodium ions. The sodium ions in turn re-enter the cell
either:

* Together with substrates such as glucose and amino acids, thus providing a
mechanism for net accumulation of these substrates, driven by the sodium gradient,
which in turn has been created by the proton gradient produced by the hydrolysis
of ATP. This is a co-transport mechanism as the sodium ions and substrates travel
in the same direction across the cell membrane;

* In exchange for compounds being exported or excreted from the cell. This is a
counter-transport mechanism, since the sodium ions and the compounds being
transported move in opposite directions across the membrane.

3.2.3 THE ROLE OF ATP IN MUSCLE CONTRACTION

The important proteins of muscle are actin and myosin. As shown in Figure 3.9,
myosin is a filamentous protein, consisting of several subunits, and with ATPase activity

W

the arrangement of myosin in myofibrils \/
XS RF DO R 2>

ATPase in
myosin light chains

troponin
(calcium-binding regulatory protein)

FIGURE 3.9 The contractile proteins of muscle.
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in the head region. In myofibrils, myosin molecules are arranged in clusters with the
tail regions overlapping. Actin is a smaller, globular protein, and actin molecules are
arranged around a fibrous protein, tropomyosin, so creating a chain of actin molecules,
interspersed with molecules of a calcium-binding regulatory protein, troponin.

In resting muscle, each myosin head unit binds ADP, and is bound to an actin
molecule, as shown in Figure 3.10. The binding of ATP to myosin displaces the
bound ADP and causes a conformation change in the molecule, so that, while it
remains associated with the actin molecule, it is no longer tightly bound. Hydrolysis
of the bound ATP to ADP and phosphate causes a further conformational change in
the myosin molecule, this time affecting the tail region, so that the head region becomes
associated with an actin molecule further along. This is the power stroke which causes
the actin and myosin filaments to slide over one another, contracting the muscle
filament. When the phosphate is released, the head region of myosin undergoes the
reverse conformational change, so that it now becomes tightly bound to the new
actin molecule, and is ready to undergo a further cycle of ATP binding, hydrolysis
and movement.

myosin

actin on tropomyosin fibre

displacement of
bound ADP by ATP:
conformational change

hydrolysis of ATP:
the ‘power stroke’

loss of phosphate and
conformational change

FIGURE 3.10 The role of ATP in muscle contraction.
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3.2.3.1 Creatine phosphate in muscle

It was noted above that the small amount of ATP in the body turns over rapidly, and
ADP is rapidly rephosphorylated to ATP. However, neither the small amount of ATP
in muscle nor the speed with which metabolic activity can be increased, and hence
ADP can be rephosphorylated, matches the demand for ATP for rapid or sustained
muscle contraction. Muscle contains about four times more creatine phosphate than
ATP; as shown in Figure 3.11, this acts as a reservoir or buffer to maintain a supply of
ATP for muscle contraction until metabolic activity increases. Creatine phosphate is
sometimes called a phosphagen because it can be used to rephosphorylate ADP to
ADP

Creatine is not a dietary essential; as shown in Figure 3.12, it is synthesized from
the amino acids glycine, arginine and methionine. However, a single serving of meat
will provide about 1 g of preformed creatine, whereas the average daily rate of de novo
synthesis is 1-2 g. Both creatine and creatine phosphate undergo a non-enzymic
reaction to yield creatinine, which is metabolically useless and is excreted in the urine.
Because the formation of creatinine is a non-enzymic reaction, the rate at which it is
formed, and hence the amount excreted each day, depends mainly on muscle mass,
and is therefore relatively constant from day to day in any one individual. This is
commonly exploited in clinical chemistry; urinary metabolites are commonly expressed
per mole of creatinine, or the excretion of creatinine is measured to assess the
completeness of a 24-hour urine collection. Obviously, simple concentration of urinary
metabolites is not a useful measurement, as the concentration will depend on the
volume of urine excreted, and in turn this depends on fluid intake and fluid losses
from the body. There is normally little or no excretion of creatine in urine; significant
amounts are excreted only when there is breakdown of muscle tissue.

Because of its role as a phosphagen in muscle, creatine supplements are often used
as a so-called ergogenic aid, to enhance athletic performance and muscle work output.
In subjects who have an initially low concentration of creatine in muscle, supplements
of 2-5 g of creatine per day do increase muscle creatine; however, in people whose
muscle creatine is within the normal range, additional creatine has little or no effect.

metabolic fuels ADP CH, ADP
|
COOH
creatine phosphate muscle
contraction
HN=C—NH,
CO,, H0 ATP N CH, ATP
e
COOH
creatine

FIGURE 3.11 The role of creatine phosphate in muscle.



60  The role of ATP in metabolism
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FIGURE 3.12 The synthesis of creatine and non-enzymic formation of creatinine.

There is control over the uptake and retention of creatine in muscle cells. There is
little or no evidence that supplements of creatine have any beneficial effect on muscle
work output or athletic performance, although obviously people whose muscle creatine
was initially low will benefit.

E The phosphorylation of ADP to ATP

A small number of metabolic reactions involve direct transfer of phosphate from a
phosphorylated substrate onto ADP, forming ATP — substrate-level phosphorylation.
Two such reactions are shown in Figure 3.13 — both are reactions in the glycolytic
pathway of glucose metabolism (section 5.4.1). Substrate-level phosphorylation is of



The role of ATP in metabolism 61

ADP
ATP _@
CH. —O—{:
(|3H2—O‘® \ / [ ° is used to represent

HC—OH > H(|3—OH a phosphate ester:
| phosphoglycerate _ OH
CH2—0—® kinase CH,—~OH A—O
bisphosphoglycerate 3-phosphoglycerate (l)H

ADP

ATP
CH, \ / CH, CH,
o® M —

Cc—0
Cl)OOH pyruvate kinase (|: OOH non-enzymic J:OOH
phosphoenolpyruvate enolpyruvate pyruvate

FIGURE 3.13 Formation of ATP by substrate level phosphorylation (see also Figure 5.10).

relatively minor importance in ensuring a supply of ATP, although, as discussed in
section 5.4.1.2, it becomes important in muscle under conditions of maximum exertion.
Normally almost all of the phosphorylation of ADP to ATP occurs in the mitochondria,
by the process of oxidative phosphorylation.

3.3.1 OXIDATIVE PHOSPHORYLATION: THE
PHOSPHORYLATION OF ADP To ATP LINKED
TO THE OXIDATION OF METABOLIC FUELS

With the exception of glycolysis (section 5.4.1), which is a cytosolic pathway, most of
the reactions in the oxidation of metabolic fuels occur inside the mitochondria, and
lead to the reduction of nicotinamide nucleotide and flavin coenzymes (section 2.4.1).
The reduced coenzymes are then reoxidized, ultimately leading to the reduction of
oxygen to water. Within the inner membrane of the mitochondrion (section 3.3.1.2)
there is a series of coenzymes that are able to undergo reduction and oxidation. The
first coenzyme in the chain is reduced by reaction with NADH, and is then reoxidized
by reducing the next coenzyme. In turn, each coenzyme in the chain is reduced by the
preceding coenzyme, and then reoxidized by reducing the next one. The final step is
the oxidation of a reduced coenzyme by oxygen, resulting in the formation of water.

Experimentally, mitochondrial metabolism is measured using the oxygen electrode,
in which the percentage saturation of the buffer with oxygen is measured
electrochemically as the mitochondria oxidize substrates and reduce oxygen to water.

Figure 3.14 shows the oxygen electrode traces for mitochondria incubated with
varying amounts of ADP, and a super-abundant amount of malate. As more ADP is
provided, so there is more oxidation of substrate, and hence more consumption of
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FIGURE 3.14 Oxygen consumption by mitochondria incubated with malate and varying amounts of
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FIGURE 3.15 Oxygen consumption by mitochondria incubated with malate or succinate and a constant
amount of ADP,
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oxygen. This illustrates the tight coupling between the oxidation of metabolic fuels
and availability of ADP shown in Figure 3.2.

Figure 3.15 shows the oxygen electrode traces for incubation of mitochondria with
a limiting amount of ADP and:

1 malate, which reduces NAD* to NADH;
2 succinate, which reduces a flavin coenzyme, then ubiquinone.

The stepwise oxidation of NADH and reduction of oxygen to water is obligatorily
linked to the phosphorylation of ADP to ATP. Approximately 3 mol of ATP is formed
for each mole of NADH that is oxidized. Flavoproteins reduce ubiquinone, which is
an intermediate coenzyme in the chain, and approximately 2 mol of ADP is
phosphorylated to ATP for each mole of reduced flavoprotein that is oxidized.

This means that 2 mol of ADP is required for the oxidation of a substrate such as
succinate, but 3 mol of ADP is required for the oxidation of malate. Therefore, the
oxidation of succinate will consume more oxygen when ADP is limiting than does the
oxidation of malate. This is usually expressed as the ratio of phosphate to oxygen
consumed in the reaction; the P/O ratio is approximately 3 for malate and
approximately 2 for succinate.

3.3.1.1 The mitochondrion

Mitochondria are intracellular organelles with a double-membrane structure. Both
the number and size of mitochondria vary in different cells — for example, a liver cell
contains some 800 mitochondria, a renal tubule cell some 300 and a sperm about 20.
The outer mitochondrial membrane is permeable to a great many substrates, while
the inner membrane provides a barrier to regulate the uptake of substrates and output
of products (see, for example, the regulation of palmitoyl CoA uptake into the
mitochondrion for oxidation in section 5.5.1).

The inner mitochondrial membrane forms the cristae, which are paddle-shaped,
double-membrane structures that protrude from the inner membrane into the matrix,
as shown in Figure 3.16. The crista membrane is continuous with the inner
mitochondrial membrane, and the internal space of the crista is contiguous with the
inter-membrane space. However, there is only a relatively narrow stalk connecting
the crista to the inter-membrane space, so that the crista space is effectively separate
from, albeit communicating with, the inter-membrane space.

The five compartments of the mitochondrion have a range of specialized functions:

1 The outer membrane contains the enzymes that are responsible for the desaturation
and elongation of fatty acids synthesized in the cytosol (section 5.6.1.1), the
enzymes for triacylglycerol synthesis from fatty acids (section 5.6.1.2) and
phospholipases that catalyse the hydrolysis of phospholipids (section 4.3.1.2).

2 The inter-membrane space contains enzymes involved in nucleotide metabolism,
transamination of amino acids (section 9.3.1.2) and a variety of kinases.
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FIGURE 3.16 The membranes of the mitochondrion and infolding to form mitochondrial cristae.

