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Preface

My purpose in writing this book was not to produce a comprehensive textbook of
human biochemistry; there are numerous excellent textbooks that meet that need. The
impetus for writing this book was to present aspects of metabolism within an
appropriate physiological context. Indeed the original working title for the project
was a ‘hitch-hiker’s guide to metabolism’, with a focus on important processes,
integration and control aspects without delving too deeply into chemical mechanisms.
Too often, students perceive learning biochemical pathways to be ‘difficult’ or ‘boring’,
largely because they are presented with a sequence of named intermediates and enzymes
which are to be learnt by heart. In fact, metabolism is neither difficult nor boring, if it is
approached in the right way. This book aims to present a ‘right way’ and so make
learning and, more importantly, understanding as easy as possible. To the reader, I say
this: imagine you are about to take up a new sport or you may simply want to be a
spectator. The excitement of the competition may in itself be adequate for you to derive
some enjoyment but to fully appreciate the sport, you will need to learn the rules or laws
of the game first. Similarly, taking time and trouble to learn the rules of metabolism and
learning to recognize themes will require some intellectual application. Once mastered,
appreciation of the beautiful, logical simplicity of intermediary metabolism will
enhance your understanding.

Whilst it is inconceivable that any text on biochemistry could be devoid of chemistry,
this book is aimed at student biologists for whom biochemistry is a component part,
but not the principal part, of their studies, so word equations have been used to
illustrate reactions wherever possible and chemical structures shown only where
necessary. The student groups who will find Essential Physiological Biochemistry
valuable are those following undergraduate courses in physiology, nutrition, sports
science and biomedical science. This text will also act as useful primer and quick
reference for medicine or for postgraduates who need a revision guide.

The chapters are arranged into two distinct sections, the first dealing with basic
concepts of metabolism and its control whilst the second focuses on selected tissues,
illustrating how biochemistry underpins the physiological activities of certain tissues
and systems. Where pathways occur in two or more organs of the body, details are given
in only one chapter with cross-referencing to other relevant sections. Decisions to
describe common pathways in one chapter rather than another were pragmatic ones
and doubtless some would argue, not entirely appropriate.
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If, having read this text, students feel that biochemistry is accessible rather than
intimidating; if they become aware that metabolism is flexible, integrated and ‘logical’
rather than a collection of apparently disparate reactions and pathways which must
be memorized, and if they acquire even a small sense of wonderment and awe
about the subtlety that the subject holds, the effort of writing the book will have been
justified.
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Introduction to metabolism

Overview of the chapter

In this chapter we will consider definitions of metabolism; the biochemistry—physiology
continuum. The concept of metabolic pathways and their organization and control of
metabolism are likened to a road map involving ‘flow’ of substrates but with mechanisms
to accelerate or slow down pathways or to direct substrates through alternative routes.

Introductions to enzyme kinetics and bioenergetics are given with explanations of key terms
such as K, and V,,x; coenzymes, cofactors and inhibitors; typical metabolic reactions; free
energy; exergonic and endergonic reactions, catabolism and anabolism.

Guidance on how to study metabolic pathways is given using glycolysis as a model pathway.

1.1 Introduction

Movement; respiration; excretion; nutrition; sensitivity; reproduction. These are the
six criteria often used by biologists to define ‘life’. Whilst physiologists describe many
processes of human biology at the tissue and organ level, a biochemist studies the same
processes but at a ‘higher magnification’. To a biochemist, the six features listed above
can all be described in terms of chemical events, so a useful definition of biochemistry
is ‘the study of life at the molecular level’. The discipline of cell biology fits between
physiology and biochemistry, but the three disciplines together form a continuum of
knowledge and investigation.

Biochemical studies follow several themes. For example, investigations can be
focussed on the chemical structures of molecules, (for example the structure of glycogen,
DNA or protein conformation) or the structural inter-relationship between molecules
(e.g. enzymes with their substrates, hormones with their receptors). The other branch of
biochemical enquiry is into those numerous ‘dynamic’ events known collectively as
‘metabolism’, defined here as ‘all of the chemical reactions and their associated
energy changes occurring within cells’. The purpose of metabolism is to provide the

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd



2 CH 1 INTRODUCTION TO METABOLISM

energy and building materials required to sustain and reproduce cells and thereby the
organism.

It is estimated that there are between 2000 and 3000 different types of metabolic
reaction occurring, at various times, within human cells. Some of these are common to
all cell types whilst others are restricted to one or two particular tissues whose specialized
physiological functions reflect the specialized metabolic changes occurring within them.
Metabolism is a fascinating, yet at first sight, complicated process apparently represent-
ing a daunting challenge for the learner. For most students, it is unnecessary to learn
every reaction in every pathway; what is important is that there an understanding of
concepts of metabolism so that what appears to be a complicated set of reactions and
pathways can be seen in terms of relatively few chemical and thermodynamic (energetic)
principles. Metabolism may be likened to a journey; there is a starting place and a
destination and there will be some important intermediate stops, perhaps where a
change of mode of transport will be necessary, there will be points of interest and also
places en route which deserve little or none of our attention. This analogy will be further
developed later in the text. Furthermore, it is vital to realize that metabolism is adaptable;
changes in physiological situations, for example fed or fasting, resting or exercising,
health or ill- health will result in changes in particular aspects of metabolism.

The purpose of this book is to present metabolism in an organ-based fashion to make
clear the links between biochemistry and physiology. By presenting metabolism in an
appropriate tissue-context, the significance of pathways and their inter-relationships
should be more meaningful.

1.2 Metabolic pathways

The term ‘intermediary metabolism’ is used to emphasize the fact that metabolic
processes occur via a series of individual chemical reactions. Such chemical reactions
are usually under the control of enzymes which act upon a substrate molecule
(or molecules) and produce a product molecule (or molecules) as shown in Figure 1.1.
The substrates and products are referred to collectively as ‘intermediates’ or
‘metabolites’. The product of one reaction becomes the substrate for another reaction
and so the concept of a metabolic pathway is created.

(a) an individual reaction

Enzyme
Substrate(s) ——M88M8MM > Product(s)
(b) a simple pathway

A'ase B’ase C'ase D’ase
A B C D

Figure 1.1 Simple representation of a metabolic pathway. ‘Compound’ B is the product of the first
reaction and the substrate for the second reaction, and so on. Capital symbols represent metabolic
intermediates and lower case letters with the suffix ‘ase’ represent enzymes
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Metabolism and the individual reactions which comprise a pathway represent a
dynamic process. Terms such as ‘flow’, ‘substrate flux’, ‘rate’ and ‘turnover’ are all used
to communicate the idea of the dynamic nature of metabolism.

The student should be aware that a pathway is essentially a conceptual ‘model’
developed by biochemists in order to represent the flow of compounds and energy
through metabolism. Such models are simply ways of trying to explain experimental
data. A potential problem in representing metabolic pathways as in Figure 1.1 is that
there is an implication that they are physically and/or topographically organized
sequences. This is not necessarily true. With some exceptions (described in Section 1.3),
most enzymes are likely to be found ‘free’ within the cytosol or a compartment of a
cell where reactions occur when an enzyme and its substrate meet as a result of their
own random motion. Clearly this would be very inefficient were it not for the fact
that cells contain many copies of each enzyme and many molecules of each type of
substrate.

Think again about making a journey; a useful analogy is a road map of a city centre
where there are main and subsidiary routes, one-way systems and interchanges,
where traffic flow is controlled by signals and road-side signs. Very few people
would attempt to learn, that is memorize, a complete route map, but learning the
‘rules of the road’ coupled with basic map reading skills and knowledge of main
roads will enable most people to negotiate successfully a journey from one place to
another. A complete diagram of intermediary metabolism appears to be as complicated
as a road map of a city or region, that is a tangle of individual reactions with numerous
substrates.

Understanding biochemical pathways is somewhat similar to map reading. The flow
of traffic along roads and through the city is conceptually similar to the flow of
substrates within the cell. Rather than visualizing cars, vans and trucks, think about the
numerous carbon, hydrogen, nitrogen, phosphorus and oxygen atoms ‘flowing’ as
component parts of substrate molecules, through pathways within the cell. Just as the
traffic flow is regulated and directed with signals and restrictions, so too is the flow of
substrates. Vehicles (metabolites) join or leave a particular traffic flow at intersections
(converging or diverging pathways); the rate of flow is affected by traffic signals
(enzymes), by road works or accidents (defective enzymes) and by the number of
vehicles using the road (concentration of substrate molecules); they may need to take
short-cuts or be diverted to avoid congested areas. Similarly, substrate molecules also
may be routed via alternative pathways in a manner which best serves the physiological
requirements of the cell at any particular moment. At times vehicles will need to take on
fuel and some molecules need to be ‘activated’ by attachment to coenzyme A or uridine
diphosphate (UDP), for example).

A note about terminology.

Glucose-1-phosphate (Glc-1-P) means that glucose has a phosphate attached at
carbon 1 in place of a hydrogen atom.

Fructose-6-phosphate (Frc-6-P) means that fructose has a phosphate attached at
carbon 6 in place of a hydrogen atom.
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Glucose

6-phosphogluconate <—— Glc-6-P ——> Frc-6-P

PPP glycolysis

UTP-glucuronate <«<———— Gilc-1-P glycogen

The relative activities of the enzymes which use glc-6-P as substrate determine the net flow.

Frc-6-P = fructose-6-phosphate
Glc-1-P = glucose-1-phosphate

PPP = pentose phosphate pathway
UTP = uridyl triphosphate

Figure 1.2 Glucose-6-phosphate is at a ‘metabolic cross-roads’

1,3-bis phosphoglycerate (1,3-BPG) glyceric acid (glycerate) has 2 phosphate groups
attached at carbons 1 and 3.
NB: ‘bis’ formerly designated as ‘di’

Cells contain a large number of individual types of substrates; this is often referred
to as the ‘pool of intermediates’. One type of substrate may have a role to play in two
or more pathways at different times according to the physiological demands being
made on the cell. Metabolic regulation involves enzymes operating on substrates that
occur at junctions of two or more pathways to act as flow-control points, rather like
traffic signals. A good example of a substrate at a crossroads is glucose-6-phosphate
(Glc-6-P), an intermediate that is common to glycolysis, glycogen turnover, the
pentose phosphate pathway (PPP) and via UDP-glucose, the uronic acid pathway
(Figure 1.2).

Clearly, substrates such as Glc-6-P do not ‘belong’ to a particular pathway but may
occur within several routes. Channelling of the compound through a particular
pathway will be determined by the relative activity of the enzymes using the substrate
which in turn will be determined (regulated) by cellular requirements. Different
pathways become more or less significant according to the physiological conditions
(e.g. fed or fasting state, active or resting) in which the cell or organism finds itself.

1.3 Organization of pathways

Pathways can be illustrated in a metabolic map as linear, branched or cyclic
processes (Figure 1.3) and are often compartmentalized within particular subcellular
location: glycolysis in the cytosol and the Krebs tricarboxylic acid (TCA) cycle in
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Linear A—>B —>C—>D —>E —>F—>

A—>B—>C

Branched D—E—F
/
\

G—>H—>I

Cyclical

Figure 1.3 Conceptual arrangement of pathways

mitochondria are obvious examples. However, not all reactions of a particular pathway
necessarily occur in the same organelle or location. Haem synthesis and urea synthesis
(both described in Section 6.2) for example occur partly in the mitochondria and partly
in the cytosol of liver cells.

Once an enzyme-catalysed reaction has occurred the product is released and its
engagement with the next enzyme in the sequence is a somewhat random event.
Only rarely is the product from one reaction passed directly onto the next enzyme in the
sequence. In such cases, enzymes which catalyse consecutive reactions, are physically
associated or aggregated with each other to form what is called a multi enzyme
complex (MEC). An example of this arrangement is evident in the biosynthesis of
saturated fatty acids (described in Section 6.30). Another example of an organized
arrangement is one in which the individual enzyme proteins are bound to membrane,
as for example with the ATP-generating mitochondrial electron transfer chain (ETC)
mechanism. Intermediate substrates (or electrons in the case of the ETC) are passed
directly from one immobilized protein to the next in sequence.

Biochemical reactions are interesting but they are not ‘magic’. Individual chemical
reactions that comprise a metabolic pathway obey, obviously, the rules of organic
chemistry. All too often students make fundamental errors such as showing carbon
with a valency of 3 or 5, or failing properly to balance an equation when writing
reactions. Furthermore, overall chemical conversions occur in relatively small steps,
that is there are usually only small structural changes or differences between consecutive
compounds in a pathway.

To illustrate this point, consider the following analogy. The words we use in everyday
language are composed from the same alphabet ofletters. Changing even one letter within
a word changes the meaning. Try converting the word WENT into COME by changing
only one letter at a time. Each intermediate must be a meaningful English word.

This exercise is conceptually similar to biochemical conversions. One of the skills
of the experimental biochemist is to identify metabolic intermediates and then to
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arrange them in a chemically sensible sequence to represent the pathway, that is develop
the model to explain the experimental results. A model answer to the word puzzle cited
above is given at the end of the chapter.

1.4 Enzymes and enzyme-mediated reactions

This section deals with the nature of enzymes and their importance in metabolic
control is discussed more fully in Chapter 3. Enzymes are biocatalysts whose key
characteristics are as follows;

Enzymes are:

e Proteins;

e Chemically unchanged at the end of the reaction they catalyse and so are reusable;
e Required in small amounts because they are recycled;

e Able to act upon a specific substrate or structurally very similar substrates;

e Able to act on a particular part (functional group) within the substrate;

o Able to catalyse a specific type of chemical reaction;

e Able to operate under mild conditions of pH, temperature and pressure (if gases
are involved).

1.4.1 Equilibrium or steady state?

The majority of biochemical reactions are reversible under physiological conditions
of substrate concentration. In metabolism, we are therefore dealing with chemical
equilibria (plural). The word equilibrium (singular) signifies a balance, which in
chemical terms implies that the rate of a forward reaction is balanced (i.e. the same
as) the rate of the corresponding reverse reaction.

rep which may also be written asr < p

r = reactant(s)
p = product(s)
r — pis the forward reaction
and

p — ris the reverse reaction
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Many chemical reactions (especially those occurring within cells) are theoretically
reversible under reasonable conditions of pressure (when gasses are involved, which is
rare), temperature and concentration.

In a closed system, that is one in which there is no addition of ‘r’ nor any removal
of ‘p’, the reaction will come to a perfect balance; ‘the point of equilibrium’. A common
misunderstanding of the concept of this point of equilibrium is that it implies an equal
concentration of r and p. This is not true. The point of equilibrium defines the relative
concentrations of r and p when the rate of formation of p is exactly equal to the rate of
formation of r. The point of equilibrium value for a chemical reaction can be determined
experimentally. If the starting concentration of the reactant is known, then it follows that
the relative concentrations of r and p when equilibrium has been reached must reflect the
relative rates of the forward and reverse reactions. For a given reaction, under defined
conditions, the point of equilibrium is a constant and given the symbol K.

Thus
[p]
Ko =2
eq I']
where [ ] indicates molar concentration
When the equilibrium concentration of p is greater than the equilibrium concen-

tration of r, we can say that the forward reaction is favoured (faster) and K> 1;
r—>p so at equilibrium, [p]>[r]

NB: the weight and size of the arrows represents the relative rates of reaction

The higher the value of K4, the more difficult it is for that reaction to ‘go backwards’
so effectively it becomes unidirectional.