3 The inner membrane regulates the uptake of substrates into the matrix for
oxidation. There is also a transport protein in the mitochondrial inner membrane
that transports ADP into the matrix to undergo phosphorylation only in exchange
for ATP being transported out to the cytosol.

4 The membrane of the cristae contains the coenzymes associated with electron
transport, the oxidation of reduced coenzymes, and the reduction of oxygen to
water (section 3.3.1.2). The primary particles on the matrix surface of the cristae
contain the enzyme that catalyses the phosphorylation of ADP to ATP (section
3.3.1.3).

5 The mitochondrial matrix contains the enzymes concerned with the oxidation of
fatty acids (section 5.5.2), the citric acid cycle (section 5.4.4), a variety of other
oxidases and dehydrogenases, the enzymes for mitochondrial replication and the
DNA that codes for some of the mitochondrial proteins.

The overall process of oxidation of reduced coenzymes, reduction of oxygen to
water, and phosphorylation of ADP to ATP requires intact mitochondria, or intact
sealed vesicles of mitochondrial inner membrane prepared by disruption of
mitochondria; it will not occur with solubilized preparations from mitochondria, or
with open fragments of mitochondrial inner membrane. Under normal conditions,
these three processes are linked, and none can occur without the others.
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3.3.1.2 The mitochondrial electron transport chain

The mitochondrial electron transport chain is a series of enzymes and coenzymes in
the crista membrane, each of which is reduced by the preceding coenzyme, and in
turn reduces the next, until finally the protons and electrons that have entered the
chain from either NADH or reduced flavin reduce oxygen to water. The sequence of
the electron carriers shown in Figure 3.17 has been determined in two ways:

* By consideration of their electrochemical redox potentials, which permits
determination of which carrier is likely to reduce another, and which is likely to
be reduced. There is a gradual fall in redox potential between the enzyme that
oxidizes NADH and that which reduces oxygen to water.

* By incubation of mitochondria with substrates, in the absence of oxygen, when
all of the carriers become reduced, then introducing a limited amount of oxygen,
and following the sequence in which the carriers become oxidized. The oxidation
state of the carriers is determined by following changes in their absorption spectra.

Studies with inhibitors of specific electron carriers, and with artificial substrates

that oxidize or reduce one specific carrier, permit dissection of the electron transport
chain into four complexes of electron carriers:

substrate

oxidation NADH, H*
NAD* ) flavoprotein
CO, ADP + Pi
substrate ATP

oxidation fiavinH,
) ubiquinone
CO, flavin

ADP + Pi
ATP
cytochrome b

cytochrome c;4
cytochrome c

720, . ADP + Pi
cytochrome oxidase
H,0 (cytochromes a and ag) ATP

FIGURE 3.17 An overview of the mitochondrial electron transport chain.
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* Complex I catalyses the oxidation of NADH and the reduction of ubiquinone,
and is associated with the phosphorylation of ADP to ATP.

* Complex IT catalyses the oxidation of reduced flavins and the reduction of
ubiquinone. This complex is not associated with phosphorylation of ADP to ATP.

* Complex III catalyses the oxidation of reduced ubiquinone and the reduction of
cytochrome ¢, and is associated with the phosphorylation of ADP to ATP;

* Complex IV catalyses the oxidation of reduced cytochrome ¢ and the reduction of
oxygen to water, and is associated with the phosphorylation of ADP to ATP.

In order to understand how the transfer of electrons through the electron transport
chain can be linked to the phosphorylation of ADP to ATP, it is necessary to consider
the chemistry of the various electron carriers. They can be classified into two groups:

*  Hydrogen carriers, which undergo reduction and oxidation reactions involving both
protons and electrons — these are NAD, flavins, and ubiquinone. As shown in
Figure 2.17, NAD undergoes a two-electron oxidation/reduction reaction, while
both the flavins (Figure 2.16) and ubiquinone (Figure 3.18) undergo two single-
electron reactions to form a half-reduced radical, then the fully reduced coenzyme.
Flavins can also undergo a two-electron reaction in a single step.

0]
H;CO CH,
H,CO X
10
0 H e
oxidized ubiginone
\ OH
H,CO CHs
H,CO \
10
0]
OH half-reduced semi-quinone radical
H3CO\ CHj H e
H,CO™ X

10
OH

fully reduced ubiquinol

FIGURE 3.18 Oxidation and reduction of ubiquinone (coenzyme Q).
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®  Electron carriers, which contain iron (and in the case of cytochrome oxidase also
copper); they undergo oxidation and reduction by electron transfer alone. These
are the cytochromes, in which the iron is present in a haem molecule, and non-
haem iron proteins, sometimes called iron—sulphur proteins, because the iron is

bound to the protein through the sulphur of the amino acid cysteine. Figure 3.19

shows the arrangement of the iron in non-haem iron proteins and the three different

types of haem that occur in cytochromes:

— haem (protoporphyrin IX), which is tightly but non-covalently bound to
proteins, including cytochromes b and b , as well as enzymes such as catalase
and the oxygen transport proteins haemoglobin and myoglobin;

— haem C, which is covalently bound to protein in cytochromes ¢ and c ;

— haem A, which is anchored in the membrane by its hydrophobic side-chain,
in cytochromes a and a, (which together form cytochrome oxidase).

The hydrogen and electron carriers of the electron transport chain are arranged in
sequence in the crista membrane, as shown in Figure 3.20. Some carriers are entirely
within the membrane, while others are located at the inner or outer face of the
membrane.

There are two steps in which a hydrogen carrier reduces an electron carrier: the
reaction between the flavin and non-haem iron protein in complex I and the reaction
between ubiquinol and cytochrome b plus a non-haem iron protein in complex II.
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haem B CH,CH,COOH

(protoporphyrin 1X)

HC \
I CH,CH,COOH
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CH, CH,
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non-haem iron protein (iron sulphur protein)

FIGURE 3.19 Iron-containing carriers of the electron transport chain — haem and non-haem iron.
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The reaction between non-haem iron protein and ubiquinone in complex I is the
reverse — a hydrogen carrier is reduced by an electron carrier.

When a hydrogen carrier reduces an electron carrier, there is a proton that is not
transferred onto the electron carrier but is extruded from the membrane, into the
crista space, as shown in Figure 3.21.

When an electron carrier reduces a hydrogen carrier, there is a need for a proton to
accompany the electron that is transferred. This is acquired from the mitochondrial
matrix, thus shifting the equilibrium between H O = H" + OH, resulting in an
accumulation of hydroxyl ions in the matrix.

3.3.1.3 Phosphorylation of ADP linked to electron transport

The result of electron transport through the sequence of carriers shown in Figure
3.20, and the alternation between hydrogen carriers and electron carriers, is a separation
of protons and hydroxyl ions across the crista membrane, with an accumulation of
protons in the crista space and an accumulation of hydroxyl ions in the matrix — i.e.
creation of a pH gradient across the inner membrane. This proton gradient provides
the driving force for the phosphorylation of ADP to ATP, shown in Figure 3.22 —a
highly endothermic reaction.

ATP synthase acts as a molecular motor, driven by the flow of protons down the
concentration gradient from the crista space into the matrix, through the
transmembrane stalk of the primary particle. As protons flow through the stalk, so
they cause rotation of the core of the multienzyme complex that makes up the primary
particle containing ATP synthase.

crista space crista membrane mitochondrial matrix
NADH, H*
NAD*
hydrogen carrier
. / -
H : H,0
electron carrier
H" e OH

hydrogen carrier

FIGURE 3.21 Hydrogen and electron carriers in the mitochondrial electron transport chain — generation
of a transmembrane proton gradient.
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As shown in Figure 3.23, there are three ATP synthase catalytic sites in the primary
particle, and each one-third turn of the central core causes a conformational change
at each active site:

* At one site the conformational change permits binding of ADP and phosphate.

* At the next site the conformational change brings ADP and phosphate close
enough together to undergo condensation and expel a proton and a hydroxyl ion.

* At the third site the conformational change causes expulsion of ATP from the
site, leaving it free to accept ADP and phosphate at the next part-turn.

At any time, one site is binding ADP and phosphate, one is undergoing condensation
and the third is expelling ATP. If ADP is not available to bind, then rotation cannot
occur — and if rotation cannot occur, then protons cannot flow through the stalk from
the crista space into the matrix.

3.3.1.4 The coupling of electron transport, oxidative phosphorylation
and fuel oxidation

The processes of oxidation of reduced coenzymes and the phosphorylation of ADP to
ATP are normally tightly coupled:

* ADP phosphorylation cannot occur unless there is a proton gradient across the
crista membrane resulting from the oxidation of NADH or reduced flavins.

* Ifthere is little or no ADP available, the oxidation of NADH and reduced flavins
is inhibited, because the protons cannot cross the stalk of the primary particle,
and so the proton gradient becomes large enough to inhibit further transport of
protons into the crista space. Indeed, experimentally it is possible to force reverse
electron transport and reduction of NAD™ and flavins by creating a proton gradient
across the crista membrane.

Metabolic fuels can only be oxidized when NAD™ and oxidized flavoproteins are
available. Therefore, if there is little or no ADP available in the mitochondria (i.e. it
has all been phosphorylated to ATP), there will be an accumulation of reduced
coenzymes, and hence a slowing of the rate of oxidation of metabolic fuels. This
means that substrates are only oxidized when there is a need for the phosphorylation
of ADP to ATP and ADP is available. The availability of ADP is dependent on the
utilization of ATP in performing physical and chemical work, as shown in Figure 3.2.

It is possible to uncouple electron transport and ADP phosphorylation by adding
a weak acid, such as dinitrophenol, that transports protons across the crista membrane.
As shown in Figure 3.24, in the presence of such an uncoupler, the protons extruded
during electron transport do not accumulate in the crista space but are transported
into the mitochondrial matrix, where they react with hydroxyl ions, forming water.
Under these conditions, ADP is not phosphorylated to ATP, and the oxidation of
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FIGURE 3.24 Uncoupling of electron transport and oxidative phosphorylation by a weak acid such as
2,4-dinitrophenol.

NADH and reduced flavins can continue unimpeded until all the available substrate
or oxygen has been consumed. Figure 3.25 shows the oxygen electrode trace in the
presence of an uncoupler.

The result of uncoupling electron transport from the phosphorylation of ADP is
that a great deal of substrate is oxidized, with little production of ATP, although heat
is produced. This is one of the physiological mechanisms for heat production to maintain
body temperature without performing physical work — non-shivering thermogenesis.
There are a number of proteins in the mitochondria of various tissues that act as
proton transporters across the crista membrane when they are activated.