Conversely, if [r] is greater then [p], the reverse reaction is favoured and K¢ <1
because [p] <[r] signifies that the forward reaction becomes increasing less likely
and the value becomes smaller. It could be argued that a ‘true’ equilibrium occurs only
when [r] = [p], but K, is a measure of the relative rates of the forward and reverse
reactions. An important consequence of the magnitude of K is that the further away a
reaction is from a true equilibrium, the greater the energy change involved in that
reaction. This is explained in more detail later in this chapter and also in Chapter 2.

Most individual biochemical reactions are reversible and are therefore quite
correctly considered to be chemical equilibria, but cells are not closed systems; fuel
(e.g. a source of carbon and, in aerobic cells, oxygen) and other resources (e.g. a source
of nitrogen and phosphorus) are continually being added and waste products removed,
but their relative concentrations within the cell are fairly constant being subject to only
moderate fluctuation. Moreover, no biochemical reaction exists in isolation, but each is
part of the overall flow of substrate through the pathway as a whole.

Stated simply, biochemical reactions never reach a true equilibrium because the
product of one reaction is the substrate for the next and so the reaction is ‘pulled’
towards completion achieving net formation of product. Indeed, if reactions inside
a cell were true equilibria, there would be no net flow of substrate, no formation of end
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products and therefore no metabolic pathway. Biologically, this would not be very
desirable! The situation which exists within cells is better described as a steady state.
In this condition, there is net flow of matter but the instantaneous concentrations of
intermediates fluctuate relatively little, unless a ‘stress’ for example the need to respond
to a physiological challenge, is placed on the system.

Although there is a bewildering array of individual reactions occurring within cells
they can be classified into a small number of groups. Learning the types of reactions
and then identifying particular examples as and when they arise is easier than trying
simply to memorize a sequence of chemical changes. Typical biochemical reactions
include the following (Figures 1.4 to 1.17).

1. Atomic and molecular rearrangements
Isomerization involving (a) a change in functional group or (b) the repositioning
of atoms within the same molecule, for example

a. ribose-5-P ribulose-5-P

(aldehyde to ketone)

CHO CH>0OH
H-C-OH c=0

. |

H-C-OH H-C-OH
H-C-OH H-C-OH

CH»0-P CH»0-P

ribose-5-P ribulose-5-P

Figure 1.4 Enzyme: phosphoriboisomerase

b. 2-phospho glycerate 3-phospho glycerate

(repositioning of the P group

from carbon 2 to carbon 3)

CcCOO~ COO~
H-C-O-P , H-C-OH
| |
CH>0H CH20-P
2-PG 3-PG

Figure 1.5 Enzyme: phosphoglyceromutase
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Substitution

Replacement of one atom or group with another, for example, a hydrogen atom is
replaced by a methyl group;

homocysteine ———————> methionine

methyl donor (folate)

CH2-SH CH2-S-CH3
| |
CH2 CHa»
| |
CH2 +folate-CH; ———> CH2 + folate
| |
H-C-NH2 H-C-NH;
COO~ COO~
homocysteine methionine

Figure 1.6 Enzyme: methionine synthase

Redox reactions “**These Are Very Important ***
Oxidation and reduction reactions always occur together and are usually easily
spotted because of the involvement of a coenzyme.

A-Hreq) + coenz(ox) < B(oy) + coenz-H(red)

Coenz = coenzyme;
(red) = reduced form;

(ox) = oxidized form (i.e. fewer hydrogen atoms/electrons than the reduced
form);
for example, lactate dehydrogenase

lactate + NAD © « pyruvate + NADH+H™

CHOH + NAD" «—> C=0 + NADH+H"

COO~ COO~

lactate pyruvate

Figure 1.7 Enzyme: lactate dehydrogenase
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The lactate is oxidized (two hydrogen atoms removed) and the NAD™ is reduced

to NADH + H*
Oxidation sometimes occurs simultaneously with another chemical change. For

example, oxidative decarboxylation or oxidative deamination.

a. Oxidative decarboxylation; CO, released
pyruvate + NAD * + CoASH — acetyl CoA + CO, + NADH +H*

(CoASH = co enzyme A)

CHs CH3

C=0 +CoASH +NAD* ——————> C=0 +CO, +NADH + H"

COO™ S-CoA

Figure 1.8 Enzyme: pyruvate decarboxylase

b. Oxidative deamination; NH; released

glutamate + NAD © + H,0 — NHj + 2-oxoglutarate + NADH +H ™

CO0~ COO~

CH> CHz

CH; + NAD* ——> CH; + NADH + H" + NH3
H-C-NH; Cc=0

CO0~ COO~

Figure 1.9 Enzyme: glutamate dehydrogenase

4. Cleavage

a. Hydrolysis, if water is used to break a bond
Glucose-6-P + H;O — Glucose 4+ Pi  Pi symbolises free inorganic phosphate

CH»0-P CH>O0OH
O O
HOH L HOH + Pi
glc-6-P glc

Figure 1.10 Enzyme: glucose-6-phosphatase
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b. One molecule is split into two

F-1, 6-bis phosphate — glyceraldehyde-3-P 4 dihydroxyacetone-P

O\\ /H
P-OH>C, CH>0-P CH,O0OH C
—> C=0 + CHOH
CH»0-P CH,0-P

frc-1,6 bisP

Figure 1.11 Enzyme: aldolase

5. Condensation
Two molecules join together with the elimination of a H,0. Condensation

reactions are used when macromolecules are being formed. Amino acids are
joined via peptide bonds and monosaccharides via glycosidic bonds, both of which
are condensation reactions.

2 glucose — maltose + H,O

2 amino acids — dipeptide + H,O

CH,OH CH,OH CH,OH CH,OH
(@] (@] O
+ _
OH OH @] OH
+H,0
HoN—CH—C— OH + HoN—/™CH— C— OH
I I\ 2 I \
R O R (@]
i
HoN—CH— G—N— CH—G—OH + H;0
N=—§ \ I < 2
R (o] R o]

Figure 1.12 Enzymes: synthases

6. Addition

a.  Two molecules are joined together but water is not eliminated.
Often ATP is used to provide energy.

glutamate + NH; + ATP — glutamine + ADP
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coo- CONH>
CHy CH2
NH3 + CH» CHz
H2N—CH H2N—CH
COO" Ccoo~
ATP ADP

Figure 1.13 Enzyme: glutamine synthase

b. Alternatively, addition may across a double bond

fumarate + H,O — malate

H CO0O~
N\ / coo™
c |
" H0  HO—C—H
/N
“00C H COO™
fumarate malate

Figure 1.14 Enzyme; fumarase

7. Transfer
a. A phosphate group may be transferred from ATP to a substrate;
glucose + ATP — G-6-P + ADP

CH->OH CH»0-P

Figure 1.15 Enzyme: glucokinase or hexokinase

b. A functional group may be ‘swapped” between two molecules

glutamate + oxaloacetate — 2-oxoglutarate 4 aspartate
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CO0~ (ofelon
| COO~ | COO0~
CH2 | CH2 |
| CH2 | CH,
CH» + | ——> CH2 +
C=0 | HaN—C-H
HoN—C-H | Cc=0 |
Co0~ | CoO~
CO0~ COO~
glu OAA 2-0G asp

Figure 1.16 Enzyme: aspartate transaminase (= aspartate aminotransferase)

¢.  Quite complex chemical groupings may be transferred

sedoheptulose-7-P + glyceraldehyde-3-P — erythrose-4-P + fructose-6-P

CH>OH
Cc=0 CH>0OH
(@) H
N c=0
HO-C—H O\C/H |
H—C—-OH HO-C—H
H—C—OH
+ H—(l:—OH — | *
H—C—OH H—C—OH H—C—OH
CH0-P 1
H-C—OH CH20-P H—C—OH
CH20-P CH20-P
sed-7-P glyceraldehyde-3-P erythrose-4-P frc-6-P

Figure 1.17 Enzyme: transaldolase

Here, a C3 wunit (bold) has been transferred from sedoheptulose-7-P to
glyceraldehyde-3-P.

The reactions given above illustrate the chemical changes that frequently occur in
biochemistry. When you meet a reaction for the first time, it is a good idea to first of all
identify the type of reaction occurring, and then look at the specific details.

Enzyme-mediated catalysis requires the breaking and making of chemical bonds
between atoms; this involves changes in energy and is described by thermodynamics.
Enzymes reduce the activation energy, that is make the reaction process easier to
initiate but do not alter the overall energy change, which is determined by the free
energy difference between the substrate(s) and the product(s). The change in free
energy determines the spontaneity or likelihood of a reaction but the speed (kinetics)
of an enzyme-catalysed reaction is governed by factors such substrate concentration,
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enzyme concentration, pH temperature and the presence of activators or inhibitors.
Principles of enzyme kinetics and thermodynamics as applied to biochemistry are
dealt with in Sections 1.4.2 and 1.5 respectively, whilst a more detailed analysis and
explanation of these topics can be found in Chapter 2.

1.4.2 Enzyme kinetics: an introduction

Kinetics is the study of the factors which influence reaction rates. Enzyme-catalysed
reactions are subject to the same principles of rate regulation as any other type of
chemical reaction. For example, the pH, temperature, pressure (if gases are involved)
and concentration of reactants all impact on the velocity reactions. Unlike inorganic
catalysts, like platinum for example, there is a requirement for the substrate (reactant)
to engage a particular region of the enzyme known as the active site. This binding is
reversible and is simply represented thus:

E+4Se[ES| »P+E

Where,

E = enzyme
S = substrate
[ES] = enzyme-substrate complex

P = product

The relative rates of formation and dissociation of [ES] is denoted as K, the
Michaelis constant. Each enzyme/substrate combination has a K, value under defined
conditions. Numerically, the K, is the substrate concentration required to achieve
50% of the maximum velocity of the enzyme; the unit for K,,, is therefore the same as
the unit for substrate concentration, typically umol/l or mmol/l. The maximum
velocity the enzyme-catalysed reaction can achieve is expressed by the V,,.; typical
unit umol/min. The significance of K, and V., will be discussed in greater detail in
Chapter 2.

In a cell, enzymes do not always work at their V,,,,. The precise rate of reaction is
influenced by a number of physiological (cellular) factors such as:

o [S]
e [coenzyme]

e presence of activators or inhibitors.

Because enzymes are proteins, they are subject to all of the factors (e.g. pH,
temperature) which affect the three-dimensional integrity of proteins in general.
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The ability of some organisms to control the pH and temperature of their cells
and tissues represents a major biological development. Homeothermic animals
(e.g. mammals) maintain a constant temperature of about 37 °C as this corresponds
to the temperature of optimum activity of most enzymes. Poikilothermic or so-called
cold-blooded animals (e.g. reptiles) have to sun themselves for sometime every
morning in order to raise their body temperature in order to optimize enzyme activity
within their cells.

Plants and single celled organisms have no means of autoregulating their operating
temperature and thus their growth and replication are influenced by external condi-
tions. Hence, we keep food at 4 °C in a refrigerator to prevent spoilage yet we incubate
bacterial cultures at 37 °C and usually in a buffered medium when we wish to cultivate
the cells for further study.

Homeostatic mechanisms also allow animals to control their intracellular pH very
strictly. In humans for example, blood pH (usually taken as a reliable but indirect
measure of cellular pH) is 7.4 +0.04. At 37 °C cytosolic pH is actually slightly lower
at about 7.0 but different compartments within the eukaryotic cells may have quite
different pH, for example, lysosomes have an internal pH of about 5; the inside
of a mitochondrion is more alkaline than the outside whilst the inside of a phagosome
in a white blood cell is more acidic than its surrounding cytosol, both situations arising
due to proton pumping across a membrane.

Except in a few instances, the enzyme molecule is very much larger than the
substrate(s) upon which it works. The reason for this great disparity in size is not
entirely obvious, but the possibility of the enzyme binding with more than one small
molecule (e.g. regulator molecules, see Section 1.4.3) arises when we are dealing with
large structures.

1.4.3 Enzyme ligands: substrates, coenzymes and inhibitors

As we saw earlier in this chapter, substrates are the molecules which undergo chemical
change as a result of enzyme activity. Many enzymes will only operate when in the
presence of essential co-factors or coenzymes. The term ‘coenzyme’ is not entirely
appropriate as it implies that, like enzymes themselves, these compounds do not
undergo chemical change. This is not true and more accurate terminology would be
co-substrate. Coenzymes are always much smaller than the enzymes with which
they operate and are not heat sensitive as are the proteins.

Examples of coenzymes: vitamin-derived nucleotides; for example adenosine
phosphates; ATP, ADP, AMP; nicotinamide derivatives; NAD", NADH, NADP™,
NADPH:; flavin derivatives; FAD, FADH,; coenzyme A (abbreviated to CoA, CoASH
or CoA-SH).

Not all vitamin coenzymes need to be in the form of a nucleotide (base, sugar,
phosphate). For example; thiamine; biotin; pyridoxine; vitamin By,.

Some enzymes also require inorganic factors to achieve full activity. Such co-factors
include metal ions, Mg ", M’ ", Zo* * and non-metals, Cl".
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Inhibitors are compounds which reduce the efficiency of an enzyme and are
important in directing and regulating the flow (or flux) of substrates through a
pathway. Inhibitors which bind strongly to the enzyme for example, poisons such
as cyanide, cause irreversible effects, but inhibition is rarely ‘all or nothing’ in a cell.
Most inhibitors bind reversibly (as does the substrate of course) to the enzyme.
Inhibitors which are structurally very similar to the true substrate effectively ‘block’
the active site and are called competitive inhibitors, because they compete with
the true substrate for binding to the enzyme. Here, the ratio of substrate [S] to
inhibitor [I] is critical in determining the quantitative effect of the inhibitor. Non-
competitive inhibitors are also act reversibly by preventing the release of the product
or by distorting the shape of the enzyme so preventing the substrate accessing the
active site.

1.5 Bioenergetics: an introduction to biological
thermodynamics

Thus far, our discussion has considered the chemical changes which constitute
metabolism. We must now introduce some fundamental ideas of bioenergetics. Further
details can be found in Chapter 2.

All molecules have an amount of energy determined mainly by their chemical
structure. Metabolism involves chemical change. Inevitably therefore, energy changes
always accompany the chemical changes which occur in metabolism. Our understand-
ing of bioenergetics arises from physics and the laws of thermodynamics.

The First Law of Thermodynamics states that energy can be neither created
nor destroyed but different forms of energy can be interconverted. The three forms
of energy which are important to us are enthalpy (heat or ‘total energy’, represented
by the symbol H), free energy (‘useful energy’ symbol G, in recognition of Josiah Gibbs)
and entropy (‘wasted energy’, symbol S). Free energy is termed ‘useful’ energy because
it can bring about useful work such as biosynthesis, transmembrane secretion or muscle
contraction. Entropy however is not available for work but is the energy associated with
chaos, disorder, loss of organization or an increase in randomness. Imagine a building,
a castle, a tenement, or an office block which has not been maintained and thus shows
the ravages of time and neglect. The building has lost its initial organization and
structure because insufficient energy has been expended on its upkeep. You are now
imagining entropy.

These three energy terms we have met are related by the following equation:

AH = AG+TAS

where A indicates ‘change in” and T is absolute temperature (Kelvin; °C + 273).
Rearranging this equation gives AG=AH — TAS, which shows that as entropy
increases as a function of temperature, free energy decreases.
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The Second Law of Thermodynamics states that the entropy of the universe is
constantly increasing. Cells are of course highly organized, a state which like the
building referred to above, can only be maintained if free energy is expended. In other
words, metabolism provides via catabolic (energy liberating, degradative) reactions
free energy to prevent cells falling into disrepair by ensuring that biosynthesis and
other cellular work can occur via anabolic (energy consuming, synthetic) reactions.
Homo sapiens, like all animals is a heterotroph, meaning that the energy and raw
materials required to maintain cellular structure and integrity are derived from the diet.

Figure 1.18a illustrates a phenomenon known as ‘coupling’. Energy liberated
from one process is used to drive forward an energy-requiring process. Individual
biochemical reactions may be viewed similarly. Reactions which occur with a net loss
of free energy (—AG, termed exergonic) are spontaneous and favourable whereas those
in which the products have more free energy than the reactants (+ AG, termed
endergonic) will not occur spontaneously. An endergonic reaction can be driven
forward by utilizing some of the energy liberated by the previous reaction in the
pathway. Alternatively, ATP, the ‘universal energy currency’ of the cell can be called
upon to provide the energy needed to overcome an endergonic reaction. The hydrolysis
of ATP to ADP and inorganic phosphate (P1i) lies very far from equilibrium, has a very
large Keq, and so is associated with a large energy change. It is not strictly true to state
that energy is liberated from the bond (often incorrectly referred to as a ‘high energy’
bond) between the second and third phosphate groups of ATP. Figure 1.18b illustrates
the coupling of energy liberating (catabolic) and energy consuming (anabolic)
processes.

1.6 Enzyme-mediated control of metabolic pathways

Previously, the analogy was drawn between substrate flow in metabolism and traffic
flow in towns, with enzymes acting as the ‘traffic signals’; let us return to that image and
consider where and how enzymes fulfil their control function. In the absence of traffic
control measures, it is not difficult to imagine a situation of complete ‘grid-lock’ arising
with no vehicles moving anywhere. Enzymes fulfil a regulatory function and prevent
metabolic grid-lock by directing substrates along one pathway or another, by acceler-
ating or slowing a particular pathway. Further details of metabolic control are given in
Chapter 3.

Theoretically, all enzyme reactions are reversible but the overall flux (flow) of
substrate in a pathway is unidirectional. To extend our road map analogy, this type of
reaction acts as a control point in a pathway, rather like a one-way street, allowing
substrates to flow in only one direction.

Such a ‘metabolic one-way street’ comes about in large part due the fact that certain
chemical reactions are associated with a large energy change, which in chemical terms
mean that the reaction is operating far away from its true equilibrium. Reactions of this
nature are difficult to reverse under the conditions of pH, temperature and substrate
concentration which exist inside cells and so become ‘physiologically irreversible’.
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(@) Natural processes, e.g. decay
LOW ENTROPY STATE HIGH ENTROPY STATE
Highly organized systems Disorganized systems
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Figure 1.18 Energy flow in biological systems

Reactions operating far from their equilibrium position are not easy to identify merely
by looking at the metabolic map, although the involvement of ATP is often a significant
clue to a reaction being irreversible. Stated simply, hydrolysis of ATP ‘energizes’ a
reaction which is normally irreversible. However, we can often predict the existence of
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flow-control enzymes at or near to the beginning of a pathway or at branch points
(junctions) in pathways.

Enzyme activity is affected by changes in pH, temperature, substrate concentration,
enzyme concentration and the presence of activators or inhibitors. Inside cells, both pH
and temperature are normally tightly regulated so neither is able to influence greatly
the physiological action of enzymes (a notable exception being the marked pH change
seen in vigorously exercising muscle, see Chapter 7). Substrate concentration certainly
does vary considerably within cells due, for example, to recent food intake or physical
activity. Finally, enzyme concentration and the presence of activators or inhibitors also
affect the rate of a reaction.

Enzymes are proteins (gene products) synthesized by DNA transcription and
messenger RNA (mRNA) translation. Many enzymes are described as being
‘constitutive’, meaning they are present at all times. Others are ‘inducible’, meaning
that their synthesis can be increased on-demand when circumstances require. By
increasing the concentration of certain enzymes, induction allows more substrate to
undergo chemical reaction and the pathway accelerates.

Activators and inhibitors regulate not the amount of enzyme protein but the activity
(‘efficiency’) of that which is present. Two principal mechanisms of control are
(i) competitive and (ii) allosteric. Competitive control (inhibition) occurs when a
compound which is structurally similar to the true substrate binds to the active site
of the enzyme. This is how a number of drugs and poisons bring about their effect.
For example, a group of therapeutic drugs called statins are used to treat heart disease
because by inhibiting a key enzyme called HMGCoA reductase, they reduce the hepatic
synthesis of cholesterol and therefore the plasma concentration of that lipid.

Allosterism (Greek ‘other place’) is the name given to the mechanism whereby
endogenous regulators, compounds found within or associated with the pathway in
which the target enzyme occurs or from a related pathway, control a particular reaction.
These regulators, allosteric activators and allosteric inhibitors, bind to the enzyme at
identifiable allosteric sites, not the active site. The activity of the target enzyme changes as
the cellular concentration of the allosteric regulators rise or fall. Details of allosteric
control are given in Chapter 3.

Fluctuation in regulator concentration reflects the metabolic status of the cell and
so the regulators themselves are acting as intracellular ‘messengers’. For example,
ATP, ADP and AMP act as allosteric regulators in glycolysis. When the cytosolic
concentration of ATP in the liver or muscle is high, the cell has enough ‘energy currency’
so to process more glucose through to pyruvate would be wasteful. It is more useful to
divert the glucose in to glycogen synthesis, an effect which is achieved by the allosteric
inhibition of phosphofructokinase (PFK). Conversely, if the cytosolic concentration of
ADP is high, PFK activity is accelerated, allowing more pyruvate to be synthesized
leading to increased production of acetyl-CoA to be used in the Krebs TCA cycle and
ultimately the synthesis of ATP. Here we have a good example of biochemical feedback.

Allosteric regulators bind to the target enzyme in a non-covalent manner. An
entirely different enzyme control mechanism is covalent modification. Here, the
conformation of the enzyme protein, and thereby its activity, is changed by the



20 CH 1 INTRODUCTION TO METABOLISM

attachment of, usually, phosphate donated by ATP. Reversible phosphorylation is itself
mediated via protein kinases (which transfer inorganic phosphate from ATP to a
substrate) and protein phosphatases (which remove, by hydrolysis, inorganic
phosphate from a substrate).

Not all allosteric proteins are enzymes. In fact, probably the best-known and
characterized allosteric protein is haemoglobin, which like an enzyme binds ligands
(small molecules) to itself, for example, oxygen rather than a substrate.

1.7 Strategy for learning the details of a pathway:
‘active learning’ is essential

When asked to learn a pathway, the temptation is to sit down and memorize each
step in turn from top to bottom. A common failing in students who are new to
metabolic biochemistry is in trying to memorize the whole of a pathway at the
outset: Rule 1 Resist the temptation to memorize! This approach leads to ‘knowing’
but not really ‘understanding’. Moreover, memorizing individual reactions/pathways
is not always helpful. To use a microscopical analogy, begin with a low power view,
try to see the pathway in relation to others and be clear about the physiological purpose
of the pathway. Metabolism is a mosaic of component parts; pathways do not exist in
isolation and taking the time see the broad picture at the start of the learning process
will make the learning process more meaningful and therefore easier.

Rule 2 Be positive: Don’t think about pathways simply as information
gathered from experiments carried out in test tubes. Don’t think about biochemistry
as a body of knowledge that has to be mastered to pass an exam. Do think about what is
going on inside your own cells and tissues at various times; having read a chapter in this
book or after attending a lecture, think about how reactions and pathways in your own
cells and tissues respond to your changing physiological circumstances, such as
sleeping, sitting, walking, running, fasting, after food. Biochemistry is dynamic and
its about you.

The following strategy should help put the pathway into its proper context.

The overview

1. 'WHERE does the pathway occur?
that is in which cell types (prokaryotic or eukaryotic or both, in which tissue(s) ofa
multicellular organism, in which compartment of the eukaryotic cell, (cytosol,
mitochondria, lysosomes etc.).

2. WHAT is the biochemical purpose of the pathway?
for example, to release energy; to produce reducing power, to produce a key
functional molecule, to synthesize a macromolecule.

3. WHAT links are there between the pathway and any others?
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4. 'WHERE are the control points within the pathway?
5. WHEN does the pathway operate? Is it always active or is it an ‘adaptive’ pathway?

The answers to all of these questions may not be evident immediately, but are usually to
be found by diligent study active learning.

Once the overview is clear, begin to look in more detail at the chemistry and
mechanisms of process. Here are some more suggestions of points to look for when
studying an unfamiliar pathway in more detail.

The details

Skeletal view
What are the first and last substrates?

Is the pathway linear, branched or cyclical?
How many intermediate substrates are present?
Learn the names of the intermediates.
Which coenzymes are involved and where?
Chemistry of the
intermediates and the

reactions: ) )
Look at them as organic chemicals;

How many carbon atoms are present and what types
of functional groups are present?

What structural similarities and differences are there
between the intermediates?

What sort of chemical reactions are occurring, for
example, oxidation, condensation, hydrolysis.

Don’t worry about getting the right sequence at this stage

Learn the names of the

enzymes in sequence.
Use of the EC naming system will help you deduce the

name of the substrate and the chemical change
occurring
Learn the structures of the

intermediates. ) ) )
Use cue cards with the structure of an intermediate on one

side and its name on the other;

Test yourself by selecting at random the name of an
intermediate substrate and then draw from memory its
structure.

Redraw the pathway in a

different way
Include structures and all names in a different way;

Design a different image thus avoiding merely
reproducing diagram from a book or the one given
during a lecture.

Be creative; make the diagram as vivid and memorable as
possible.
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1.7.1 An Example: glycolysis as a model pathway

You will probably be familiar with glycolysis (the Embden—Meyerhof pathway,
Figure 1.20) from previous studies at school perhaps, so let’s use this important
pathway to illustrate some points in the recommended strategy.

1. The overview

Where?

What purpose?

What are the links to other
pathways?

Where are the control points?
Reactions catalysed by .. ..

When does the pathway operate?

Universal, occurs in all cell types.
Cytosolic

To begin the oxidative catabolism of glucose. The
production of ATP is small so this is not a prime role in
most tissues. The end products pyruvate (or lactate)
are important compounds for other pathways.

Pentose phosphate pathway and glycogen metabolism
(both are linked via glucose-6-P);

glycerol from lipids may enter at the level of triose
phosphate

Hexokinase/Glucokinase
Phosphofructokinase
Pyruvate kinase

All of the time (constitutive).

2. The details

Skeletal view

Carbon balance:

glucose — 2 x pyruvate(C;H;O;)if operating aerobically

(or 2 x lactate, C3H5 O3, if anaerobic)

C6HIZO6 —2 X C3H303 compounds

(or 2 x C3H5O0s if anaerobic)

number of intermediates = 11 including glucose and pyruvate
10 enzyme-catalysed reactions
Coenzymes 2 molecules of NADH + H* are generated per molecule
of glucose oxidized;
net gain of 2 molecules of ATP per molecule of glucose oxidized,
that is, 2 molecules ATP consumed and 4 molecules produced
per molecule of glucose.
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Chemistry of the
intermediates 4 hexoses 3 of which are phosphorylated, one of which is bis-P
i.e. two phosphates on different carbons within the
same molecule)
one aldehyde/ketone combination, both phosphorylated
5 organic acids (all have 3 carbon atoms) 4 of these
are phosphorylated
Reactions: 2 phosphorylations directly from ATP + 1 oxidative
phosphorylation when Pi is added
3 isomerizations
1 cleavage
2 dephosphorylations
1 rearrangement

Names of the enzymes

Hexokinase/glucokinase (HK/GK)
Phosphohexoisomerase (PHI)
Phosphofructokinase (PFK)

Aldolase (ALDO)

Triose phosphate isomerase (TPI)
Glyceraldehyde-3-P dehydrogenase (Gly’ald-3-P D’ase)
Phosphoglycerokinase (PGK)
Phosphoglyceromutase (PGM)

Enolase (ENO)

Pyruvate kinase (PK)

Let’s try applying the active learning model approach. The chemical structure of each
glycolytic intermediate substrate is shown in Figure 1.19. Remembering that each
individual reaction in any pathway brings about a small chemical change, arrange the
structures in a logical sequence. The names of the intermediates are given in Figure 1.20.

Hint: think back to the word puzzle in which you changed the word ‘went’ into ‘come’.
The same process of small discrete changes of chemical structure can be seen to apply here.

First, name the intermediates using knowledge of simple organic chemistry and
chemical nomenclature.

Start with the easy ones! Glucose [compound (iv)] should be familiar to you and it is
one of only two substrates in glycolysis which is not phosphorylated; the other one
being pyruvate [compound (i)].

From glucose, we can easily identify glucose-6-P (Glc-6-P) [compound (v)].

Similarly, fructose-6-P, one of the five-sided furan ring sugars we meet in metabo-
lism. [Compound (x)] and fructose,-1,6-bis P [compound (xi)] should be obvious
from their structures.

There is only one compound which carries an aldehyde group, so glyceraldehyde-3-
P must be compound (viii) and acetone you may already know as a ketone, so
compound (ii) is dihydroxyacetone phosphate, DHAP.
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COO CH,O-P COO-P
C=0 Cc=0 CHOH
CH3 CH,OH CH,0O-P
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Figure 1.19 The chemical intermediates of glycolysis

Now for the glycerates. 1,3 bis-phosphoglycerate [compound (iii)] is the only
molecule with two attached P groups. When we number the carbon atoms in an
aliphatic organic compound we invariably start at the most oxidized carbon (drawn at
the top of the chain), so carbon 2 of the glyceric acid derivatives must be the middle
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Glucose
ATP
HK/GK
ADP
Glc-6-P
PHI
Frc-6-P
ATP
ADP PFK
Frc-1,6-bisP
l l ALDO
TPI
Dihydroxyacetone-P — Glyceraldehyde-3-P
Pi + NAD' Gly'ald-3-P d’ase
NADH + H*
1,3 bis phosphoglycerate
ADP
ATP PGK
3-phosphoglycerate
PGM
2- phosphoglycerate
ENO
Phosphoenolpyruvate
ADP
ATP PK

Pyruvate

Figure 1.20 Glycolysis

one, so 2-phosphoglycerate is compound (ix), and so 3-phosphoglycerate must be
compound (vi).

This leaves only one compound which must be phospho enol pyruvate (PEP) as
compound (vii).

Metabolic pathways are better learnt as an exercise in logic than pure memory
work!! Working from first principles with a firm underpinning knowledge will seldom
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let you down, whereas rote learning is superficial. We all suffer from ‘memory blank’
at various times!