The first such uncoupling protein to be identified was in brown adipose tissue, and
was called thermogenin because of its role in thermogenesis. Brown adipose tissue is
anatomically and functionally distinct from the white adipose tissue that is the main
site of fat storage in the body. It has a red—brown colour because it is especially rich in
mitochondria. Brown adipose tissue is especially important in the maintenance of
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FIGURE 3.25 Oxygen consumption by mitochondria incubated with malate and ADP, with and without
an uncoupler.
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body temperature in infants, but it remains active in adults, although its importance
compared with uncoupling proteins in muscle and other tissues is unclear.

In addition to maintenance of body temperature, uncoupling proteins are important
in overall energy balance and body weight (section 5.2). It was noted in section 1.3.2
that the hormone leptin secreted by (white) adipose tissue increases expression of
uncoupling proteins in muscle and adipose tissue, so increasing energy expenditure
and the utilization of adipose tissue fat reserves.

3.3.1.5 Respiratory poisons

Much of our knowledge of the processes involved in electron transport and oxidative
phosphorylation has come from studies using inhibitors. Figure 3.26 shows the oxygen
electrode traces from mitochondria incubated with malate and an inhibitor of electron
transport, with or without the addition of dinitrophenol as an uncoupler. Inhibitors
of electron transport include:

1 Rotenone, the active ingredient of derris powder, an insecticide prepared from
the roots of the leguminous plant Lonchocarpus nicou. It is an inhibitor of complex
I (NADH — ubiquinone reduction). The same effect is seen in the presence of
amytal (amobarbital), a barbiturate sedative drug, which again inhibits complex
I. These two compounds inhibit oxidation of malate, which requires complex I,
but not succinate, which reduces ubiquinone directly. The addition of the uncoupler
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FIGURE 3.26 Oxygen consumption by mitochondria incubated with malate and ADP, plus an inbibitor
of electron transport, with and without an uncoupler.

has no effect on malate oxidation in the presence of these two inhibitors of electron
transport, but leads to uncontrolled oxidation of succinate.

2 Antimycin A, an antibiotic produced by Streptomyces spp. that is used as a fungicide
against fungi that are parasitic on rice. It inhibits complex III (ubiquinone —
cytochrome ¢ reduction). It inhibits the oxidation of both malate and succinate,
as both require complex III, and the addition of the uncoupler has no effect.

3 Cyanide, azide or carbon monoxide, all of which bind irreversibly to the iron of
cytochrome a,, and thus inhibit complex IV. Again these compounds inhibit
oxidation of malate and succinate, as both rely on cytochrome oxidase, and again
the addition of the uncoupler has no effect.

Figure 3.27 shows the oxygen electrode traces from mitochondria incubated with
malate and an inhibitor of ATP synthesis, with or without the addition of dinitrophenol
as an uncoupler. Oligomycin is a therapeutically useless antibiotic produced by
Streptomyces spp. that inhibits the transport of protons across the stalk of the primary
particle. This results in inhibition of oxidation of both malate and succinate, because,
if the protons cannot be transported back into the matrix, they will accumulate and
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FIGURE 3.27 Oxygen consumption by mitochondria incubated with malate and ADE plus an inhibitor
of ATP synthesis such as oligomycin, with and without an uncoupler.

inhibit further electron transport. In this case, addition of the uncoupler permits re-
entry of protons across the crista membrane, and hence uncontrolled oxidation of
substrates.

Two further compounds also inhibit ATP synthesis not by inhibiting the ATP
synthase, but by inhibiting the transport of ADP into, and ATP out of, the
mitochondria:

1 Atractyloside is a toxic glycoside from the rhizomes of the Mediterranean thistle
Atractylis gummifera; it competes with ADP for binding to the carrier.

2 Bongkrekic acid is a toxic antibiotic formed by Pseudomonas cocovenenans growing
on coconut; it is named after bongkrek, an Indonesian mould-fermented coconut
product that becomes highly toxic when Psexdomonas outgrows the mould. It
fixes the carrier protein at the inner face of the membrane, so that ATP cannot be
transported out, nor ADP in.

Both compounds thus inhibit ATP synthesis, and therefore the oxidation of
substrates. However, as with oligomycin (see Figure 3.27), addition of an uncoupler
permits rapid and complete utilization of oxygen, as electron transport can now
continue uncontrolled by the availability of ADP
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Additional resources

PowerPoint presentation 3 on the CD.
Self-assessment quiz 3 on the CD.

The simulation program Oxygen Electrode on the CD permits you to petform
experiments on mitochondria incubated with malate or succinate, using varying
concentrations of ADP, with and without inhibitors of electron transport, oligomycin
and an uncoupler.

PROBLEM 3. 1: Dinztrophenol as a slimming agent

Dinitrophenol was at one time used as a slimming agent. Explain how it acted, and
describe what you would expect to observe in a person who had consumed a modest
(non-toxic) amount of dinitrophenol.

PROBLEM 3.2: ATP in working muscle

Table 3.1 shows the concentrations of ATP, ADP, creatine phosphate and creatine in
rat gastrocnemius muscle (1) at rest and (2) after electrical stimulation (causing
contraction) for 3 minutes. What conclusions can you draw from these results?

Table 3.1 ATP, ADP and creatine phosphate in muscle (Wmol/g)

At rest After stimulation
ATP 5.00 4.90
ADP 0.01 0.1
Creatine phosphate 17.00 .00

Creatine 0.10 16.10




CHAPTER

Digestion and absorption

The major components of the diet are starches, sugars, fats and proteins. These have
to be hydrolysed to their constituent smaller molecules for absorption and metabolism.
Starches and sugars are absorbed as monosaccharides; fats are absorbed as free fatty
acids and glycerol (plus a small amount of intact triacylglycerol); proteins are absorbed
as their constituent amino acids and small peptides.

The fat-soluble vitamins (A, D, E and K) are absorbed dissolved in dietary lipids;
there are active transport systems (section 3.2.2) in the small intestinal mucosa for
the absorption of the water-soluble vitamins. The absorption of vitamin B, (section
11.10.1) requires a specific binding protein that is secreted in the gastric juice in
order to bind to the mucosal transport system.

Minerals generally enter the intestinal mucosal cells by carrier-mediated diffusion
and are accumulated intracellularly by binding to specific binding proteins (section
3.2.2.1). They are then transferred into the bloodstream by active transport
mechanisms at the serosal side of the epithelial cells, usually onto plasma binding
proteins. The absorption of calcium is discussed in section 11.15.3.1, and that of iron
in section 4.5.1.

Objectives
After reading this chapter you should be able to:

* describe the major functions of each region of the gastrointestinal tract;
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® describe and explain the classification of carbohydrates according to their chemical
and nutritional properties and explain what is meant by the glycaemic index;

® describe and explain the digestion and absorption of carbohydrates;

* describe and explain the classification of dietary lipids and the different types of
fatty acid;

® describe and explain the digestion and absorption of lipids, the role of bile salts
and the formation of chylomicrons;

® describe and explain the classification of amino acids according to their chemical
and nutritional properties;

* describe the levels of protein structure and explain what is meant by denaturation;

* describe and explain the digestion and absorption of proteins;

* describe the absorption of minerals, especially iron.

A. 1 The gastrointestinal tract

The gastrointestinal tract is shown in Figure 4.1. The major functions of each region
are:

* Mouth
— starch hydrolysis catalysed by amylase, secreted by the salivary glands;
—  fat hydrolysis catalysed by lingual lipase, secreted by the tongue;
— absorption of small amounts of vitamin C and a variety of non-nutrients
(including nicotine).
* Stomach
— denaturation of dietary proteins (section 4.4.2) and the release of vitamin
B ,, iron and other minerals from protein binding, for which gastric acid is
important;
— protein hydrolysis catalysed by pepsin;
—  fat hydrolysis catalysed by lipase.
—  secretion of intrinsic factor, required for the absorption of vitamin B, , (section
11.10.1).
*  Small intestine (duodenum, jejunum and ileum)
— starch hydrolysis catalysed by amylase secreted by the pancreas;
—  hydrolysis of disaccharides within the brush border of the intestinal mucosa;
—  fat hydrolysis catalysed by lipase secreted by the pancreas;
— protein hydrolysis catalysed by a variety of exo- and endopeptidases (section
4.4.3) secreted by the pancreas and small intestinal mucosa;
—  hydrolysis of di- and tripeptides within the brush border of the intestinal
mucosa;
— absorption of the products of digestion;
— absorption of water (failure of water absorption, as in diarrhoea, can lead to
serious dehydration).
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FIGURE 4.1 The gastrointestinal tract.

* Large intestine (caecum and colon)
—  bacterial metabolism of undigested carbohydrates and shed intestinal mucosal
cells;
— absorption of some of the products of bacterial metabolism;
— absorption of water.
* Rectum
— storage of undigested gut contents prior to evacuation as faeces;

Throughout the gastrointestinal tract, and especially in the small intestine, the
surface area of the mucosa is considerably greater than would appear from its superficial
appearance. As shown in the inset in Figure 4.1, the intestinal mucosa is folded
longitudinally into the lumen. The surface of these folds is covered with villi: finger-
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like projections into the lumen, some 0.5—1.5 mm long. There are some 20— 40 villi
per mm?, giving a total absorptive surface area of some 300 m? in the small intestine.

As shown in Figure 4.2, each villus has both blood capillaries, which drain into the
hepatic portal vein, and a lacteal, which drains into the lymphatic system. Water-
soluble products of digestion (carbohydrates and amino acids) are absorbed into the
blood capillaries, and the liver has a major role in controlling the availability of the
products of carbohydrate and protein digestion to other tissues in the body. As discussed
in section 4.3.3.2, lipids are absorbed into the lacteals; the lymphatic system joins the
bloodstream at the thoracic duct, and extrahepatic tissues are exposed to the products
of lipid digestion uncontrolled by the liver, which functions to clear the remnants
from the circulation.

There is rapid turnover of the cells of the intestinal mucosa; epithelial cells proliferate
in the crypts, alongside the cells that secrete digestive enzymes, and migrate to the
tip of the villus, where they are shed into the lumen. The average life of an intestinal
mucosal epithelial cell is about 48 hours. As discussed in section 4.5, this rapid turnover
of epithelial cells is important in controlling the absorption of iron, and possible other
minerals.

The rapid turnover of intestinal mucosal cells is also important for protection of
the intestine against the digestive enzymes secreted into the lumen. Further protection
is afforded by the secretion of mucus, a solution of proteins that are resistant to enzymic

cells shed at tip of villus

absorptive
enterocyte

mucus secreting
goblet cell

lacteal

....... » lymphatic drainage
""" » venous drainage

arterial blood supply

FIGURE 4.2 An intestinal villus.
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hydrolysis and which coats the intestinal mucosa. The secretion of intestinal mucus
explains a considerable part of an adult’s continuing requirement for dietary protein
(section 9.1.2).