Chapter summary

Metabolism describes the processes which allow energy to be utilized to maintain the
integrity of an organism. Catabolic reactions usually liberate energy which the cell uses
to drive forward anabolic reactions. Energy changes are associated with chemical
changes which would normally occur far too slowly to be of biological use to an
organism, so enzymes are used to accelerate reactions. Enzymes are catalysts but share
few characteristics with inorganic catalysts such as platinum. The relative specificity of
each enzyme for its substrate(s) means that each cell of the body requires hundreds of
different types of enzyme and each type must be present in multiple copies. Enzyme-
catalysed reactions are arranged into pathways; sequences of individual reactions in
which each enzyme brings about a small chemical change. Keep in mind the road traffic
analogy. Pathways are controllable and adaptable.

Learning metabolism requires a step back to focus, initially at least, not on the
minute details but on the biological purpose(s) of a pathway. Look for patterns and
similarities between pathways and always ask the questions ‘what does this pathway do
for me?” and ‘how does this pathway adapt to changing physiological situations?’ Be an
active learner and make it personal!

The word puzzle. There are probably several ways to do this, here is one way:

went — want — wane — cane — came — come

Notice that apart from the number of letters, the first and last words are structurally
very different and indeed have opposite meanings yet there is a logical progression.
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Problems and challenges

1l

Distinguish between . .. free energy, entropy and enthalpy
Define the terms endergonic and exergonic
What information is given by the sign (4 or —) of the free energy value?

Why does metabolism ot grind to a resounding halt when an endergonic reaction occurs
within a pathway?

Without performing any calculation, state with reasons if the following reactions are likely
to be strongly exergonic, weakly exergonic, strongly endergonic or weakly endergonic:

i. R — P K, =0.005

ii. R — PKg=127

ii. R— PK,=25x10"
iv.. R — P K,q=0.79

v. R — PK,=127

Like glucose-6-P, pyruvate and acetyl-CoA are at metabolic cross-roads. Consult a
metabolic map and identify these important compounds and note the ways in which
they may be formed and metabolized.

Refer to Section 1.4. What type of enzyme-catalysed reaction is occurring in each of the
following examples?

a. Glucose-6-phosphate — Fructose-6-phosphate

b. Fructose-6-P + ATP — Fructose-1,6 bisphosphate + ADP

c. pyruvate + CO, — oxaloacetate

d.  Fructose-1,6-bisphosphate + H,O — Fructose-6-phosphate + Pi

(NB: Pi is an abbreviation for inorganic phosphate)
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Dynamic and quantitative
aspects of metabolism:
bioenergetics and enzyme
kinetics

Overview of the chapter

An understanding of the mathematical basis of enzyme activity and of the energy changes
which occur during biochemical reactions is important to appreciate fully the control of
metabolism. This chapter provides definitions and explanations of key concepts such as free
energy, entropy, K;,K;, and V... Worked examples of calculations and graphical derivations
are provided and the results interpreted. The chapter ends with an overview of energy
producing processes.

Bioenergetics: free energy (symbol G); entropy (symbol S); standard and physiological
conditions; equilibrium constant for a reaction under physiological conditions, symbol K'cg;
calculation of free energy from equilibrium and redox data; endergonic and exergonic reactions.
High energy compounds, substrate level phosphorylation and oxidative phosphorylation.

Enzyme kinetics: Michaelis constant, symbol K,;; maximum velocity of an enzyme catalysed
reaction, V., inhibitor constant, symbol K;; Michaelis—Menten equation and graph in the
absence and the presence of inhibitors. Lineweaver—Burke and Eadie-Hofstee plots.

2.1 Introduction

To the non-mathematically minded, the essentially qualitative nature of biology as
compared with pure chemistry or physics is an attraction. It is a common fallacy to
believe that biology is a nothing more than a descriptive subject. As outlined in
Chapter 1, there are facets of metabolism which can only really be appreciated when

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd



30 CH 2 DYNAMIC AND QUANTITATIVE ASPECTS OF METABOLISM

analysed quantitatively. Fortunately, the mathematical knowledge required to under-
stand metabolic processes is fairly straightforward and the skills we will use in this
chapter are little more than those of basic arithmetic, the occasional use of logarithms
and the confidence to rearrange a formula. The commonest failing is not with the
computation, but a failure to take appropriate care with use of units. The most
important understanding to be gained from this chapter is how to interpret the data
rather than how to generate them.

2.2 Bioenergetics: the application of thermodynamic
principles to biological systems

The study of energy changes occurring in cells is fundamental to a sound understanding
of metabolism, but it is also one which students often find the most challenging. The
difficulties arise due to the conceptual nature of the topic and of the terms used to
describe it. Whilst it is easy to picture in one’s mind eye the basic structure of a
metabolic intermediate such as glucose or cholesterol and one can easily imagine a
small amount of, say, the amino acid alanine in the palm of the hand, to conjure up an
image of energy is not so easy.

By virtue of their very existence, all substances are considered to possess energy.
The amount of energy will however vary from one compound to another due to the
nature and number and type of atoms within a molecule and the chemical bonds
which hold those atoms together. During any chemical reaction, the total energies of
the individual reactants will become redistributed: some part of the total is used, for
instance, to make and break chemical bonds; some of the overall energy may be ‘lost’
(transferred) to the environment. Occasionally we encounter reactions in which the
total energy of the reactants is insufficient to initiate the reaction. To overcome this
situation, energy usually from the hydrolysis of ATP may be used to drive the
reaction forward or one of the reactants will need to be ‘activated’, often with
coenzyme A, often referred to as ‘active acetate’. To continue our road traffic analogy
from Chapter 1, both situations are somewhat like a vehicle taking on fuel at a filling
station.

A measure of the overall energy change which occurs during a reaction is given by the
enthalpy, symbol H which is a function of the entropy (S) and free energy (G) of that
reaction. Entropy is ‘wasted’ energy, associated with disorder and randomness; free
energy is that energy which can be utilized to perform useful biological work, such as
driving metabolism in the right direction, transporting molecules across membranes or
causing muscles to contract. Knowledge of the change in free energy of a reaction allows
biochemists to make predictions about that reaction and its significance in a metabolic
pathway.

In practice, the actual values for the free energy of a given reaction are difficult to
measure experimentally. However, during a chemical reaction when one compound
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Figure 2.1 Reaction progress graph: exergonic reaction

(reactant, r) is converted to another (product, p), the difference in free energy (AG)
between the reactant and the product can be measured. Thus, the change in free energy
(AG) for the reaction r — p is simply;

AG =G, —G, (2.1)

Gp is the free energy of the product(s) of the reaction

G, is the free energy of the reactant(s) of the reaction.

Energy can be neither created not destroyed, but the total energy of the compounds
at the end of the reaction (G,) will be less than that at the start (G,) as energy is ‘lost’
(transferred) to the environment AG is negative). Such reactions are termed exergonic
and occur relatively easily (‘spontaneous’). See Figure 2.1.

Alternatively, sometimes the products have more free energy than the reactants so
the AG value is positive and the reaction is said to be endergonic and the reaction does
not occur spontaneously (Figure 2.2).

free
energy
(G)

final value

\A\/+AG; endergonic

[1T11F- U —
value

time

Figure 2.2 Reaction progress graph: endergonic reaction
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The account given above applies to any chemical reaction, but as our attention is on
reactions inside cells, the symbol AG' is adopted to indicate ‘actual free energy change
under physiological conditions’.

2.2.1 Standard free energy change

The main significance of being able to calculate or to measure AG’ values is that we
are then able to make predictions about reactions and in particular identify which
reactions are likely to be control points in pathways. The absolute numerical value of
the actual change in free energy (AG') is dependant upon the actual concentrations
of the reactant(s) and product(s) involved in the reaction. Comparisons of values
for different reactions are meaningless unless they have been determined under
identical and standardized experimental conditions. The term standard free energy
(symbol AG®) is used to specify just such conditions.

The standard free energy change is the value obtained when the reactants and
products (including H") are at molar concentration and gasses (if present) are at 1
atmosphere of pressure. Such conditions are quite unphysiological, especially the
proton concentration, as 1 molar H* concentration gives a pH 0; biochemical reactions
occur at a pH of between 5 and 8, mostly around pH 7. So a third term, AG”, is
introduced to indicate that the reaction is occurring at pH 7.

If the reaction conditions are fixed (and standard), the value for AG®’ must be a
constant for any given biochemical reaction. The value for AG®’ may be seen as a
‘benchmark’; the further away AG’ is from AG®’ the further away the real reaction is
from standard conditions.

2.2.2 Equilibrium reactions

So far the discussion has assumed that the reactions under study are unidirectional
r — p. The majority of biochemical reactions are however reversible under typical
cellular conditions; in metabolism, we are therefore dealing with chemical equilibria.

r < p r = reactant(s), p = product(s)

r — p is the forward reaction
and

p — ris the reverse reaction

A common misunderstanding of the concept of this ‘point of equilibrium’ is the
belief that it implies an equal concentration of r and p. This is not true. The point of
equilibrium defines the relative concentrations of r and p when the RATE of formation
of p is exactly equal to the RATE of formation of r. For a given reaction, under defined
conditions, the point of equilibrium is a constant and given the symbol K.



2.2 BIOENERGETICS: THE APPLICATION OF THERMODYNAMIC PRINCIPLES 33

Thus,

K _ [p] right-hand side of the chemical equation
T left-hand side of the chemical equation

When a reaction contains two or more reactants or products, for example
at+b+ce—u+tv

the equation is modified thus
Keq =

As with free energy, a ‘dash’ (prime) on K’ signifies ‘physiological conditions’.
Again the greater the numerical difference between K., and K, the further away the
reaction is from its true equilibrium position and the greater the actual change in free
energy.

The actual change if free energy (AG') can then be calculated if the actual
concentrations of r and p are known:

AG = AG®”' + RT 2.303 log,, K¢q (2.2)
or,
AG' = AG” + RT log Keq (2.2a)

where,

AG®' = a constant, specific for each reaction;
R = the gas constant (8.314 J/mol);
T = absolute temperature (Kelvin; K=°C + 273);
log. = natural logarithms; 2.303 converts log, to log;o;
Kiq = concentration of product(s)/concentration of reactant(s).
NOTE; it is the log of the K. (i.e. the RATIO of p and r) that must be used.

Thus a useful parameter (AG') can be calculated for any reaction (not only those
operating under standard conditions) providing the relative concentrations of r and p,
the temperature and the standard free energy change AG®’ are known.

For explanatory purposes, the two reactions which make up an equilibrium can be
viewed separately. The forward reaction, r — p, will have a certain value for AG’; the
reverse reaction p — r will have a AG’ which is numerically the same as that for the
forward reaction but of opposite sign. So, at equilibrium AG’ = zero. Energy ‘lost’ in one
direction is ‘gained’ in the other direction

Therefore, if at equilibrium,

AG' = AG” 4+ RT 2.303 log,,Keq (2.3)
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and substituting, if AG' =0
0 = AG” 4+ RT 2.303log,, Keq (2.4)

then transposing the formula;

AG” = —RT 2.303 log,, K¢q

or
AG” = —RTlog, K¢q (2.5)

Equation 2.5 is important and one you should remember.
Note the minus on the right-hand side of the equation.

Summarizing, the numerical value and the sign of AG* allow us to make compar-
isons of different reactions under identical conditions but AG’ values reveal the real
energy change occurring in a metabolic pathway. AG® and AG' values are expressed in
units of kJ/mol.

It is apparent from Equation 2.2 that a very large or a very small K4 is associated
with a large energy change. As a general rule, if K’ is greater than ~10’ the reaction is
strongly exergonic and where K’ is less than approximately 1077, the reaction is
endergonic. Reactions operating far from their true K’y are essentially irreversible
under physiological conditions (see Section 2.2.4).

Itis important to dissociate rate from free energy change. A large value for AG*’ (or AG)
does not imply a fast reaction, nor does a small value suggest a slow reaction. Furthermore,
the presence of an enzyme does not alter the point of equilibrium (K',) or therefore AG”,
but merely the time taken to attain equilibrium. Put another way, AG*’ is a measure of the
thermodynamic probability that the reaction will occur, not an indicator of its speed.
Therefore the presence of an enzyme does not alter values for AG® or AG’ as the overall
energy change is not affected. An analogy would be to consider yourself standing on the
tenth floor of a building. By virtue of the height, you will possess energy which is greater
than the energy you would have at ground level. If you now move from say, the tenth floor
to the ground the difference in energy change is due to the height difference and not
dependant upon whether you, walk down the stairs (slow reaction), use the lift (faster
reaction) or indeed jumping from the window (fast reaction)!

Remember, an enzyme is just a ‘tool’ for making and breaking chemical bonds to
bring about structural changes. The chemical mechanism of those changes does not
affect the overall energy change involved in the reaction.

Worked example 1

Calculation of AG® from K, value.
The following reaction is part of glycolysis:

2-phosphoglycerate < 3-phosphoglycerate
2-PG 3-PG
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If at 37°C [2-PG] = 4.4 pmol/l and [3-PG] = 1.46 umol/l, calculate the free energy change.
NB:1 wmol/1 = 1 x 107 mol/I

First, we need to calculate the K’eq. As written above, 2-PG is the reactant and 3-PG is the
product, so in this simple example, with only one molecule of reactant and one of product

_ [3-PG]  1.46 x10°°

Kiq = =
‘" [2-PG] 44 x107°

Kiqg = 0.33 (no units as this is a ratio)

Second, calculate the absolute temperature: 273 + 37°C=310K
Finally, substituting into Equation 2.5, we get,
AG®' = —RT 2.303 log,, Keq
AG® = —8.314 x 310 x 2.303 log,,0.33 (NB:Ris in joules per mol, not kilojoules per mol)
log,,0.33 = —0.479
AG® = —8.314 x 310 x 2.303 x —0.479 (NB: there are two minus signs

so expect a positive answer) + 2856.5 J/mol = +2.9 kJ/mol

When performing calculations such as this it is advisable always to show the sign to ensure
clarity but there is no advantage in expressing answers to more than one decimal place.

The calculated value is a small positive number; the reaction is endergonic would occur
easily without the input of energy.

Worked example 2

Aldolase catalyses the following reaction;
Fructose-1,6-bisphosphate < glyceraldehyde-3-phosphate + dihydroxyacetonephosphate
(DHAP)

If, at equilibrium, [Frc-1,6bisP] =0.15 X 10 ° mol/l and the products are both at 4 x 10~
mol/l, what is the free energy change at 25°C?
First, calculate K’eq; there are two products in this reaction, so

[glyceraldehyde-3-P] x [DHAP]
[fructose-1, 6 bis P

_4x10°x4x10°¢

015x10°°

=1.07 x 10°*

/
Keqg =

Second, T=273 4+ 25=298

Finally, AG” = —8.314 x 298 x 2.303log,,1.07 x 10™*
AG® = —8.314 x 298 x 2.303 x —3.97
= +22652]/mol = +22.7 k J/mol
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2.2.3 Redox reactions

An important and particular type of biochemical equilibrium is that which involves
oxidation and reduction that is a redox reaction. Oxidation is the loss of electrons, the
loss of hydrogen or gain of oxygen and that reduction is the gain of electrons, gain of
hydrogen or the loss of oxygen. Redox reactions involving electron transfer are very
important in many biochemical reactions: (subscripts red and ox indicate the reduced
and oxidized forms respectively):

Ared — on +e

More realistically, when two substrates (A and B) are involved, an electron is
transferred from A to B. Substrate A is oxidized by the loss of the electron; B is reduced
by gaining that electron.

Ared + Box > Aox + Bred

7

e

The ease with which compounds donate one or more electrons is given by the redox
potential, Eg, (sometimes shown as F’ ) expressed in volts. The likelihood of electron
transfer between two redox compounds is determined by the difference in their Ej
values, that is AE)

AG® = —nFAE, (2.6)

Where F=faraday (a constant, 96 500 joules/volt/mole)

n = the number of electrons involved in the reaction

This is also an important formula to remember.
NOTE the minus sign.

Thus, AE; represents a constant and so is analogous to K’ for non-redox equilibria
in that it gives us some quantitative information about the reaction.

Asan example calculation, we can consider the passage of a pair of electrons along the
mitochondrial respiratory chain from NADH to oxygen during oxidative phosphoryla-
tion. The process can be viewed as two half reactions, each with a redox potential;

NAD+ +2H*+2¢e~ - NADH ...... (1)E, = —0.32V

Y0, +2HT +2¢” - H,0 ...... (2)E, = 4+0.816 V

Half reactions are by convention, always written as reductions, that is showing
addition of electrons going from left to right. Take careful note of the signs. When
balancing the two half reactions however, one of them must be written as an oxidation.



2.2 BIOENERGETICS: THE APPLICATION OF THERMODYNAMIC PRINCIPLES 37

So, combining the two half reactions;

NADH + %0, —————————> H,0 + NAD"

NAD' H>O

NADH %02

Clearly in this example, n =2; F = the Faraday constant (96 500 J/volt/mol).
The overall energy change is given by the redox difference between the NADH and

oxygen
So, AE, = (the more positive E,)—(the more negative Ej)
AE, = (+0.816 V)—(—0.32 V)
AE, = 40.81640.32V
= +1.136 V

Substituting into Equation 2.6 AG" = —nFAE,
AG®” = —2 x 96500 x 1.136
= —219248 J/mol = —219 kJ/mol

This is a very large negative AG®’ so the reaction is very strongly exergonic under
standard conditions. Theoretically, enough free energy is liberated to phosphorylate
seven molecules of ADP to ATP (AG for ADP phosphorylation ~ + 30.5kJ/mol). In
practice, oxidative phosphorylation is less than 50% efficient so only three ATP
molecules are formed, the remainder of the energy is ‘lost’ as heat.

2.2.4 Reaction probability and spontaneity
Individual reactions which have a small AG’ are operating close to a true equilibrium

and are thus easy to reverse. An analogy would be to consider a weight on a shallow
inclined plane (Figure 2.3).

Easy to move in either direction

SmallAG’$ ( N D T

(<~10 KJ/mol)

Figure 2.3 Reaction probability is high if AG' is small
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Here, it is fairly easy to push or to pull the weight in either direction. Some reactions
however operate far from their true equilibrium position that is have a large Kq, ~10°
or ~107°). There is a large change of free energy and the reaction is said to be
physiologically irreversible, that is under the conditions of temperature and concentra-
tion which prevail inside cells, the reaction is unidirectional (Figure 2.4).

wzult to push up (= +AG")

Large AG’
(>~30 KJ/mol) easy to slide down (=-AG")

Figure 2.4 Reaction probability is high if AG' is large

Thus the numerical value of AG’ (which is itself directly derived from K, or AE})
indicates both the probability (or feasibility) of a particular reaction occurring and the
direction (forward or reverse) in which the reaction will proceed.

If in simple terms, A to G represent intermediates, a pathway can be illustrated thus:

A—B~C—D—E—F«G

The two reactions A — B and E — F shown with heavy single headed arrows are
physiologically irreversible (large positive AG' for the reverse reaction), whilst all of the
others are assumed to be relatively easily reversible. Any reaction such as A — B
operating far from its equilibrium will be a ‘one-way street’ and so act a set of ‘traffic
signals’ within the pathway allowing substrate to flow unidirectionally. What happens if
a reaction has a large positive AG', indicating ‘unfavourability’, for the forward
reaction? The answer is that energy must be supplied to drive the reaction forward.
This may be achieved by coupling or by the use of ATP, the ‘universal energy currency of
the cell’.

2.2.5 Reaction coupling

A physiologically irreversible reaction as described above with a positive AG would
effectively stall the pathway because the reactants would not have enough energy to
form product. This undesirable situation can be overcome by putting energy into the
reaction to drive it forward. The energy is provided by another reaction occurring
within the cell. If the highly exergonic reaction (large negative AG') immediately
precedes the highly endergonic (large positive AG'), the two reactions become coupled
and the overall energy change is the sum of the two individual AG' values, thus:

AG'=+20 kJ/mol AG'=-25 kJ /mol
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overall,

P— R (2.7)
AG'=-5 KJ/mol

Not all endergonic reactions will be so conveniently placed adjacent to an
exergonic reaction. In such a situation, the required energy is usually supplied by
ATP:

G+H+ATP — L+ M + ADP + Pi (2.8)

In effect, this is also an example of reaction coupling:

ii. G+H—L+M endergonic
ii. ATP— ADP+Pi exergonic.

2.3 Enzyme kinetics

The various chemical mechanisms of enzyme action will not be discussed here but an
overview of enzyme kinetics is essential to allow a full understanding of metabolic
control. Enzymes accelerate biochemical reactions. The precise rate of reaction is
influenced by a number of physiological (cellular) factors:

« [S]
» [E]
e presence of activators or inhibitors

e [coenzyme]

NB: pH and temperature are excluded from this list as they are taken to be reasonably
constant in most physiological circumstances.

When the rate of reaction is measured at fixed [E], but varying [S] and the results
plotted, the Michaelis—Menten graph is obtained (below). This rectangular hyperbola
indicates saturation of the enzyme with substrate.

In zone ‘@’ of Figure 2.5, the kinetics are first order with respect to [S], that is to
say that the rate is limited by the availability (concentration) of substrate so if [S]
doubles the rate of reaction doubles. In zone ¢ however, we see zero order kinetics
with respect to [S], that is the increasing substrate concentration no longer has
an effect as the enzyme is saturated; zone ‘b’ is a ‘transition’ zone. In practice it
is difficult to demonstrate the plateau in zone ‘c’ unless very high concentrations
of substrate are used in the experiment. Figure 2.5 is the basis of the Michaelis—
Menten graph (Figure 2.6) from which two important kinetic parameters can be
approximated:
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Reaction
rate
zone b

zone a zone C

(]

Figure 2.5 Saturation kinetics

Vimax the maximum possible rate of reaction achieved when [S] is saturating. Expressed in units of
activity (rate of substrate conversion)
K [S] at '/, Vinaw that is 50% maximum rate indicating that 50% saturation of enzyme with
substrate has occurred. Expressed in units of [S]
Strictly speaking, K., is the dissociation constant for {ES} the enzyme-substrate complex.

Clearly, the measured V,,,,x must be related to the concentration of enzyme present
(more enzyme = faster reaction rate). A third parameter, K., can be derived from the
Vmax to take into account the enzyme concentration thus:

Keat = Vimax = [E]  where [E] is the concentration of the enzyme

Commonly, K, (the Michaelis constant) is used to assess the affinity between the
enzyme and the substrate. Another way to describe K, would be as a ‘saturatability’
factor. When K, is high there is a low affinity because a high concentration of substrate

Vmax

N

Reaction
rate

VoVimal™

f s
K

m

Figure 2.6 Michaelis-Menten graph
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is required to achieve 50% saturation of the enzyme. Conversely, when Ky, is low there is
high affinity. The shape of the Michaelis—Menten graph is defined mathematically by

Vimax X [9]

Ko 19 29)

Vo =
Where vq (initial velocity) is the instantaneous rate of reaction at the stated [S].
More accurate means of determining K, and V.., are offered by either the
Lineweaver—Burke (double reciprocal) plot or the Eadie-Hofstee plot (Figure 2.7).

() (b)
1/Vo <— Vmax/ m
Slope = -1/K
vo/[S] Notepthe minus
sign
S 1 Vinax
Vmax
/r 1[S] [S]

—-1/Kn

note the

minus sign

Figure 2.7 (a) Lineweaver-Burke plot (b) Eadie-Hofstee plot

The numerical values for K, and V. take the units of substrate concentration ([S],
usually mmol/l or pumol/l) and velocity, respectively. Typical units of enzyme activity
are shown in Table 2.1.

Table 2.1 Units of enzyme activity

Name of unit Definition of unit
International Unit (IU) that amount of enzyme protein which brings about the conversion of
1 umol of substrate to product per minute under stated conditions
Katal (kat), the true SI unit that amount of enzyme protein which brings about the conversion
of enzyme activity of 1 mole of substrate to product per second under stated
conditions.
Specific activity enzyme activity (as IU or kat) per mg of total protein. This is a useful

measure of the purity of an enzyme preparation

Semi-worked example: linear graphs

Use the data in Table 2.2 to plot Michaelis—Menten, Lineweaver—Burke and Eadie-Hofstee
graphs to determine K;;, and Vi, values. Answers are given at the end of the chapter.
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Table 2.2 Experimental data: no inhibitor present

Raw experimental data Derived data for L-B graph Derived data for E-H graph
[S] (mM)  vo pmol/min  1/[S] (mM ')  1/v, (umol/min) " vo/[S] (min/pmol)
0.1 0.48 10 2.08 4.8
0.2 0.85 5 1.18 4.25
0.4 1.40 2.5 0.71 3.5
0.5 1.60 2.0 0.63 3.2
0.8 2.05 1.25 0.49 2.56
1.0 2.31 1.0 0.43 2.31
1.2 2.45 0.83 0.41 2.04
1.5 2.67 0.67 0.37 1.78
2.0 2.92 0.5 0.34 1.46
2.5 3.10 0.4 0.32 1.24
5.0 3.5 0.2 0.29 0.7
10.0 3.72 0.1 0.27 0.372

2.3.1 Enzyme inhibitors (see also chapter 3)

Any compound which reduces the activity of an enzyme is an inhibitor. Such
compounds may be endogenous or exogenous (i.e. drugs or toxins) and the impact
on the enzyme may be a temporary or permanent effect. Temporary or reversible
inhibitors are important in metabolic control whereas permanent or irreversible
inhibitors are in effect enzyme poisons.

E 4 I=2{EI} reversible (competitive or non-competitive)

E+1—EI irreversible

In just the way that K, defines the dissociation of an enzyme from its substrate, K;
(the inhibitor constant) defines the ‘strength’ of binding of a reversible inhibitor to the
enzyme.

The mechanisms which underlie enzyme inhibition are described more fully in
Chapter 3. Suffice to say here that reversible inhibitors which block the active site are
called competitive whilst those which prevent release of the product of the reaction are
non-competitive. By preventing the true substrate accessing the active site, competitive
inhibitors increase K., (designated by K/ or K2P¥") A non-competitive inhibitor
decreases Vi, represented as V; . or V3PP Do not confuse the use of the prime
symbol (') here to imply ‘physiological’ as it does for energy change.

The extent or degree of inhibition brought about by inhibitor binding can be
calculated if K; is known or can be determined experimentally. The Michaelis—Menten
equation can be rewritten to include a correction factor {1 + ([I] + K;)}. For the sake of
clarity, let the correction factor be represented by ¢ which will always have a value
greater than 1. For K, to increase in the presence of a competitive inhibitor, the
correction must be ¢K,,, and it follows that ¢K,, = K|,. To reduce the Vi, the
correction must be Vi + ¢, thus V) = Vi + ¢
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Therefore, the apparent initial velocity (symbolized variously as v;, v/, or vi?P*"™) for
a competitive inhibitor:

Vo = Kot 9] (2.10)

and for a non-competitive inhibitor
= Vi = 6} x [8]
0 K+ [S]
Figure 2.8a and b illustrate the effects of a competitive and a non-competitive

inhibitor on the Lineweaver—Burke graph. Note the changes in the slope of the lines in
the presence of the inhibitor and how this affects values for K, and V...

(2.11)

(a)
1/vg Competitive inhibitor present
No inhibitor present
1/ Viax
—1/Ky 1K' 1/9]
(b)
1/vg Non-Competitive inhibitor present
l ’
IV — No inhibitor present
—1/Km 1/[S]

Figure 2.8 (a) Effect of a competitive inhibitor on the. Lineweaver-Burke graph. (b) Effect of a non-
competitive inhibitor on the Lineweaver-Burke graph
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Semi-worked example

Table 2.3 is similar to Table 2.2 but includes data for the reaction in the presence of an inhibitor.

Use the data in the table above to plot Michaelis—Menten, Lineweaver—Burke and Eadie—
Hofstee graphs to determine K, and V., values. State the type of inhibitor which is present.
Calculate the K; based on Equations 2.10 (for competitive inhibition) or 2.11 (non-competitive
inhibition) asappropriate assuming the [I] = 10 mmol/l.

Table 2.3 Experimental data: inhibitor present

derived
raw experimental data derived data for L-B graph data for
E-H graph
[S] Vo 1/[S] 1/vy
(mM)see (umol/min) v (mM™ ) (umol/min) " 1/v) vy/[S]
Table 2.2 see Table 2.2 (umol/min) see Table 2.2 see Table 2.2  (umol/min)~" (min/umol)
0.1 0.48 0.25 10 2.08 4.0 2.5
0.2 0.85 0.47 5 1.18 2.12 2.35
0.4 1.40 0.81 2.5 0.71 1.23 2.03
0.5 1.60 1.0 2.0 0.63 1.0 2.0
0.8 2.05 1.4 1.25 0.49 0.71 1.75
1.0 2.31 1.6 1.0 0.43 0.63 1.60
1.2 2.45 1.78 0.83 0.41 0.56 1.48
1.5 2.67 2.0 0.67 0.37 0.50 1.33
2.0 2.92 2.3 0.5 0.34 0.43 1.15
2.5 3.10 2.5 0.4 0.32 0.40 1.0
5.0 3.5 3.08 0.2 0.29 0.32 0.62
10.0 3.72 3.48 0.1 0.27 0.29 0.35
Table 2.4 Michaelis-menten equation
Kin Vinax [S] (1] K;

a  12umol/l 2.4umol/min  3.6pmol/l - - no inhibitor
b 125ng/ml 175 ng/h 100 ng/ml 35 ug/ml 52 ug/ml competitive

¢ 93mmol/l  26.5umol/h 5.0mmol/l  300umol/l  220umol/l  non-competitive

Worked examples

Use the data in Table 2.4 to determine v, (or v;) in each case.

a. No inhibitor present, so:

Vinax X [9]
Vg =——
K+ [9]
24%3.6 8.64
V= ——=—
"7 12436 156

= 0.55 pmol/min
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b. In the presence of a competitive inhibitor, first calculate ¢ thus

¢ = (1+{[1] = Ki}).
S p=1+{35/52} = 1.67
and ¢pK (= K')) = 1.67 x 125

g 175x100 17500
O (1.67 x 125) +100  208.75+ 100
=56.7 ng/h

this compares with 77.8 ng/h in the uninhibited reaction, derived using the same figures
for V.« and K, but without the correction factor ¢.
c. In the presence of a non-competitive inhibitor, first calculate ¢ thus

¢ =1+ {300/220} = 2.36
and, V.x/b = 26.5/2.36 = 11.22

, 1122x5 56.1
Py —— — ——
0" 9345 14.3

= 3.9 umol/h

this value compares with 9.3 umol/h uninhibited reaction, derived using the same figures
for V.« and K, but without the correction factor ¢.