4.2 Digestion and absorption of carbobydrates

Carbohydrates are compounds of carbon, hydrogen and oxygen in the ratio C :H, :O .
The basic unit of the carbohydrates is the sugar molecule or monosaccharide. Note
that sugar is used here in a chemical sense, and includes a variety of simple
carbohydrates that are collectively known as sugars. Ordinary table sugar (cane sugar
or beet sugar) is correctly known as sucrose; as discussed in section 4.2.1.3, it is a
disaccharide. It is just one of a number of different sugars found in the diet.

4.2.1 THE CLASSIFICATION OF CARBOHYDRATES

Dietary carbohydrates can be considered in two main groups: sugars and
polysaccharides. As shown in Figure 4.3, the polysaccharides can be further subdivided
into starches and non-starch polysaccharides.

The simplest type of sugar is a monosaccharide — a single sugar unit (section 4.2.1.1).
Monosaccharides normally consist of between three and seven carbon atoms (and the
corresponding number of hydrogen and oxygen atoms). A few larger monosaccharides
also occur, although they are not important in nutrition and metabolism.

Disaccharides (section 4.2.1.3) are formed by condensation between two
monosaccharides to form a glycoside bond. The reverse reaction, cleavage of the
glycoside bond to release the individual monosaccharides, is a hydrolysis.

Oligosaccharides consist of three or four monosaccharide units (trisaccharides and
tetrasaccharides), and occasionally more, linked by glycoside bonds. Nutritionally,
they are not particularly important, and indeed they are generally not digested,
although they may be fermented by intestinal bacteria and make a significant
contribution to the production of intestinal gas.

Nutritionally, it is useful to consider sugars (both monosaccharides and disaccharides)
in two groups:

® Sugars contained within plant cell walls in foods. These are known as intrinsic
sugars.

® Sugars that are in free solution in foods, and therefore provide a substrate for oral
bacteria, leading to the formation of dental plaque and caries. These are known
as extrinsic sugars. As discussed in section 7.3.3.1, it is considered desirable to
reduce the consumption of extrinsic sugars because excessive amounts are associated
with dental decay as well as obesity (section 6.3) and possibly also an increased
risk of developing diabetes mellitus (section 10.7).
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FIGURE 4.3 Nutritional classification of carbohydrates.

A complication in the classification of sugars as intrinsic (which are considered
desirable in the diet) and extrinsic (which are considered undesirable in the diet) is
that lactose (section 4.2.1.3) occurs in free solution in milk, and hence is an extrinsic
sugar. However, lactose is not a cause of dental decay, and milk is an important source
of calcium (section 11.15.1), protein (see Chapter 9) and vitamin B, (section 11.7). It
is not considered desirable to reduce intakes of milk, which is the only significant
source of lactose, and extrinsic sugars are further subdivided into milk sugar and non-
milk extrinsic sugars.

Polysaccharides are polymers of many hundreds of monosaccharide units, again
linked by glycoside bonds. The most important are starch and glycogen (section
4.2.1.5), both of which are polymers of the monosaccharide glucose. There are also a
number of other polysaccharides, composed of other monosaccharides or of glucose
units linked differently from the linkages in starch and glycogen. Collectively these
are known as non-starch polysaccharides. They are generally not digested but have
important roles in nutrition (section 4.2.1.6).

4.2.1.1 Monosaccharides

The classes of monosaccharides are named by the number of carbon atoms in the
ring, using the Greek names for the numbers, with the ending ‘-ose’ to show that
they are sugars. The names of all sugars end in ‘-ose’.

*  Four-carbon monosaccharides are tetroses.
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* Five-carbon monosaccharides are pentoses.
* Six-carbon monosaccharides are hexoses.
* Seven-carbon monosaccharides are heptoses.

In general, trioses, tetroses and heptoses are important as intermediate compounds
in the metabolism of pentoses and hexoses. Hexoses are the nutritionally important
sugars.

The pentoses and hexoses can either exist as straight-chain compounds or can form
heterocyclic rings, as shown in Figure 4.4. By convention, the ring of sugars is drawn
with the bonds of one side thicker than on the other. This is to show that the rings are
planar and can be considered to lie at right angles to the plane of the paper. The
boldly drawn part of the molecule is then coming out of the paper, while the lightly

HC=0 HC=0 CH,OH
HE—oH H(|3——OH t—o
HO—&H HO—CH HO—CH
Hé—OH HO—(|3H HE—oH
Hé—on H C|3—OH HE—oH
(|3H20H CI:HZOH J:HZOH
® CH,OH CH,OH 6
5 HO o CHOH)  'CH,0H
4,/ OH OH 5 HO 2
2 4
H H H
g|ugose OH galactose OH H frusctose
CH,OH HC=0 HC=0
HC—OH HE—OH HEH
Ho_(I;H H&)—OH H&I—OH
HE_oH HE—oH HE—oH
HE_oH (IJHZOH &HZOH
o HOCH, o OH HOCH, o  OH
sorbitol

FIGURE 4.4 The nutritionally important monosaccharides.
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drawn part is going behind the paper. The hydroxyl groups lie above or below the
plane of the ring, in the plane of the paper. Each carbon has a hydrogen atom attached
as well as a hydroxyl group. For convenience in drawing the structures of sugars, this
hydrogen is generally omitted when the structures are drawn as rings.

The nutritionally important hexoses are glucose, galactose and fructose. Glucose
and galactose differ from each other only in the arrangement of one hydroxyl group
above or below the plane of the ring. Fructose differs from glucose and galactose in
that it has a C=0 (keto) group at carbon 2, whereas the other two have an H-C=0
(aldehyde) group at carbon 1.

There are two important pentose sugars, ribose and deoxyribose. Deoxyribose is
unusual, in that it has lost one of its hydroxyl groups. The main role of ribose and
deoxyribose is in the nucleotides (see Figure 3.1) and the nucleic acids: RNA, in
which the sugar is ribose (section 9.2.2), and DNA, in which the sugar is deoxyribose
(section 9.2.1). Although pentoses do occur in the diet, they are also readily synthesized
from glucose (section 5.4.2)

4.2.1.2 Sugar alcohols

Sugar alcohols are formed by the reduction of the aldehyde group of a monosaccharide
to a hydroxyl (-=OH) group. The most important of these is sorbitol, formed by the
reduction of glucose. It is absorbed from the intestinal tract and metabolized only
slowly, so that it has very much less effect on the concentration of glucose in the
bloodstream than other carbohydrates. Because of this, it is widely used in preparation
of foods suitable for use by diabetics, as it tastes sweet and can replace sucrose and
other sugars in food manufacture. However, sorbitol is metabolized as a metabolic
fuel, with an energy yield approximately half that of glucose, because it is poorly
absorbed, so that it is not suitable for the replacement of carbohydrates in weight-
reducing diets.

Xylitol is the sugar alcohol formed by reduction of the five-carbon sugar xylose, an
isomer of ribose. It is of interest because, so far from promoting dental caries, as does
sucrose (section 7.3.3.1), xylitol has an anti-cariogenic action. The reasons for this are
not well understood, but sucking sweets made from xylitol results in a significant
reduction in the incidence of caries — such sweets are sometimes called ‘tooth-friendly’
because of this.

4.2.1.3 Disaccharides

The major dietary disaccharides, shown in Figure 4.5, are:

® sucrose, cane or beet sugar, which is glucosyl-fructose;

* lactose, the sugar of milk, which is galactosyl-glucose;

* maltose, the sugar originally isolated from malt, which is is glucosyl-glucose;
* isomaltose, which is glucosyl-glucose linked 1—6;
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FIGURE 4.5 The nutritionally important disaccharides.

* trehalose, the sugar found especially in mushrooms, but also as the blood sugar of
some insects, which is glucosyl-glucoside.

Both maltose and isomaltose arise from the digestion of starch.

4.2.1.4 Reducing and non-reducing sugars

Chemically, the aldehyde group of glucose is a reducing agent. As shown in Figure
4.6, this provides a simple test for glucose in urine. Glucose reacts with copper (Cu**)
ions in alkaline solution, reducing them to Cu™ oxide, and itself being oxidized. The
original solution of Cu?* ions has a blue colour; the copper oxide forms a yellow—
brown precipitate.

This reaction is not specific for glucose. Other sugars with a free aldehyde group at
carbon-1, including vitamin C (section 11.14) and a number of pentose sugars that
occur in foods, can undergo the same reaction, giving a false-positive result.
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FIGURE 4.6 Measurement of glucose using alkaline copper reagents and glucose oxidase.

While alkaline copper reagents are sometimes used to measure urine glucose in
monitoring diabetic control (section 10.7), a test using the enzyme glucose oxidase
measures only glucose. As shown in Figure 4.6, glucose oxidase reduces oxygen to
hydrogen peroxide; in turn, this reacts with a colourless compound to yield a coloured
dyestuff that can readily be measured. High concentrations of vitamin C (section
11.14), as may occur in the urine of people taking supplements of the vitamin, can
react with hydrogen peroxide before it oxidizes the colourless precursor, or can reduce
the dyestuff back to its colourless form. This means that tests using glucose oxidase
can yield a false-negative result in the presence of high concentrations of vitamin C
(see Problem 4.1 at the end of this chapter).

It is important to realize that the term ‘reducing sugars’ reflects a chemical reaction
of the sugars — the ability to reduce a suitable acceptor such as copper ions. It has
nothing to do with weight reduction and slimming, although some people erroneously
believe that reducing sugars somehow help one to reduce excessive weight. This is
not correct — the energy yield from reducing sugars and non-reducing sugars is exactly
the same, and excess of either will contribute to obesity.

4.2.1.5 Polysaccharides: starches and glycogen

Starch is a polymer of glucose, containing a large, but variable, number of glucose
units. It is thus impossible to quote a relative molecular mass for starch, or to discuss
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amounts of starch in terms of moles. It can, however, be hydrolysed to glucose, and
the result expressed as moles of glucose.

The simplest type of starch is amylose, a straight chain of glucose molecules, with
glycoside links between carbon-1 of one glucose unit and carbon-4 of the next. Some
types of starch have a branched structure, in which every 30th glucose molecule has
glycoside links to three others instead of just two. The branch is formed by linkage
between carbon-1 of one glucose unit and carbon-6 of the next, as shown in Figure
4.7. This is amylopectin.