2.4 Energy generating metabolic processes

We will end this chapter by taking our first systematic look at some real metabolism, by
considering how energy released from chemicals within the cell is trapped as ATP and
the roles played by of some of the molecules involved with energy changes inside cells.
Figure 2.9 shows an overview of key pathways.

The first law of thermodynamics tells us that ‘energy can be neither created nor
destroyed’; it can however be liberated (by exergonic reactions), transferred and utilized
(by endergonic reactions). Two types of important molecules in the process are
(i) coenzymes and (ii) high-energy phosphates. The coenzyme group includes the
nicotinamide dinucleotides, NAD'T/NADH, NADP'/NADPH, the flavin coenzymes
flavin adenine dinucleotide (FAD/FADH,) and flavin mononucleotide (FMN), co-
enzyme A (represented as CoA or CoASH). The nicotinamide and flavin nucleotides
are involved with oxidation and reduction reactions, hydrogen atom and/or electron
transfers within the cell, which are invariably highly energetic. As a general rule, NAD™
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FFA + glycerol ————> glycolysis /l/

ATP

i

Pyruvate

\ Acetyl-CoA

amino acid
carbon skeletons

/

AN

NADH + H*
FADH,

OXIDATIVE PHOSPHORYLATION

Oxygen, ADP, Pi
ATP

Figure 2.9 Overview map of energy generating pathways

and FAD are usually associated with catabolic reactions, for example oxidation of
carbohydrate and fat, whilst NADP" is more commonly associated with anabolic
reactions, one notable exception being the pentose phosphate pathway described in
Chapter 5. Coenzyme A is used to ‘activate’ compounds which would not otherwise
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have sufficient energy to take part in reactions. The two best known examples being
acetyl-CoA (‘activated acetate’) and succinyl-CoA (‘activated succinate’).

Creatine phosphate (also called phosphocreatine), phosphoenolpyruvate (PEP)
and 1,3-bis phosphoglycerate (1,3BPG, formerly called 1,3 diphosphoglycerate, 1,3
DPG) are examples of high energy phosphates, defined, rather arbitrarily, as
compounds whose hydrolysis is highly exergonic (AG®" approximately —31 kJ/mol).
The most well-known high energy-associated molecule is of course ATP which, along
with similar molecules such as GTP and UTP for example, is both a nucleotide
coenzyme and a high energy phosphate compound. It is actually a common
misconception to believe that energy is released due to the breaking of a P-P bond
within ATP. It is more accurate to state that the large energy change is because the
equilibrium between ATP and ADP and Piis very far from a true equilibrium, that is it
has a large K'¢q and thus a large AG'.

ATP <= ADP + Pi

Catabolism provides the energy to re-phosphorylate ADP used in cellular activities.
Given that dephosphorylation of ATP to ADP releases is associated with an energy
change of approximately 31 kJ/mol, it follows that rephosphorylation of ADP must
require the same amount of energy, forcing the equilibrium backwards. In the course of
a day, an adult will turn-over several kilograms of ATP so we can conclude that re-
phosphorylation is a very efficient process.

A skeletal overview of energy producing pathways is shown in Figure 2.9. Notice that
catabolic pathways of carbohydrates, triglycerides and proteins meet at ‘focal points’,
pyruvate and acetyl-CoA. Most cell types have at their disposal two mechanisms for the
generation of ATP; these are oxidative phosphorylation and substrate level phosphory-
lation. Red blood cells (erythrocytes), which lack organelles including mitochondria,
are entirely dependent on ATP generation by the substrate level phosphorylation in
glycolysis.

2.4.1.1 Substrate level phosphorylation

Substrate level phosphorylation involves the transfer of phosphate directly from a high
energy compound (shown below as X-P) to ADP. This illustrates the concept of
reaction coupling (Section 2.2.5) thus:

i. X—P—Y highlyexergonic
ii. ADP + Pi— ATP highly endergonic.

This process may also be shown like this:

X-ﬁ\( highly exergonic

ADP ATP highly endergonic



48 CH 2 DYNAMIC AND QUANTITATIVE ASPECTS OF METABOLISM

Examples of substrate level phosphorylation are to be found in glycolysis. Phos-
phoglycerate kinase (PGK) and pyruvate kinase (PK) catalyse the following reactions:
PGK

1,3 bis phosphoglycerate /-\ 3-phosphoglycerate

ADP ATP

PK

7N

ADP ATP

phosphenolpyruvate pyruvate

Because glucose is cleaved into two triose phosphates on its journey through
glycolysis, these two reactions generate four ATP per mole of glucose. However the
net gain in the pathway is only two ATP as hexokinase/glucokinase and phosphofruc-
tokinase each use one ATP to phosphorylate their substrates. Glycolysis is not therefore
a very efficient means of producing ATP from glucose.

If we study the PGK reaction in isolation, we would find that it is extremely exergonic
(—50kJ/mol), and this sufficient to phosphorylate ADP (4 30.5kJ/mol) by coupling,
and also pull forward the preceding reaction catalysed by glyceraldehyde-3-phosphate
dehydrogenase which is overall weakly endergonic (Figure 2.10).

Because the AG' for step 2 (see Figure 2.10) is numerically greater than the AG' for
step 1, the overall reaction is pulled in the direction of 1,3 BPG formation (Figure 2.11).

glyceraldehyde-3-P

Plj
NAD™ Step 1: oxidation (AG’=—43kJ/mol)

> phosphorylation (AG” = +49kJ/mol)
NADH . ,
overall, weakly endergonic; AG” =+6kJ/mol
1,3-bis phosphoglycerate (1,3,BPG)

ADP > Step 2: dephosphorylation of 1,2BPG (AG’= —-50kJ/mol)

phosphorylation of ADP (AG’= +31kJ/mol)
ATP

overall, slightly exergonic; AG’ =-19kJ/mol
3-phosphoglycerate

Figure 2.10 Reaction coupling

glyceraldehyde-3-P

NAD* + ADP + Pi
> exergonic; AG’ =-13 kJ/mol

3-phosphoglycerate

NADH + ATP

Figure 2.11 Coupled reactions shown in fig 2.10
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2.4.1.2 Oxidative phosphorylation

In contrast to substrate level phosphorylation in glycolysis, mitochondrial oxidative
phosphorylation is an efficient process in that it generates in excess of 30 ATP per mole
of glucose. In essence, the movement of electrons along the respiratory chain or electron
transport chain is coupled with phosphorylation of ADP.

The exact mechanism of oxidative phosphorylation was hotly debated from the time
of the discovery by Lehninger and Kennedy in 1948 that mitochondria are the site of the
process, until Peter Mitchell developed the chemiosmotic theory in the early 1960s.
Several direct coupling processes, somewhat similar to substrate level phosphorylation,
were proposed but Mitchell concluded that the driving force for phosphorylation is
dependent upon an electrochemical gradient established across the inner mitochondrial
membrane. This gradient is generated by H* pumping, in which protons are extruded
from the matrix (inside) of the mitochondrion as electrons flow along the respiratory
chain (Figure 2.12a). The electrochemical gradient is equated with an energy gradient
and as protons are allowed to re-enter the matrix by controlled leak through membrane
pores, sufficient energy is released to drive ATP synthase (Figure 2.12b).

Chapter summary

The laws of thermodynamics govern the spontaneity of biochemical reactions. The
magnitude and sign (+ or —) of the change in the free energy (AG) allows predictions
to be made about the feasibility of individual reactions and their importance in pathways,
for example control points. For comparative purposes, AG® is used to define the dynamics
of a reaction but AG' is more informative of real reaction conditions inside cells. Energy
released from strongly exergonic reactions may be conserved as ATP or used to drive
forward endergonic reactions. There are two processes, substrate level phosphorylation and
oxidative phosphorylation, which rephosphorylate ADP generated in metabolism.

Kinetic parameters V., and K, give information about the relative speed of
biochemical reactions and the ease of interaction between the enzyme and its substrate
respectively. Inhibitors may increase K;,, or decrease V.., and metabolic control often
relies on these effects.

Answers to semi-worked examples
Table 2.2
Derived data
Raw experimental data Derived data for L-B graph for E-H graph
Vo 1/[S] 1/vy vo/[S]
[S] (mM) (umol/min) (mM ) (umol/min) ! (min/pumol)
0.1 0.48 10 2.08 4.8
0.2 0.85 5 1.18 4.25
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0.4 1.40 2.5 0.71 3.5
0.5 1.60 2.0 0.63 3.2
0.8 2.05 1.25 0.49 2.56
1.0 2.31 1.0 0.43 2.31
1.2 2.45 0.83 0.41 2.04
1.5 2.67 0.67 0.37 1.78
2.0 2.92 0.5 0.34 1.46
2.5 3.10 0.4 0.32 1.24
5.0 3.5 0.2 0.29 0.7
10.0 3.72 0.1 0.27 0.372
M-M plot L-B plot E-H plot
K, for this enzyme-substrate 0.65 0.8 0.72
combination (mmol/l)
Vinax for this enzyme-substrate 3.72 4.0 3.9

combination (Umol/min)

Table 2.3
Derived data
Raw experimental data Derived data for L-B graph for E-H graph
Yo 1/vo
(umol/ vy 1/[S] (umol/ 1/v; vy/[S]
[SmM min) (umol/min) (mM ') min) (umol/min)"'  (min/umol)
0.1 0.48 0.25 10 2.08 4.0 2.5
0.2 0.85 0.47 5 1.18 2.12 2.35
0.4 1.40 0.81 2.5 0.71 1.23 2.03
0.5 1.60 1.0 2.0 0.63 1.0 2.0
0.8 2.05 1.4 1.25 0.49 0.71 1.75
1.0 2.31 1.6 1.0 0.43 0.63 1.60
1.2 2.45 1.78 0.83 0.41 0.56 1.48
1.5 2.67 2.0 0.67 0.37 0.50 1.33
2.0 2.92 2.3 0.5 0.34 0.43 1.15
2.5 3.10 2.5 0.4 0.32 0.40 1.0
5.0 3.5 3.08 0.2 0.29 0.32 0.62
10.0 3.72 3.48 0.1 0.27 0.29 0.35

K! =1.65 mmol/l which is higher than the true K, (taken as the mean of the three values
above = 0.72 mmol/l), so this is a competitive inhibitor.

K, = {14 ([]/K))} x Kn (i.e. K}, = ¢Kp,)

Substituting, 1.65= (1 + 10/K;) x 0.72
Rearrange and solve for K;, thus K; = 7.8 mmol/l
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Problems and challenges

1. ‘AG notAG® istheappropriate criterion on which to judge the spontaneity of a reaction’.
Explain.

Calculate AG®’ for each of the following reactions where [r] and [p] represent equilibrium

concentrations of reactant and product; r1, r2, pl and p2 indicate different reactants and
products respectively in the reaction

[r] = 3.4 mmol/1
[p] = 2.5 mmol/1
at37°C

[r] = 0.18 mmol/1
[p] = 5.4 mmol/1
at 37°C

[r] = 0.95 1w mol/1
[p] = 1.05 wmol/1
at30°C

[r;] =1.25pumol/l [r;] = 0.85 1 mol/l
[p] = 4.55 L mol/1
at 25°C
[r] = 65.8 L mol/l
[p] =21.5umol/l  [p,] = 3.5umol/l
at 37°C

[r;] = 4.75mmol/l [r,] = 2.5 mmol/]
[p;] = 8.6 mmol/l [p,] = 1.1 mmol/I
at 37°C

3. Using your values for AG*’ for (a) to (f) above, calculate AG' for each reaction given the
following data

a.

b.

K'cq=3.65; temperature =37 °C
K'cq=0.3; temperature =37 °C
K'cq=28.5; temperature =37 °C
K'cq=15.7; temperature =37 °C
K'¢q=0.015; temperature = 37 °C

K'cq=32.5; temperature =37 °C

4a. Given that the Keq for a reaction is 1.45, which of the following statements is/are
true?

the forward reaction is faster than the reverse reaction;

the concentration of p is higher than the concentration of r;
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e the forward reaction is slower than the reverse reaction;
e the concentration of r is lower than the concentration of p.

4b. What biochemical change might cause K'¢q to shift to the left (net formation of r), that is
the reverse reaction to accelerate?

5. The standard free energy change for the hydrolysis of ATP is estimated to be —30.5
kJ/mol.

ATP+H,0 — ADP +Pi (Pistandsinorganic phosphate)
a. estimate the relative concentrations (i.e. ratio, K’.q) of ATP to ADP and Pi at 37°C.
Assume [ADP] = [Pi]

b. calculate the actual free energy change if the actual cellular concentrations (in liver)
are:

ATP = 4.0 mmol/l
ADP = 1.35 mmol/l

Pi=4.65 mmol/l
(NB: for simplicity, the concentration of water is usually ignored in hydrolysis reactions)

6. Fill in the missing values indicated by ?? in the table below.

Vo Km Vimax [S] v [1] K; type of
(Mmol/min) (mmol/l) wmol/min) (mM) umol/min) (mM) (mmol/l) inhibitor

a 0.825 25 1.25 None

b 2.5 1.0 2.5 None

c 1.82 1.5 e 1.25 None

d 6.0 ? 18.0 5.0 None

e 2.0 2.0 3.0 2 0.2 0.6 competitive

f 2 15 25 10 ? 3.5 3.5 non-competitive

g 0.86 2.0 2.0 1.5 0.57 [ 0.6 non-competitive

7. A 75kgrower competing in the annual University Boat Race uses 52.5 kJ/min. Assuming
that the race lasts 18 min,

i.  calculate the total energy consumption during the race.
Given that the standard free energy change for the hydrolysis of ATP is —30.5 kJ/mol,

ii.  calculate the total amount (in grams) of ATP required to furnish the energy to sustain
the competitor during the race.

(HINT: The molecular weight of ATP = 507 to convert grams to moles and back use:

Actual weight of substance =molecular wgt. of the substance multiplied by number of
moles)
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Given that the maximum energy liberated from the complete oxidation of glucose to CO, and
H,0) is 2866 kJ/mol and that the molecular weight of glucose is 180

iii.  calculate the mass of glucose (in grams) which would have been oxidized during the
race assuming that the actual energy yield from glucose is 40% of theoretical the
maximum (i.e. 2866 kJ/mol).

8. Test your IT skills. Try creating Excel spreadsheets based on the Michaelis-Menten
equation (Equation 2.9) and its variants (Equations 2.10 and 2.11). Insert into your
spreadsheets your own values for K, Vimao [S], [I] and K; and use Excel to plot
Michaelis—Menten, Lineweaver—Burke and Eadie-Hofstee graphs.
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Principles of metabolic control:
enzymes, substrates, inhibitors
and genes

Overview of the chapter

Metabolism is a complex yet highly ordered process able to adapt to changing physiological
circumstances such as feeding and fasting, exercising and resting. This chapter describes
organization of enzymes within cells, compartmentalization of pathways and how enzyme
catalysed reactions may be regulated. The importance of enzyme induction, allosterism;
covalent modification and the roles of inhibitors in feedback are considered. Control is also
mediated through substrate availability and coenzyme ratios.

Key pathways

Glycolysis and the tricarboxylic acid (TCA) cycle are used as model pathways to illustrate the
processes.

3.1 Introduction

In order to function efficiently and to survive, a cell must adapt quickly to changing
circumstances and to channel intermediates along pathways which are the most
appropriate for the conditions at the time. The facility to increase or reduce the rate
of an enzyme catalysed reaction is a crucial part of metabolic control and therefore the
adaptability of metabolism as this allows optimal utilization of possibly scarce
resources. In short, a cell must be able to control its metabolic activities in order to
meet a challenge from the environment. Loss of biological or metabolic control is
likely to be detrimental to the cell as is illustrated by certain abnormal conditions such
as cancer, genetically determined inborn errors of metabolism or following the

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd
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introduction of toxins. To return to the simple analogy used in Chapter 1, imagine the
traffic chaos which would result if a town or city was devoid of road signs, traffic signals
or if the drivers simply chose to ignore totally the conventions of the road.

3.2 General principles

We think about metabolic pathways as linear or cyclical sequences of reactions as
described in Chapter 1. Individual reactions within a pathway are often dependant
upon at least one other reaction. For example, we know from our studies of enzyme
kinetics in Chapter 2 that the rate of an enzyme catalysed reaction is determined in part
by the concentration of substrate. Remember, the substrate for one reaction is usually
the product of a previous reaction, so the activity of an enzyme is affected by the activity
of the preceding enzyme in the sequence.

Our knowledge of enzymes also tells us that under usual physiological conditions
(i.e. at typical cellular concentrations of substrate) most metabolic reactions are revers-
ible. Energetically irreversible reactions, i.e. those with a large positive free energy change,
effectively act as ‘one-way’ valves allowing substrate flow in the forward direction only.

The overall flux of a pathway can be controlled by regulation of just one or two key
reactions. As you study metabolic control, look out for the following principles:

i. Key control points are often
¢ Near the beginning of a pathway,
e At branch points where two pathways share the same substrate,
o Physiologically irreversible reactions.
ii. Irreversible reactions can only be reversed by the use of an enzyme which is
different from the one which catalyses the forward reaction; for example, kinases,

which phosphorylate a substrate and phosphatases which remove, by hydrolysis,
phosphate from a substrate.

Metabolic control is exerted at three levels:

The substrate, including coenzyme availability (Section 3.2.1);

The enzyme (Section 3.2.2);

The gene (Section 3.2.3).

3.2.1 Substrate and coenzyme availability

Substrate availability is clearly a crucial factor in determining the flux through the
pathway. To understand metabolic control fully we will need to apply our knowledge of
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enzyme kinetics from Chapter 2. Recall that the rate of a enzyme catalysed reaction is
affected by substrate concentration ([S]) and that K, is defined in terms of [S].
Consequently where, say, at a branch point, two enzymes are competing for the same
substrate, the enzyme with the lower K, for that substrate will be expected to bind
preferentially with the substrate. However, remember that it is also V., or K., and not
simply binding affinity that determines how much substrate is converted per unit time.

If the concentration of a substrate which is common to two pathways should fall
below a certain threshold, one of the enzymes (and therefore the pathway in which it
occurs) will slow down, assuming the enzymes have different kinetic characteristics.
Conversely, when [S] is high, both pathways will operate with ease because both
enzymes are essentially ‘saturated’ with substrate. Thus the abundance of substrate or
the rate of its import into the cell necessarily affects the flux (i.e. substrate flow) through
the pathway.

Substrate availability to the cell is affected by the supply of raw materials from the
environment. The plasma membranes of cells incorporate special and often specific
transport proteins (translocases) or pores that permit the entry of substrates into the
cell interior. Furthermore pathways in eukaryotic cells are often compartmentalized
within cytoplasmic organelles by intracellular membranes. Thus we find particular
pathways associated with the mitochondria, the lysosomes, the peroxisomes, the
endoplasmic reticulum for example. Substrate utilization is limited therefore by its
localization at the site of need within the cell and a particular substrate will be effectively
concentrated within a particular organelle. The existence of membrane transport
mechanisms is crucial in substrate delivery to, and availability at, the site of use.

Examples of such intra cellular membrane transport mechanisms include the
transfer of pyruvate, the symport (exchange) mechanism of ADP and ATP and the
malate—oxaloacetate shuttle, all of which operate across the mitochondrial membranes.
Compartmentalization also allows the physical separation of metabolically opposed
pathways. For example, in eukaryotes, the synthesis of fatty acids (anabolic) occurs in
the cytosol whilst B oxidation (catabolic) occurs within the mitochondria.

Substrate availability for certain reactions can be optimized by anaplerotic
(‘topping-up’) reactions. For example, citrate synthase is a key control point of the
TCA cycle. The co-substrates of citrate synthase are acetyl-CoA and oxaloacetate
(OAA) and clearly, restriction in the availability of either substrate will decrease the rate
of the citrate synthase reaction. Suppose, for example, a situation arises when acetyl-
CoA concentration is significantly higher than that of OAA, the concentration of the
latter can be ‘topped-up’ and the concentration of acetyl-CoA simultaneously reduced
by diverting some of the pyruvate away from acetyl-CoA synthesis (via pyruvate
dehydrogenase) to OAA synthesis (via pyruvate carboxylase) as shown in Figure 3.1.
The net effect is to balance the relative concentrations of the two co-substrates and thus
to promote citrate synthase activity.

3.2.1.1 Coenzyme ratios
Most intermediate substrates are converted into another compound in the process of
metabolism, but some, notably the coenzymes, are recycled. The total amounts of
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pyruvate
PC PDH
acetyl-CoA
OAA /—N

citrate

Figure 3.1 Pyruvate carboxylase (PC) diverts some pyruvate to OAA to ensure its concentration is
maintained (PDH = pyruvate dehydrogenase)

adenine coenzymes (ATP, ADP and AMP) and of nicotinamide coenzymes (nicotin-
amide adenine dinucleotide (NAD)", NADH) are constant. During metabolic
processes, these compounds are subject to reversible change. For example, ADP is
reversibly changed into ATP and vice versa; NAD™ is reduced into NADH which is
then re-oxidised to NAD™ . Thus, the ratio of NAD/NADH or ATP/ADP will have a
profound effect upon reactions that utilize one or other of the two forms. For
example, glycraldehyde-3-phosphate, an enzyme within glycolysis, requires NAD™ as
coenzyme. If the availability of the coenzyme falls, the activity of the dehydrogenase
will diminish and the glycolysis as a whole will be compromised. The mitochondrial
metabolism of pyruvate offers a good example of the effect of [NAD™ |:[NADH] ratio.
Pyruvate may be converted by pyruvate carboxylase (PC, see Figure 3.1) into
oxaloacetate, as described above. Alternatively, pyruvate may be decarboxylated by
pyruvate dehydrogenase (PDH) yielding acetyl CoA. When the [NAD™ ]/[NADH]
ratio is low, the PC reaction is favoured and OAA is formed. When the [NAD' ]/
[NADH] is high, the PDH reaction is favoured. To explain this, lets consider
metabolism in a skeletal muscle cell. At rest or under mild exercise, skeletal muscle
derives its energy from the metabolism of fatty acids. This process generates sufficient
NADH and acetyl CoA to keep the TCA cycle and oxidative phosphorylation
operating adequately. The high NADH concentration simultaneously, inhibits PDH
and activates PC and glucose catabolism is reduced, allowing its use in, for example,
glycogen synthesis. If however, a sudden burst of energy is needed, the NADH
concentration will diminish as it is oxidised by complex I of the electron transport
chain; PC activity will be reduced and PDH activity will increase, i.e. glucose is being
used to supplement energy provision.

The term coenzyme is a poor one. Compounds such as ATP, ADP, NADH are better
seen as co-substrates because clearly they do not conform to two of the criteria which
define an enzyme catalyst, that is:

e Coenzymes are NOT proteins;

o Coenzymes ARE chemically changed at the end of the reaction.

If necessary, refer back to Chapter 1 for a formal definition of an enzyme.
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3.2.2 Control at the level of the enzyme

In many sequential processes, the overall rate of a pathway is determined by the rate of
the slowest individual reaction. This is called the rate determining step (RDS) or rate
limiting step (RLS).Thus if the rate of an ‘early’ enzyme catalysed reaction is regulated
(increased or decreased) in response to physiological conditions, then the overall rate
of the pathway and substrate utilization will be subject to control.

It is too simplistic to consider that particular enzymes and pathways are either highly
active or totally inactive. Many enzymes, especially those at control points in pathways,
may retain some (perhaps very low) activity even under conditions which appear to be
physiologically inappropriate, for example fuel substrate during fasting. This low
activity keeps the enzyme ticking over and so able to respond more quickly and
sensitively to sudden changes in conditions. It is easier to accelerate an enzyme which is
‘ticking over’ than to start one that is totally inactive.

The activity of an enzyme can be enhanced or retarded by the presence of other,
usually small, compounds present in the cell. Generically, such compounds are called
activators or inhibitors.

3.2.2.1 Enzyme inhibition

Inhibition can be defined as ‘the reduction in the efficiency of an enzyme’. Note that the
term does not imply that the enzyme is completely non-functional. In fact, the retention
of some residual activity is quite important to achieve metabolic control. By analogy,
consider how much easier it is for a runner to reach full speed from a jog than from a
standing start.

Inhibitors may act reversibly or irreversibly to limit the activity of the enzyme.
Irreversible inhibitors are enzyme ‘poisons’ and indeed many of them are poisonous in
the common sense of the word; cyanide for example, is an irreversible inhibitor of one
of the cytochromes in oxidative phosphorylation.

Reversible inhibitors are more subtle and act usefully to control the rate of particular
enzymes. Often, reversible inhibitors are substrates found at or near the end of a
pathway. These compounds act in a ‘negative feedback’ manner to slow down the
activity of an enzyme at or near the beginning of the same pathway. Occasionally,
feedback inhibitors may be substrates found within a pathway which is functionally
related to the one in which the ‘target’ enzyme can be found. Furthermore, the products
of an enzyme-catalysed reaction are often inhibitory to the enzyme that generated them
(Figure 3.2). This is should not be surprising from a structural point of view because the
product must ‘fitinto’ the active site of the enzyme and so block the binding of substrate.

Many examples of product inhibition are to found. Some dehydrogenases are
inhibited by NADH (a co-product of the reaction), e.g. PDH and isocitrate dehydro-
genase (ICD), which are involved with the glycolysis and the TCA cycle are two such
examples. Hexokinase isoenzymes in muscle (but not liver) and citrate synthase are
inhibited by their products, glucose-6-phosphate and citrate respectively offering a very
immediate ‘fine tuning’ of reaction rate to match cellular requirements and possibly
allowing their substrates to be used in alternative pathways.
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=)
hexokinase
Glucose + ATP glc-6-P

citrate synthase
OAA + acetyl-CoA citrate

Figure 3.2 Product feedback inhibition

In terms of kinetic parameters, reversible inhibitors act to alter the rate of certain
enzyme-catalysed reactions by changing the K, or V,,, values (designated KPP or
K/ and ViPParent or V' respectively to distinguish these changed values from the ‘real’
values. (See Chapter 2 for a more detailed account.)

Various mechanisms of reversible inhibition have been proposed. Competitive
inhibition is conceptually the easiest to understand. Recall that the active site of an
enzyme is complementary in shape to the shape of the substrate (crudely, the lock and
key hypothesis). Suppose a compound which is not the true substrate, but structurally
similar to it ‘blocks’ the active site by binding to it. The true substrate cannot bind and
so no reaction will occur. Hence, there is competition between the true substrate and
the inhibitor for binding at the active site.

Shown diagrammatically, where E = enzyme; S = substrate and I = inhibitor

E+S < (ES)—E+P {active}
E+1« (EI) {inactive; no product formed}

In this situation, it is the ratio of S to I and the relative affinity coefficients (K, and K;)
that determines the extent of inhibition.

An alternative model to competitive inhibition is called non-competitive. In this
model, the inhibitor binds to the enzyme but not at the active site. Substrate binding is
not affected but product release is slowed down.

E+S <> (ES) ————> E+P {active ES}

iﬂ N $+I

EIl <—> (ES)) {inactive; no product formed
directly from ESI}

A third means of control of enzyme activity is achieved by altering the conformation
of the protein. The actual mechanisms involved are:

o Allosteric effects

e Covalent modification.

In either case, the effect may be to enhance or diminish the activity of the enzyme.
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3.2.2.2 Allosteric effects (allos = other, steros = place)
In addition to the binding of substrate (or in some cases co-substrates) at the active site,
many enzymes have the capacity to bind regulatory molecules at sites which are usually
spatially far removed from the catalytic site. In fact, allosteric enzymes are invariably
multimeric (i.e. have a quaternary structure) and the allosteric (regulatory) sites are on
different subunits of the protein to the active site. In all cases, the binding of the
regulatory molecules is non covalent and is described in kinetic terms as non-
competitive inhibition.

Exactly how an allosteric effector molecule (activator or inhibitor) works is
explained by one of two molecular models:

e The concerted model developed by Monod, Changeux and Wyman (1965)
(Figure 3.3a);

¢ The sequential model developed by Koshland and Nemethy (1966) (Figure 3.3b).

Both models suppose that binding of a ligand molecule, i.e. a substrate or regulator
molecule, to one of the subunits of the enzyme causes that subunit to change its shape
(conformation). The terms concerted and sequential refer to the manner in which the
biochemists who developed the models imagine the separate subunits of the multi-
meric proteins to change shape. Either, all subunits change simultaneously (concerted
model) or they change one at a time (sequential model). The MWC concerted model,
assumes that all of the enzyme subunits have the same conformation (shown as
squares or circles in Figure 3.3) and that substrate binding is easier when the protein is
in the relaxed (R) state. Initially, with the protein in the tense (T) state substrate
binding is ‘difficult’, but once one ligand molecule has bound, the conformational
switch to the R state allows subsequent binding much easier. Thus the whole protein is
in either the R or the T state.

Koshland’s model also assumes two states, R and T, but of each subunit. The binding
of one ligand causes only one subunit to switch completely but induces a slight change
in a neighbouring subunit which can now bind another ligand molecule easily. Because
each subunit changes in turn, hybrid forms of R and T conformations are possible.

A Michaelis—Menten type graph for an allosteric enzyme shows not the usual
hyperbolic shape as shown in Section 1.4, but a sigmoidal relationship between [S] and
activity.

Allosteric regulatory molecules are small molecular weight compounds which may
be coenzymes (NAD™, ATP, etc.) or intermediate substrates, possibly generated by
enzymes found within the same pathway as the regulated enzyme. Alternatively, the
allosteric modulator may be generated within another, perhaps complementary,
pathway. For example, a regulator may be stimulatory for a catabolic route and at
the same time inhibitory for the opposing anabolic pathway.

Where the pathway generates an allosteric regulator, the opportunity for feedback or
indeed feed-forward control arises. Feedback control is exerted by a product of the
pathway and acts to ‘switch off’ a key control enzyme when the concentration of the
product reaches a threshold. This indicates the cell contains enough of that particular



62 CH 3 PRINCIPLES OF METABOLIC CONTROL: ENZYMES, SUBSTRATES, INHIBITORS AND GENES

product and so no more needs to be synthesized, thus allowing valuable substrates to be
used elsewhere. Using our road-way analogy from Chapter 1, a street has been closed
and traffic is being diverted.

A good example of allosteric inhibition is given by hexokinase (HK) isoenzymes of
muscle. The product of the HK reaction, glucose-6-P allosterically inhibits the enzyme,
so matching the phosphorylation of glucose to its overall metabolism, helps to regulate

L = ligand, which may
be substrate or @
activator.