Starches are the storage carbohydrates of plants, and the relative amounts of amylose
and amylopectin differ in starches from different sources, as indeed does the size of
the overall starch molecule. On average, about 20-25% of starch in foods is amylose,
and the remaining 75-80% is amylopectin.
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FIGURE 4.7 The branched structure of starch and glycogen.
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Glycogen is the storage carbohydrate of mammalian muscle and liver. It is
synthesized from glucose in the fed state (section 5.6.3), and its constituent glucose
units are used as a metabolic fuel in the fasting state. Glycogen is a branched polymer,
with essentially the same structure as amylopectin, except that it is more highly
branched, with a 1—-6 bond about every 10th glucose.

4.2.1.6 Non-starch polysaccharides (dietary fibre)

There are a number of other polysaccharides in foods. Collectively they are known as
non-starch polysaccharides, the major components of dietary fibre (section 7.3.3.2).
Non-starch polysaccharides are not digested by human enzymes, although all can be
fermented to some extent by intestinal bacteria, and the products of bacterial
fermentation may be absorbed and metabolized as metabolic fuels. The major non-
starch polysaccharides (shown in Figure 4.8) are:

* cellulose, a polymer of glucose in which the configuration of the glycoside bond
between the glucose units is in the opposite configuration (B1—4) from that in
starch (001 —=4) and cannot be hydrolysed by human enzymes;

* hemicelluloses, branched polymers of pentose (five-carbon) and hexose (six-carbon)
sugars;

* inulin, a polymer of fructose that is the storage carbohydrate of Jerusalem artichoke
and some other root vegetables;

® pectin, a complex polymer of a variety of monosaccharides, including some
methylated sugars;

* plant gums such as gum Arabic, gum tragacanth, acacia, carob and guar gums —
complex polymers of mixed monosaccharides;

* mucilages such as alginates, agar and carrageen, complex polymers of mixed
monosaccharides found in seaweeds and other algae.

Cellulose, hemicelluloses and inulin are insoluble non-starch polysaccharides,
whereas pectin and the plant gums and mucilages are soluble. The other major
constituent of dietary fibre, lignin, is not a carbohydrate at all but a complex polymer
of a variety of aromatic alcohols.

4.2.2 CARBOHYDRATE DIGESTION AND ABSORPTION

The digestion of carbohydrates is by hydrolysis to liberate small oligosaccharides,
then free mono- and disaccharides. The extent and speed with which a carbohydrate
is hydrolysed and the resultant monosaccharides absorbed is measured as the glycaemic
index — the increase in blood glucose after a test dose of the carbohydrate compared
with that after an equivalent amount of glucose.

Glucose and galactose have a glycaemic index of 1, as do lactose, maltose, isomaltose
and trehalose, which give rise to these monosaccharides on hydrolysis. However, because
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plant cell walls are largely cellulose, which is not digested, intrinsic sugars in fruits
and vegetables have a lower glycaemic index. Other monosaccharides (e.g. fructose)
and the sugar alcohols are absorbed less rapidly (section 4.4.2.3) and have a lower
glycaemic index, as does sucrose, which yields glucose and fructose on hydrolysis. As
discussed in section 4.4.2.1, the glycaemic index of starch is variable, and that of non-
starch polysaccharides is zero.

Carbohydrates with a high glycaemic index lead to a greater secretion of insulin
after a meal than do those with a lower glycaemic index; this results in increased
synthesis of fatty acids and triacylglycerol (section 5.6.1), and is therefore a factor in
the development of obesity (see Chapter 6). There is also some evidence that habitual
consumption of carbohydrates with a high glycaemic index may be a factor in the
development of non-insulin-dependent diabetes (section 10.7).

4.2.2.1 Starch digestion

The enzymes that catalyse the hydrolysis of starch are amylases, which are secreted in
both the saliva and the pancreatic juice. (Salivary amylase is sometimes known by its
old name of ptyalin.) Both salivary and pancreatic amylases catalyse random hydrolysis
of glycoside bonds, yielding initially dextrins and other oligosaccharides, then a mixture
of glucose, maltose and isomaltose (from the branch points in amylopectin).

The digestion of starch begins when food is chewed, and continues for a time in the
stomach. As discussed in section 1.3.3.1, hydrolysis of starch to sweet sugars in the
mouth may be a factor in determining food and nutrient intake.

The gastric juice is very acid (about pH 1.5-2), and amylase is inactive at this pH;
as the food bolus is mixed with gastric juice, so starch digestion ceases. When the
food leaves the stomach and enters the small intestine, it is neutralized by the alkaline
pancreatic juice (pH 8.8) and bile (pH 8). Amylase secreted by the pancreas continues
the digestion of starch begun by salivary amylase.

Starches can be classified as:

* rapidly hydrolysed, with a glycaemic index near 1 — these are more or less
completely hydrolysed in the small intestine;

* slowly hydrolysed, with a glycaemic index significantly less than 1, so that a
significant proportion remains in the gut lumen and is a substrate for bacterial
fermentation in the colon;

* resistant to hydrolysis, with a glycaemic index near to zero, so that most remains
in the gut lumen and is a substrate for bacterial fermentation in the colon.

A proportion of the starch in foods is still enclosed by plant cell walls, which are
mainly composed of cellulose. Cellulose is not digested by human enzymes, and
therefore this starch is protected against digestion. Similarly, intrinsic sugars (section
4.4.2.1) have a lower glycaemic index than would be expected, because they are within
intact cells.
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Uncooked starch is resistant to amylase action, because it is present as small insoluble
granules. The process of cooking swells the starch granules, resulting in a gel on
which amylase can act. However, as cooked starch cools, a proportion undergoes
crystallization to a form that is again resistant to amylase action — this is part of the
process of staling of starchy foods.

Much of the resistant and slowly hydrolysed starch is fermented by bacteria in the
colon, and a proportion of the products of bacterial metabolism, including short-
chain fatty acids, may be absorbed and metabolized. As discussed in section 7.3.3.2,
butyrate produced by bacterial fermentation of resistant starch and non-starch
polysaccharides has an antiproliferative action against tumour cells in culture, and
may provide protection against the development of colorectal cancer.

4.2.2.2 Digestion of disaccharides

The enzymes that catalyse the hydrolysis of disaccharides (the disaccharidases) are
located on the brush border of the intestinal mucosal cells; the resultant
monosaccharides return to the lumen of the small intestine, and are absorbed together
with dietary monosaccharides and glucose arising from the digestion of starch (section
4.2.2.1). There are four disaccharidases:

* Maltase catalyses the hydrolysis of maltose to two molecules of glucose.

*  Sucrase—isomaltase is a bifunctional enzyme that catalyses the hydrolysis of sucrose
to glucose and fructose, and of isomaltose to two molecules of glucose.

* Lactase catalyses the hydrolysis of lactose to glucose and galactose.

* Trehalase catalyses the hydrolysis of trehalose to two molecules of glucose.

Deficiency of the enzyme lactase is common. Indeed, it is only in people of north
European origin that lactase persists after childhood. In most other people, and in a
number of Europeans, lactase is gradually lost through adolescence — alactasia (see
Problem 4.2). In the absence of lactase, lactose cannot be absorbed. It remains in the
intestinal lumen, where it is a substrate for bacterial fermentation to lactate (section
5.4.1.2). This results in a considerable increase in the osmolality of the gut contents,
as 1 mol of lactose yields 4 mol of lactate and 4 mol of protons. In addition, bacterial
fermentation produces carbon dioxide, methane and hydrogen, and the result of
consuming a moderate amount of lactose is an explosive watery diarrhoea and severe
abdominal pain. Even the relatively small amounts of lactose in milk may upset people
with a complete deficiency of lactase. Such people can normally tolerate yoghurt and
other fermented milk products, as much of the lactose has been converted to lactic
acid. Fortunately for people who suffer from alactasia, milk is the only significant
source of lactose in the diet, so it is relatively easy to avoid consuming lactose.

Rarely, people may lack sucrase—isomaltase, maltase and/or trehalase. This may be
either a genetic lack of the enzyme or an acquired loss as a result of intestinal infection,
when all four disaccharidases are lost. These people are intolerant of the sugar(s) that
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cannot be hydrolysed and suffer in the same way as alactasic subjects given lactose. It
is relatively easy to avoid maltose and trehalose, as there are few sources in the diet.
People who lack sucrase have a more serious problem because, as well as the obvious
sugar in cakes and biscuits and jams, many manufactured foods contain added sucrose.

Genetic lack of sucrase—isomaltase is very common among the Inuit of North
America. On their traditional diet this caused no problems, as they had no significant
sources of sucrose or isomaltose. With the adoption of a more Western diet, sucrose-
induced diarrhoea has become a significant cause of undernutrition among infants

and children.

4.2.2.3 The absorption of monosaccharides

As shown in Figure 4.9, there are two separate mechanisms for the absorption of
monosaccharides in the small intestine.

Glucose and galactose are absorbed by a sodium-dependent active process (section
3.2.2.3). The sodium pump and the sodium/potassium ATPase create a sodium
gradient across the membrane; the sodium ions then re-enter the cell together with
glucose or galactose. These two monosaccharides are carried by the same transport
protein, and compete with each other for intestinal absorption.

Other monosaccharides are absorbed by carrier-mediated diffusion; there are at
least three distinct carrier proteins: one for fructose, one for other monosaccharides
and one for sugar alcohols. Because they are not actively transported, fructose and
sugar alcohols are absorbed only to a limited extent, and after a moderately high
intake a significant amount will avoid absorption and remain in the intestinal lumen,
acting as a substrate for colon bacteria and, like unabsorbed disaccharides in people
with disaccharidase deficiency, causing abdominal pain and diarrhoea.

4.3 Digestion and absorption of fats

The major fats in the diet are triacylglycerols and, to a lesser extent, phospholipids.
These are hydrophobic molecules and have to be emulsified to very small droplets
(micelles; section 4.3.2.2) before they can be absorbed. This emulsification is achieved
by hydrolysis to monoacyl- and diacylglycerols and free fatty acids, and also by the
action of the bile salts (section 4.3.2.1).

4.3.1 THE CLASSIFICATION OF DIETARY LIPIDS

Four groups of compounds that are metabolically important can be considered under
the heading of lipids:

® Triacylglycerols (sometimes also known as triglycerides), in which glycerol is
esterified to three fatty acids (Figure 4.10). These are the oils and fats of the diet,
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FIGURE 4.9 The hydrolysis of disaccharides and absorption of monosaccharides.

which provide between 30% and 45% of average energy intake (section 7.3.2).
The difference between oils and fats is that oils are liquid at room temperature,
whereas fats are solid.

*  Phospholipids, in which glycerol is esterified to two fatty acids, with a phosphate
and a hydrophilic group esterified to carbon-3 (section 4.3.1.2). Phospholipids
are major constituents of cell membranes.

* Steroids, including cholesterol and a variety of plant sterols and stanols (section
7.5.1) and extremely small amounts of steroid hormones (section 10.4). Chemically
these are completely different from triacylglycerols and phospholipids, and are
not a source of metabolic fuel.

* A variety of other compounds, including vitamin A and carotenes (section 11.2),
vitamin D (section 11.3), vitamin E (section 11.4) and vitamin K (section 11.5).
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FIGURE 4.10 The structure of triacylglycerol and types of fatty acids.

They are absorbed in lipid micelles (section 4.3.2.2), and adequate absorption
depends on an adequate intake of fat.

4.3.1.1 Fatty acids

There are a number of different fatty acids, differing in both the length of the carbon
chain and whether or not they have one or more double bonds (-CH=CH-) in the
chain (see Figure 4.10). Those with no double bonds are saturated fatty acids — the
carbon chain is completely saturated with hydrogen. Those with double bonds are
unsaturated fatty acids — the carbon chain is not completely saturated with hydrogen.
Fatty acids with one double bond are known as monounsaturated, whereas those
with two or more double bonds are known as polyunsaturated.

Although it is the fatty acids that are saturated or unsaturated, it is common to
discuss saturated and unsaturated fats. Although is not really correct, it is a useful
shorthand, reflecting the fact that fats from different sources contain a greater or
lesser proportion of saturated and unsaturated fatty acids.

As shown in Table 4.1, there are three different ways of naming the fatty acids:

* Many have trivial names, often derived from the source from which they were
originally isolated — thus oleic acid was first isolated from olive oil, stearic acid
from beef tallow, palmitic acid from palm oil, linoleic and linolenic acids from
linseed oil.
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Carbon Double bonds
atoms Number First Shorthand
Saturated
Butyric 4 0 - C4:0
Caproic 6 0 - C6:0
Caprylic 8 0 - C8:0
Capric 10 0 - clo0
Lauric 12 0 - Cl20
Myristic 14 0 - Cl4.0
Palmitic 16 0 - Cleéo
Stearic 18 0 - Cl18:0
Arachidic 20 0 - C20:.0
Behenic 22 0 - C22:0
Lignoceric 24 0 - C24:.0
Monounsaturated
Palmitoleic 16 | 6 Clé:l wb
Oleic 18 I 9 Cl8:1 ®9
Cetoleic 22 I [l C22:1 ol
Nervonic 24 | 9 C24:1 @9
Polyunsaturated
Linoleic 18 2 6 Cl182 w6
a-Linolenic 18 3 3 Cl8:3 o3
v-Linolenic 18 3 6 Cl83 wb
Arachidonic 20 4 6 C20:4 w6
Eicosapentaenoic 20 5 3 C20:5 o3
Docosatetraenoic 22 4 6 C22:4 wb
Docosapentaenoic =~ 22 5 3 C22:5 3
Docosapentaenoic =~ 22 5 6 C22:5 w6
Docosahexaenoic 22 6 3 C22:6 ®3

All have systematic chemical names, based on the number of carbon atoms in the
chain and the number and position of double bonds (if any).
A shorthand notation shows the number of carbon atoms in the molecule, followed
by a colon and the number of double bonds. The position of the first double bond
from the methyl group of the fatty acid is shown by n- or ®- (the ®-carbon is the
furthest from the Ol-carbon, which is the one to which the carboxyl group is
attached; ® (omega) is the last letter of the Greek alphabet).

In the nutritionally important unsaturated fatty acids, the carbon—carbon double
bonds are in the cZs-configuration (see Figure 2.5). The frans-isomers of unsaturated
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fatty acids do occur in foods to some extent, but they do not have the desirable biological
actions of the czs-isomers, and indeed there is some evidence that trans-fatty acids may
have adverse effects. As discussed in section 7.3.2.1, it is recommended that the
consumption of frans-unsaturated fatty acids should not increase above the present
average 2% of energy intake.

Polyunsaturated fatty acids have two main functions in the body:

* as major constituents of the phospholipids in cell membranes (section 4.3.1.2);

® as precursors for the synthesis of a group of compounds known as eicosanoids,
including prostaglandins, prostacyclins and thromboxanes. These function as local
hormones (paracrine agents), being secreted by cells into the extracellular fluid
and acting on nearby cells.

The polyunsaturated fatty acids can be interconverted to a limited extent in the
body, but there is a requirement for a dietary intake of linoleic acid (C18:2 ®6) and
linolenic acid (C18:3 ®3), as these two, which can each be considered to be the precursor
of a family of related fatty acids and eicosanoids, cannot be synthesized in the body.

As discussed in section 7.3.2.1, an intake of polyunsaturated fatty acids greater
than needed to meet physiological requirements may confer benefits in terms of
lowering the plasma concentration of cholesterol and reducing the risk of atherosclerosis
and ischaemic heart disease. The requirement is less than 1% of energy intake, but it
is recommended that 6% of energy intake should come from polyunsaturated fatty
acids.

High intakes of the long-chain ®-3 polyunsaturated fatty acids (as found in fish
oils) may additionally provide protection against thrombosis, as they form the 3-
series eicosanoids, which inhibit platelet cohesiveness.

4.3.1.2 Phospholipids

Phospholipids are, as their name suggests, lipids that contain a phosphate group. As
shown in Figure 4.11, they consist of glycerol esterified to two fatty acids, one of
which (esterified to carbon-2 of glycerol) is a polyunsaturated fatty acid. The third
hydroxyl group of glycerol is esterified to phosphate. The phosphate, in turn, is esterified
to one of a variety of compounds, including the amino acid serine (section 4.4.1),
ethanolamine (which is formed from serine), choline (which is formed from
ethanolamine), inositol (section 10.3.3) or one of a variety of other compounds.

A phospholipid lacking the group esterified to the phosphate is known as a
phosphatidic acid, and the complete phospholipids are called phosphatidylserine,
phosphatidylethanolamine, phosphatidylcholine (also called lecithin), phos-
phatidylinositol, etc.

As shown in Figure 4.12, phospholipids form a lipid bilayer, with the hydrophobic
fatty acid chains inside and the hydrophilic groups outside. This is the basic structure
of cell membranes; various proteins may be embedded in the membrane at one surface
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FIGURE 4.11 The structure of phospholipids.

or the other, or may span the membrane (transmembrane proteins) as either transport
proteins (section 3.2.2) or receptors for hormones and neurotransmitters (section
10.3.1). The polyunsaturated fatty acids esterified at carbon-2 of glycerol in
phospholipids are essential for membrane fluidity; neither saturated fatty acids nor
the trans-isomers of polyunsaturated fatty acids will pack to form an adequately fluid
membrane. Other lipids, including cholesterol (section 4.4.3.1.3) and vitamin E (section
11.4), are dissolved in the hydrophobic interior of the membrane and are essential to
its function.

In addition to its structural role, phosphatidylinositol has a specialized function in
membranes, acting as the source of inositol trisphosphate and diacylglycerol, which
are produced as intracellular second messengers in response to fast-acting hormones
and neurotransmitters (section 10.3.3).

4.3.1.3 Cholesterol and the steroids

As can be seen from Figure 4.13, steroids are chemically completely different from
triacylglycerols or phospholipids. The parent compound of all the steroids in the body
is cholesterol; different steroids are then formed by replacing one or more of the
hydrogens with hydroxyl groups or oxo-groups, and in some cases by shortening the
side-chain.
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Apart from cholesterol, which is important in membrane structure and the synthesis
of bile salts (section 4.4.3.2.1), the steroids are slow-acting hormones (section 10.4).
Vitamin D (section 11.3) is a derivative of cholesterol, and can also be considered to
be a steroid hormone.

The cholesterol that is required for membrane synthesis, and the very much smaller
amount that is required for the synthesis of steroid hormones, may either be synthesized
in the body or provided by the diet; average intakes are of the order of 500 mg
(1.3 mmol)/day.

An elevated plasma concentration of cholesterol (in low-density lipoproteins) is a
risk factor for atherosclerosis and ischaemic heart disease. As discussed in section
7.3.2.1, the dietary intake of cholesterol is less important as a determinant of plasma
cholesterol than is the intake of total and saturated fat, or the intake of compounds
that inhibit the reabsorption of cholesterol secreted in bile, or the reabsorption of bile
salts themselves (section 4.3.2.1).

4.3.2 DIGESTION AND ABSORPTION
OF TRIACYLGLYCEROLS

The digestion of triacylglycerols begins with lipase secreted by the tongue; as discussed
in section 1.3.3.1, lingual lipase may be important in permitting the detection of fat
in the diet, and hence in determining food choices. It continues in the stomach, where
gastric lipase is secreted. As shown in Figure 4.14, hydrolysis of the fatty acids esterified
to carbons 1 and 3 of the triacylglycerol results in the liberation of free fatty acids and
2-monoacylglycerol. These have both hydrophobic and hydrophilic regions, and will
therefore emulsify the lipid into increasingly small droplets. Triacylglycerol hydrolysis
continues in the small intestine, catalysed by pancreatic lipase, which requires a further
pancreatic protein, colipase, for activity. Monoacylglycerols are hydrolysed to glycerol
and free fatty acids by pancreatic esterase in the intestinal lumen and intracellular
lipase within intestinal mucosal cells.

4.3.2.1 Bile salts

The final emulsification of dietary lipids into micelles (droplets that are small enough
to be absorbed across the intestinal mucosa) is achieved by the action of the bile salts.
The bile salts are synthesized from cholesterol in the liver, and secreted, together with
phospholipids and cholesterol, by the gall bladder. As shown in Figure 4.15, some 2 g
of cholesterol and 30 g of bile salts are secreted by the gall bladder each day, almost
all of which is reabsorbed, so that the total faecal output of steroids and bile salts is
0.2-1 g/day.

The primary bile salts (those synthesized in the liver) are conjugates of
chenodeoxycholic acid and cholic acid with taurine or glycine (Figure 4.16). Intestinal
bacteria catalyse deconjugation and further metabolism to yield the secondary bile
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FIGURE 4.14 Lipase and the hydrolysis of triacylglycerol.

salts, lithocholic and deoxycholic acids. These are also absorbed from the gut, and are
reconjugated in the liver and secreted in the bile.

Both cholesterol and the bile salts can be bound physically by non-starch
polysaccharide (section 4.2.1.6) in the gut lumen, so that they cannot be reabsorbed.
This is the basis of the cholesterol-lowering effect of moderately high intakes of non-
starch polysaccharide (section 7.3.3.2) — if the bile salts are not reabsorbed and
reutilized, then there will be further synthesis from cholesterol in the liver, so depleting
body cholesterol.

Under normal conditions, the concentration of cholesterol in bile, relative to that
of bile salts and phospholipids, is such that cholesterol is at or near its limit of solubility.
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FIGURE 4.16 The metabolism of bile salts.

It requires only a relatively small increase in the concentration of cholesterol in bile
for it to crystallize out, resulting in the formation of gallstones. Obesity (section 6.2.2)
and high-fat diets (especially diets high in saturated fat, which increase the synthesis
of cholesterol in the liver) are associated with a considerably increased incidence of
gallstones. Figure 4.17 shows the increased risk of developing gallstones with increasing

obesity.
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FIGURE 4.17 The incidence of gallstones with obesity {body mass index = weight (in kg)/beight (in
m)?; the desirable range is 20-25}. From data reported by Stampfer MJ et al., American Journal of
Clinical Nutrition 55: 652—658, 1992.

4.3.2.2 Lipid absorption and chylomicrons

The finely emulsified lipid micelles, containing free fatty acids with small amounts of
intact triacylglycerol, monoacylglycerol, phospholipids, cholesterol and fat-soluble
vitamins (see Chapter 11) are absorbed across the intestinal wall into the mucosal
cells. Here, fatty acids are re-esterified to form triacylglycerols (see Figure 5.28), and
are packaged together with proteins synthesized in the mucosal cells to form
chylomicrons. These are secreted into the lacteal in the centre of the villus (see Figure
4.2), and enter the lymphatic system, which drains into the bloodstream at the thoracic
duct. See section 5.6.2.1 for a discussion of the metabolism of chylomicrons and other
plasma lipoproteins.

In the fed state, in response to the action of insulin (section 10.5) lipoprotein lipase
is active at the surface of cells in adipose tissue. It catalyses the hydrolysis of
triacylglycerols in chylomicrons, and most of the resultant free fatty acid is taken up
by adipose tissue for re-esterification to triacylglycerol for storage. The chylomicron
remnants are taken up by the liver, by a process of receptor-mediated endocytosis
(section 5.6.2), and most of the residual lipid is secreted, together with triacylglycerol
synthesised in the liver, in very low-density lipoproteins (section 5.6.2.2).

4.4 Digestion and absorption of proteins

Proteins are large polymers. Unlike starch and glycogen, which are polymers of only
a single type of monomer unit (glucose), proteins consist of a variety of amino acids.
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There is an almost infinite variety of proteins, composed of different numbers of the
different amino acids (between 50 and 1,000 amino acids in a single protein molecule),
in different order. There are some 30-50,000 different proteins and polypeptides in
the human body. Each protein has a specific sequence of amino acids.

Small proteins have a relative molecular mass of about 50-100 X 10°, whereas
some of the large complex proteins have a relative molecular mass of up to 10°. In
addition to proteins, smaller polymers of amino acids, containing up to about 50
amino acids, are important in the regulation of metabolism. Collectively these are
known as polypeptides.

4.4.1 THE AMINO ACIDS

Twenty-one amino acids are involved in the synthesis of proteins, together with a
number that occur in proteins as a result of chemical modification after the protein
has been synthesized. In addition, a number of amino acids occur as metabolic
intermediates but are not involved in proteins.

Chemically the amino acids all have the same basic structure — an amino group
(-NH,) and a carboxylic acid group (-COOH) attached to the same carbon atom
(the O-carbon). As shown in Figure 4.18, what differs between the amino acids is the
nature of the other group that is attached to the Ot-carbon. In the simplest amino
acid, glycine, there are two hydrogen atoms, while in all other amino acids there is
one hydrogen atom and a side-chain, varying in chemical complexity from the simple
methyl group (-CH,) of alanine to the aromatic ring structures of phenylalanine,
tyrosine and tryptophan. Figure 4.18 does not show the structure of the 21st amino
acid, the selenium analogue of cysteine, selenocysteine (section 11.15.2.5).

The amino acids can be classified according to the chemical nature of the side-
chain, whether it is hydrophobic (on the left of Figure 4.18) or hydrophilic (on the
right of Figure 4.18), and the nature of the group:

* small hydrophobic amino acids: glycine, alanine, proline;

* branched-chain amino acids: leucine, isoleucine, valine;

* aromatic amino acids: phenylalanine, tyrosine, tryptophan;

* sulphur-containing amino acids: cysteine, methionine;

* neutral hydrophilic amino acids: serine and threonine;

* acidic amino acids: glutamic and aspartic acids (the salts of these acids are glutamate
and aspartate respectively);

* amides of the acidic amino acids: glutamine and asparagine;

* Dbasic amino acids: lysine, arginine, histidine.

4.4.2 PROTEIN STRUCTURE AND DENATURATION

Proteins are composed of linear chains of amino acids, joined by condensation of the
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carboxyl group of one with the amino group of another, to form a peptide bond
(Figure 4.19). Chains of amino acids linked in this way are known as polypeptides.

The sequence of amino acids in a protein is its primary structure. It is different for
each protein, although proteins that are closely related to each other often have similar
primary structures. The primary structure of a protein is determined by the gene
containing the information for that protein (section 9.2).

4.4.2.1 Secondary structure of proteins

Polypeptide chains fold up in a variety of ways. Two main types of chemical interaction
are responsible for this folding: hydrogen bonds between the oxygen of one peptide
bond and the nitrogen of another (Figure 4.20) and interactions between the side-
chains of the amino acids. Depending on the nature of the side-chains, different regions
of the chain may fold into one of the following patterns:

* o-Helix, in which the peptide backbone of the protein adopts a spiral (helix)
form. The hydrogen bonds are formed between peptide bonds which are near
each other in the primary sequence.

*  [B-Pleated sheet, in which regions of the polypeptide chain lie alongside one another,
forming a ‘corrugated’ or pleated surface. The hydrogen bonds are between peptide
bonds in different parts of the primary sequence, and the regions of polypeptide
chain forming a pleated sheet may run parallel or antiparallel.

H H O H Ry
ol
HzNwwwwwwwN—Cli—C—OH +  N—C— Cowwwwwmnr COOH
ol

R H H O
A
condensation /> H,0
hydrolysis
HO 4/ ydroly.
Y

FIGURE 4.19 Condensation of amino acids to form a peptide bond.
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FIGURE 4.20 Hydrogen bonds between peptide bonds in a peptide chain.

* Hairpins and loops, in which small regions of the polypeptide chain form very
tight bends;

* Random coil, in which there is no recognizable organized structure. Although
this appears to be random, for any one protein the shape of a random coil region
will always be the same.

A protein may have several regions of 0t-helix, B-pleated sheet (with the peptide
chains running parallel or antiparallel), hairpins and random coil, all in the same
molecule.

4.4.2.2 Tertiary and quaternary structures of proteins

Having formed regions of secondary structure, the whole protein molecule then folds
up into a compact shape. This is the third (tertiary) level of structure and is largely
the result of interactions between the side-chains of the amino acids, both with each
other and with the environment. Proteins in an aqueous medium in the cell generally
adopt a tertiary structure in which hydrophobic amino acid side-chains are inside the
molecule and can interact with each other, whereas hydrophilic side-chains are exposed
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to interact with water. By contrast, proteins which are embedded in membranes (see
Figure 4.12) have a hydrophobic region on the outside, to interact with the membrane
lipids.

Two further interactions between amino acid side-chains may be involved in tertiary
structure, in this case forming covalent links between regions of the peptide chain
(Figure 4.21):

® The €-amino group on the side-chain of lysine can form a peptide bond with the
carboxyl group on the side-chain of aspartate or glutamate. This is nutritionally
important, as the side-chain peptide bond is not hydrolysed by digestive enzymes,
and the lysine, which is an essential amino acid (section 9.1.3), is not available for
absorption.

®  The sulphydryl (-SH) groups of two cysteine molecules may be oxidized, to form
a disulphide bridge between two parts of the protein chain.

Some proteins consist of more than one polypeptide chain; the way in which the
chains interact with each other after they have separately formed their secondary and
tertiary structures is the quaternary structure of the protein. Interactions between the
subunits of multi-subunit proteins, involving changes in quaternary structure and
the conformation of the protein, affecting activity, are important in a number of
regulatory enzymes (sections 2.3.3.3 and 10.2.1).

gglutamate
HN—(ilH—éO HN—(IZH—CO cysteine
i Gt HN—CH—CO HN—CH—éO
¢ wo  ch, Hy ey
dooH | l X 2
2 ¢=o SHo f &
: |
NH, condensation E: SH oxidation 'S
H, 2 CIH2 CH,
Hy l —CH—
&Hz . HN—CH—CO HN—CH—CO
Hy 2 _ cystine
H, H, cysteine
HN—CH—CO H’g—éH—gO
lysine

FIGURE 4.21 Covalent links between peptide chains — on the left a side-chain peptide berween the
€-amino group of lysine and the Y-carboxyl group of glutamate; on the right a disulphide bridge formed by
oxidation of two cysteine residues.
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4.4.2.3 Denaturation of proteins

Because of their secondary and tertiary structures, most proteins are resistant to
digestive enzymes — few bonds are accessible to the proteolytic enzymes that catalyse
hydrolysis of peptide bonds. However, apart from covalent links formed by reaction
between the side-chains of lysine and aspartate or glutamate, and disulphide bridges,
the native structure of proteins is maintained by relatively weak non-covalent forces:
ionic interactions, hydrogen bonding and van der Waals forces.

Like all molecules, proteins vibrate, and as the temperature increases so the vibration
increases. Eventually, this vibration disrupts the weak non-covalent forces that hold
the protein in its organized structure. When this happens, proteins frequently become
insoluble. This is the process of denaturation — a loss of the native structure of the
protein. In denatured proteins most of the peptide bonds are accessible to digestive
enzymes, and consequently denatured (i.e. cooked) proteins are more readily hydrolysed
to their constituent amino acids. Gastric acid is also important, as relatively strong
acid will also disrupt hydrogen bonds and denature proteins.

4.4.3 PROTEIN DIGESTION

Protein digestion occurs by hydrolysis of the peptide bonds between amino acids.
There are two main classes of protein digestive enzymes (proteases), with different
specificities for the amino acids forming the peptide bond to be hydrolysed, as shown
in Table 4.2:

*  Endopeptidases cleave proteins by hydrolysing peptide bonds between specific amino
acids throughout the molecule.

*  Exopeptidases remove amino acids one at a time from either the amino or carboxyl
end of the molecule, again by the hydrolysis of the peptide bond.

The first enzymes to act on dietary proteins are the endopeptidases: pepsin in the
gastric juice and trypsin, chymotrypsin and elastase secreted by the pancreas into the
small intestine. (The different specificities of trypsin, chymotrypsin and elastase are
discussed in section 2.2.1.)

The result of the combined action of the endopeptidases is that the large protein
molecules are broken down into a number of smaller polypeptides with a large number
of amino and carboxy terminals for the exopeptidases to act on. There are two classes
of exopeptidase:

* Carboxypeptidases, secreted in the pancreatic juice, release amino acids from the
free carboxyl terminal of peptides.

* Aminopeptidases, secreted by the intestinal mucosal cells, release amino acids
from the amino terminal of peptides.
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TABLE 4.2 Protein digestive enzymes

Secreted by Specificity
Endopeptidases
Pepsin Gastric mucosa Adjacent to aromatic amino acid, leucine or
methionine
Trypsin Pancreas Lysine or arginine esters
Chymotrypsin Pancreas Aromatic esters
Elastase Pancreas Neutral aliphatic esters
Enteropeptidase Intestinal mucosa Trypsinogen — trypsin
Exopeptidases
Carboxypeptidases  Pancreas Carboxy-terminal amino acids
Aminopeptidases  Intestinal mucosa Amino-terminal amino acids
Tripeptidases Mucosal brush border  Tripeptides
Dipeptidases Mucosal brush border  Dipeptides

4.4.3.1 Activation of zymogens of proteolytic enzymes

The proteases are secreted as inactive precursors (zymogens) — this is essential if they
are not to digest themselves and tissue proteins before they are secreted. In each case
the active site of the enzyme is masked by a small region of the peptide chain which
has to be removed for the enzyme to have activity. This is achieved by hydrolysis of a
specific peptide bond in the precursor molecule, releasing the blocking peptide and
revealing the active site of the enzyme.

Pepsin is secreted in the gastric juice as pepsinogen, which is activated by the
action of gastric acid, and also by the action of already activated pepsin. In the small
intestine, trypsinogen, the precursor of trypsin, is activated by the action of a specific
enzyme, enteropeptidase (sometimes known by its obsolete name of enterokinase),
which is secreted by the duodenal epithelial cells; trypsin can then activate
chymotrypsinogen to chymotrypsin, proelastase to elastase, procarboxypeptidase to
carboxypeptidase and proaminopeptidase to aminopeptidase.

4.4.3.2 Absorption of the products of protein digestion

The end-product of the action of endopeptidases and exopeptidases is a mixture of

free amino acids, di- and tripeptides and oligopeptides, all of which are absorbed:

®  Free amino acids are absorbed across the intestinal mucosa by sodium-dependent
active transport, as occurs in the absorption of glucose and galactose (see Figure
4.9). There are a number of different amino acid transport systems with specificity
for the chemical nature of the side-chain (large or small neutral, acidic or basic —
see Figure 4.18). Similar group-specific amino acid transporters occur in the renal
tubules (for reabsorption of amino acids filtered at the glomerulus) and for uptake
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of amino acids into tissues. The various amino acids carried by any one transporter
compete with each other for absorption and tissue uptake.

* Dipeptides and tripeptides enter the brush border of the intestinal mucosal cells,
where they are hydrolysed to free amino acids, which are then transported into
the bloodstream.

* Relatively large peptides may be absorbed intact, either by uptake into mucosal
epithelial cells (the transcellular route) or by passing between epithelial cells (the
paracellular route). Many such peptides are large enough to stimulate antibody
formation — this is the basis of allergic reactions to foods.

4.5 The absorption of minerals

Most minerals are absorbed by carrier-mediated diffusion into intestinal mucosal cells
and accumulated by binding to intracellular proteins. There is then sodium-dependent
active transport from the epithelial cells into the bloodstream, where again they are
usually bound to transport proteins. Genetic defects of the intracellular binding proteins
or the active transport systems at the basal membrane of the mucosal cell can result
in functional deficiency despite an apparently adequate intake of the mineral.

The absorption of many minerals is affected by other compounds present in the
intestinal lumen. As discussed in section 4.5.1, a number of reducing compounds can
enhance the absorption of iron, and a number of chelating compounds enhance the
absorption of other minerals. For example, zinc absorption is dependent on the secretion
by the pancreas of a zinc-binding ligand (tentatively identified as the tryptophan
metabolite picolinic acid). Failure to synthesize and secrete this zinc-binding ligand
as a result of a genetic disease leads to the condition of acrodermatitis enteropathica —
functional zinc deficiency despite an apparently adequate intake.

Diets based on unleavened wheat bread contain a relatively large amount of phytic
acid (inositol hexaphosphate), which can bind calcium, iron and zinc to form insoluble
complexes that are not absorbed. Phytases in yeast catalyse dephosphorylation of
phytate to products that do not chelate the minerals.

Polyphenols (section 7.5.2.3), and especially tannic acid in tea, can also chelate
iron and other minerals, reducing their absorption, and large amounts of free fatty
acids in the gut lumen (associated with defects of fat absorption; section 4.3.2) can
impair the absorption of calcium and magnesium, forming insoluble soaps.

4.5.1 IRON ABSORPTION

Only about 10% of dietary iron is absorbed, and only as little as 1-5% of that in
many plant foods. As discussed in section 11.15.2.3, iron deficiency is a serious problem;
some 10—15% of women of child-bearing age have menstrual iron losses greater than
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can be met from a normal dietary intake. Haem iron in meat is absorbed better than
is inorganic iron from plant foods, and by a separate transport system.

Inorganic iron is absorbed only in the Fe’* (reduced) form. This means that a
variety of reducing agents present in the intestinal lumen together with dietary iron
will enhance its absorption. The most effective such compound is vitamin C (section
11.14.4.1) and, although intakes of 40—60 mg of vitamin C per day are more than
adequate to meet requirements, an intake of 25-50 mg per meal is sometimes
recommended to enhance iron absorption. Alcohol and fructose also enhance iron
absorption.

Like other minerals, iron enters the mucosal cells by carrier-mediated passive
diffusion and is accumulated in the cells by binding to a protein, ferritin. Once all the
ferritin in the mucosal cell is saturated with iron, no more can be taken up from the
gut lumen. Iron can leave the mucosal cell only if there is free transferrin in plasma
for it to bind to and, once plasma ferritin is saturated with iron, any that has
accumulated in the mucosal cells will be lost back into the intestinal lumen when the
cells are shed at the tip of the villus (section 4.1).

The mucosal barrier to the absorption of iron has a protective function. Iron overload
is a serious condition, leading to deposition of inappropriately large amounts of iron
in tissues, and about 10% of the population are genetically susceptible to iron overload.
Once the normal tissue iron-binding proteins are saturated, free iron ions will
accumulate in tissues. As discussed in section 7.4.2.4, iron ions in solution are able to
generate tissue-damaging oxygen radicals, and this may be a factor in the development
of cardiovascular disease and some forms of cancer. Indeed, one of the reasons why
women are less at risk of atherosclerosis than men may be that women generally have
a lower iron status than men because of menstrual blood losses.

This raises the interesting problem of whether or not it is desirable to recommend
high intakes of iron for women of child-bearing age in order to raise their iron reserves
to the same level as seen in men. This would prevent the development of iron deficiency
but might also put them at risk of iron overload and increased risk of atherosclerosis.

Additional resources

PowerPoint presentation 4 on the CD.
Self-assessment quiz 4 on the CD.

The simulation program Peptide Sequence on the CD lets you sequence a small
peptide by a variety of methods, as an example of the way in which we can exploit the
specificity of different proteolytic enzymes.
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PROBLEM 4.1: Measurement of urine glucose

As discussed in section 4.2.1.4, glucose in plasma and urine can be determined in two
ways, using an alkaline copper reagent or using glucose oxidase linked to a dyestuff.
Both methods were used to determine urine glucose in six people:

A a person with hitherto undiagnosed diabetes mellitus (section 10.7);

B a known diabetic patient, with poor glycaemic control, taking supplements of
500 mg of vitamin C per day;

a non-diabetic subject taking supplements of 500 mg of vitamin C per day;

a person with idiopathic pentosuria (excretion of five-carbon sugars in the urine);
a person with idiopathic pentosuria taking supplements of 500 mg of vitamin C
per day;

F anon-diabetic subject taking no supplements.

oo o

Which subjects would be expected to give the following results?

* positive using glucose oxidase, positive using alkaline copper reagent;

* positive using glucose oxidase, negative using alkaline copper reagent;
* negative using glucose oxidase, positive using alkaline copper reagent;
* negative using glucose oxidase, negative using alkaline copper reagent.

PROBLEM 4.2: Abmed L

Figure 4.22 shows the results of measuring blood glucose in a group of people after a
test dose of 50 g of lactose taken at 08:30 h, before they had eaten breakfast. The two
solid lines show the range of results obtained for 10 of the subjects; the dotted line
marked with squares shows the results for one subject, Ahmed L.

Can you explain why Ahmed L’s results were so different from the others?

About 15 minutes after the test dose of lactose, Ahmed developed severe abdominal
pain and had frequent bouts of explosive watery diarrhoea, which persisted for about
2 hours. Can you account for this?

A number of papers in gastroenterological journals have reported fatal explosions
during endoscopic removal of colorectal polyps using a heated wire when the gut had
been prepared for surgery using an oral dose of the sugar alcohol mannitol (section
4.2.1.2) and it was insufflated with air. How does mannitol prepare the gut for surgery?
What caused the explosions?

Very rarely, infants lack lactase, as a result of a genetic defect, and therefore are
severely lactose intolerant. They cannot tolerate breast milk or normal infant formula,
and have to be fed on special lactose-free formula.

Relatively commonly, people lose intestinal lactase in late adolescence or early



plasma glucose, mmol /L

time (hours)

FIGURE 4.22 The effect on plasma glucose of a 50 g test dose of lactose. The two solid lines show the range
of results obtained for 10 of the subjects; the dotted line marked with squares shows the results for one subject,
Abmed L.

TABLE 4.3 Lactose intolerance in different population groups

Population group or country of study Per cent lactose intolerant
UK white 4.7
Northern Germany* 7.5
Tuareg (nomads of the central Sahara) 2.7
Western Austria® 15.0
Southern Germany* 23.0
Eastern Austria® 25.0
US black 26.2
Turkey 71.2
Sri Lankan 725
[taly 75.0
Greece 750
South African black 78.0
Japan 89.0
Singapore-born Chinese 924