Figure 3.3 (a) The concerted model
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Step 1

OO
> o
53 ——8¢

(b)
Figure 3.3 (b) The sequential model

Step 3

the uptake of glucose by myocytes ensuring that only that amount of glucose which can
be utilized is imported. The situation in liver is somewhat different as the main hepatic
HK isoenzyme (also known as glucokinase (GK) or hexokinase IV) is not inhibited by
glucose-6-P. Furthermore, the K;;, of GK for glucose is much higher, indeed above
typical cellular concentrations, than that for HK indicating that hepatic GK is rarely, if
ever, saturated with substrate and so glucose-6-P production is allowed to continue as
glucose concentrations rise and when HK is fully saturated with substrate. See also
Section 3.2.1.5.

Feed-forward control is more likely to be focused on a reaction occurring at or near
the end of a pathway. Compounds produced early in the pathway act to enhance the
activity of the control enzyme and so prevent a back log of accumulated intermediates
just before the control point. An example of feed-forward control is the action of
glucose-6-phosphate, fructose-1,6-bisphosphate (F-1,6bisP) and phosphoenol pyru-
vate (PEP), all of which activate the enzyme pyruvate kinase in glycolysis in the liver.

One of the best known and well described allosteric enzymes is phosphofructo-
kinase-1 (PFK-1). The interconversion of fructose-6-phosphate (F-6-P) and F-1,6-bisP
is a pivotal step in glycolysis and gluconeogenesis (Figure 3.4).
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Fructose-6-phosphate

PFK-2

_.Fructose-2,6 bis phosphate

allosteric activation of PFK-1
Fructose-1,6 bis phosphate

Glycolysis

Figure 3.4 PFK-2 activity enhances glycolysis by activating PFK-1

PFK-1 is allosterically inhibited by (among others) ATP and citrate;

PFK-1 is allosterically activated by AMP, ADP and fructose-2,6 bis phosphate (F2,6-
bisP).

Fructose-2,6 bis phosphate is generated by the action of PFK-2 on F-6-P. Thus there
are two enzymes competing for the same substrate. When F-6-P concentrations rise,
some of this substrate is used by PFK-2 and the product F2,6-bisP enhances the activity
of PFK-1 so channelling more F-6-P through glycolysis. Furthermore, high cytosolic
concentrations of AMP and ADP indicate that the energy status of the cell is low, so
accelerating glycolysis is clearly beneficial. Conversely, when ATP and citrate (part of
the TCA cycle) concentrations are high, the cell has sufficient energy, so glycolysis can
be slowed. See Figure 3.4 and Section 3.3.1.2. Unlike the hexokinase example above,
only ATP is actually involved with the kinase reaction and all other allosteric modifiers
arise from other pathways and processes indicating how metabolism can be integrated.
The reactions of glycolysis are described in Sections 1.7 and 3.3.

Competitive, non-competitive and allosteric effects all rely on weak binding between
the enzyme and the various ligands (small molecules which attach to a bigger
molecule). Such weak binding attractions are not covalent bonds, unlike the situation
described below.

3.2.2.3 Reversible covalent control
We are very familiar with the idea of a large enzyme using a small molecule as its
substrate. Here now we see an example of an enzyme that uses a protein as its substrate.
Covalent modification, most frequently by phosphorylation, occurs when a controlling
enzyme is itself a substrate for another enzyme, the ‘modifying enzyme’.

For example, in the case of a phosphorylation reaction, a kinase modifier transfers
the terminal phosphate group from ATP to the target enzyme, forming a covalent
phosphoester with an —OH containing amino acid residue within the target enzyme.
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The added phosphate group may then be removed by a phosphatase to return the target
enzyme to its original level of activity (Figure 3.5).

ATP ADP
kinase

ENZYME ENZYME-P (phosphorylated enzyme)

phosphatase
Pi

Figure 3.5 Reversible covalent phosphorylation mediated by kinase and phosphatase

Only three amino acids have a hydroxyl functional group in their side chain;
tyrosine, serine and threonine. Some kinases target only tyrosine residues (tyrosine
kinases) whereas others may phosphorylate serine or threonine (Ser/Thr kinases). An
enzyme protein (the substrate for the kinase) may have several tyrosine, serine or
threonine residues within its primary sequence, but only some of these are subject to
phosphorylation by a particular kinase (see Figure 3.6)

The change in the conformation of the control enzyme brought about by covalent
modification alters the activity of the control enzyme and so regulates substrate flux
through that step. This fact underlines the importance of the three-dimensional
structure of an enzyme. The inclusion of phosphates may bring about quite a small
architectural change to the protein structure but it is sufficient to affect substrate
binding and therefore enzyme activity.

Reversible phosphorylation of proteins and enzymes is an important and widely
used means of enzyme control. Phosphorylations may activate or deactivate the target
enzyme, leading to the opportunity for reciprocal control. Imagine two enzymes
regulating opposing pathways, for example, one anabolic and the other catabolic, both
enzymes are substrates for the same protein kinase and same phosphatase. Simulta-
neous phosphorylation of both enzymes results in one being activated and the other
inactivated but when the phosphatase removes inorganic phosphate from both
enzymes, the first becomes inactive and the second active. One ‘switch’ has opposing
effects on two pathways; this is reciprocal control.

Phosphorylation/dephosphorylation cycles of regulation are usually initiated by
hormonal action at the cell surface. A classic example of control mediated by reversible
de/phosphorylation is glycogen metabolism. This process illustrates beautifully the
symmetry that we often find in intermediary metabolism. Reciprocal, simultaneous,
control of the two opposing pathways of glycogen synthesis (anabolic, involving the
enzyme glycogen synthase) and degradation occurs (catabolic, involving glycogen
phosphorylase, see Figure 4.17). For glycogen synthesis, activation of the control enzymes
requires phosphorylation by appropriate kinases, but simultaneous phosphorylation
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(a) tyrosine kinase reaction

/CO
HO- CHZ-C\—H
NH ... .
tyrosine
ATP
ADP
/CO
PO- CH,-C-H
N
NH .
phosphotyrosine
(b) serine/threonine kinase
CH,OH CH,OP
H,N—CH /—\ H2N—CH
‘ ADP ‘
coon " COOH
serine phosphoserine
CHs CH;
CHOH CHOP
H,N—CH /\ H,N—CH
ATP ADP
COOH COOH
threonine phosphothreonine

Figure 3.6 Protein kinases. Selected amino acid residues within proteins are targets for kinases.
(a) Tyrosine kinase reaction. (b) Serine/threonine kinase

of the degradative enzymes by the same kinases causes inactivation. Other important
examples of enzyme targets for de/phosphorylation cycles are pyruvate kinase (PK) and
PDH. Both enzymes are optimally active when dephosphorylated; the action of specific
kinases inactivates these enzymes.
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Some enzymes are controlled by both allosterism and covalent modification often
brought about by hormone stimulation of the cell. Allosteric effects will take effect
immediately because the enzyme is responding to local intracellular conditions of
substrate or coenzyme concentrations, but covalent effects because they are driven by
hormonal stimulation may take a little longer to have an impact but will be part of a
coordinated response in several tissues of the body sensitive to the hormone.

3.2.2.4 Isoenzymes

As indicated in the previous discussion, the control of enzyme activity is understood in
terms of kinetic parameters. Differences in K, and or V. can also arise when the same
chemical (metabolic) reaction is catalysed by two structurally different enzymes. Such is
the case with isoenzymes or isoforms of enzymes.

Isoenzymes arise when there exist different genes coding for the different proteins.
Isoforms arise when the enzyme protein undergoes post translational modification, for
example amino acid residue excision or addition of a non protein moiety such as sialic
acid (a carbohydrate-like molecule).

The isoenzymes within a particular ‘family’ will operate under slightly different
circumstances or may respond differently to metabolite feedback regulation. In this
case there is some degree of structural similarity between the different isoenzymes. The
usual example used to illustrate this point is lactate dehydrogenase (LD), which has five
isoenzymes, each composed of four sub-units. The subunits are of two types, H or M, so
the five forms arise as follows:

HHHH HHHM HHMM HMMM MMMM

The H-rich forms found in heart and red blood cells tend to operate at low lactate
concentration, whilst the M-rich forms work better when lactate concentration is high.
Further details about LD isoenzymes are given in Chapters 6 and 7.

Sometimes, it is convenient for a cell to use two totally different, that is structurally
unrelated, enzymes to catalyse the same chemical reaction, but under different
physiological conditions. Using the same example we had a little earlier, the
conversion of glucose into glucose-6-phosphate in most mammalian tissues, is via
one of the HK isoenzymes. HK is continually active because it has a low K
(~1mmol/l) for glucose, far below the expected cytosolic glucose concentration
assuming a blood glucose concentration of approximately 5 mmol/l. Following a
heavy carbohydrate meal, the blood glucose concentration will rise steeply and so too
will the concentration within the liver cells (hepatocytes). As HK is already working
almost to its maximum capacity, another enzyme, GK, (K, for glucose ~10 mmol/l),
an isoenzyme of HK is used as a ‘back-up’ to ensure that as much of the glucose which
enters the hepatocyte is converted to glucose-6-phosphate as quickly as possible,
probably for storage as glycogen.

3.2.2.5 Substrate cycling
Substrate cycling (also called futile cycles) illustrates the importance of keeping key
enzymes in a low activity state. Here again, PFK in the liver provides a good example.
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PFK
F-6-P F-1,6-bis phosphate
FBPase
Pi
Key: PFK phosphofructokinase
FBPase fructose-1,6-bis phosphatase

Compare this diagram with figure 3.5

Figure 3.7 Futile cycle involving PFK and FBP

The interconversion of fructose-6-phosphate and fructose-1,6 bis phosphate is a
control point in glycolysis and gluconeogenesis. Gluconeogenesis is a pathway which
allows carbon atoms from substrates such as lactate, glycerol and some amino acids to
be used for the synthesis of glucose, so it is in effect physiologically the opposite of
glycolysis.

As shown in Figure 3.7, PFK catalyses the forward reaction (F-6-P to F-1,6-bis
phosphate) and fructose-1,6-bis phosphatase (FBPase) catalyses the reverse reaction.
To have both PFK and FBP operating simultaneously appears to be illogical (in fact,
futile) because ATP, a valuable commodity is consumed with no apparent net flow
through the pathway. The answer to the dilemma is given when we consider the relative
rates of the two reactions under various conditions, for example fed and fasting. If we
consider that under resting conditions, PFK is operating at a velocity of, say, 50
(arbitrary units) and the reverse reaction (FBPase) is operating at a velocity of 40 then
the net velocity is 10 in favour of phosphorylation.

If now there is a demand for glycolysis to accelerate (to provide more pyruvate for
conversion into acetyl CoA) and we assume a twofold change in each enzyme then PFK
operates at an arbitrary velocity of 100 whilst the activity of FBPase decreases
simultaneously to 20 then the net velocity is 80, an increase of eightfold over the
resting state of 10.

Conversely, let us suppose for the sake of argument that in the fasting state
gluconeogenesis accelerates to supplement blood glucose concentration and that the
rate of PFK drops to 25 arbitrary units and that of FBPase increases to 80 (again a
twofold relative change in each enzyme). The net velocity is now 55 but in the reverse
direction favouring formation of F-6-P. Because the relative activities of the two
enzymes are controlled simultaneously, partly by allosteric feedback, careful balancing
of the opposing reactions determines the overall substrate flux and brings about an
immediate response to changes in physiological circumstances.
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3.2.2.6 Enzyme cascades

A different and equally important way of achieving a rapid and significant change of
flux is the amplification inherent in enzyme cascades. Here, each enzyme uses as its
substrate the next enzyme in the sequence. In even a simple three-step cascade, the
amplification achieved can be significant. For example assuming each step has an
amplification factor of 5, then

Stepl 1—5 active enzymes
Step2 5—25 active enzymes

Step3 25— 125 active enzymes

This sort of control is usually achieved by either covalent modification (phosphoryla-
tion or de phosphorylation as in glycogen metabolism) or by proteolytic cleavage (e.g.
activation of digestive enzymes in the gut, or blood clotting mechanism.

In the case of glycogen metabolism, the initiating factor to glycogenolysis is hormone
activation of the liver or muscle cell. This step too contributes to the amplification
cascade because each hormone-receptor interaction may activate, via appropriate
second messenger, several primary cascade enzymes (step 1). Simultaneously, the same
hormone, adrenaline in muscle and glucagon in liver, will activate key enzymes in
glycolysis and so ensure that once glucose is available in the cytosol of the cell, there is
efficient and co-ordinated metabolic processing of substrate.

3.2.3 Control at the gene level

The example of HK and GK quoted earlier illustrates how a cell can adapt to relatively
sudden (minutes to hours time frame) fluctuations in its environment or physiological
circumstances. Suppose, however, that the stimulus to change was more prolonged
(hours to days), or that a particular substrate previously absent, becomes available in
abundance. Perhaps a preferred substrate becomes unavailable and the cell has to adapt
to use an alternative, or a toxin needs to be metabolized quickly. In such circumstances
it makes sense to change the concentration of the enzyme itself in order to cope with the
new substrate load.

More enzyme molecules can be made available by modifying the expression of the
gene which codes for that enzyme protein. This may be by increased transcription
(additional mRNA for translation), or by increasing the stability of basal levels of the
messenger RNA. The consequent increase in enzyme protein synthesis will necessarily
utilize amino acids which might otherwise have been used for some other purpose. So
here then is an example of the cell actively channelling its essential and perhaps limited
resources through an alternative, normally quiescent, route in order to adapt to a
biochemical challenge.

The Lac operon (Figure 3.8, described in Esherichia coli bacteria by Jacob and
Monod), illustrates how gene expression can be switched on or off according to sudden
changes in environmental conditions. Glucose (a monosaccharide) is the preferred
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(@)

i gene control element Z gene Y gene A gene

Lac operon

Section of bacterial DNA

(b) Repressor protein (produced under the control

d

of the i gene)

i control z Y A

(a) glucose present so the Lac control element is blocked; genes A)Y and Z

are not expressed

©

Repressor protein disengaged

* LAC gene is expressed

| control VA Y A

(b) lactose present, the repressor’s conformation is changed so that it can no longer
bind to the control element. The A'Y and Z genes can now be expressed; mRNA is
produced which leads to the synthesis of the enzymes which will metabolise lactose

Figure 3.8 Lac operon

carbon source for the bacterium E. coli, but if glucose supply is limited, the organism

will switch to metabolise lactose (a disaccharide). Hence, Lac stands for lactose.

The Lac operon is made up of three genes (designated A, Y and Z), which code for
enzymes which metabolize lactose and the control element whose function is to
‘activate’ transcription of the A,Y and Z genes. Normally (i.e. when there is sufficient
glucose available), a protein called a repressor blocks the control element and so the A, Y

and Z genes are ‘off’.

The repressor is itself produced under the control of another gene (i for inhibitory)

located adjacent to the A,Y and Z control element.
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When lactose but not glucose is available, a chemical derivative of the disaccharide
binds to the repressor, changing its shape. This in turn prevents the repressor binding to
the control element. Once the control element is ‘open’, it directs the expression of the
A, Y and Z genes which leads to the production of the enzymes which allow the efficient
utilization of the lactose.

The Lac operon is but one example of the genetic adaptations which allow bacteria to
respond to their environment. Other examples are to be found in amino acid
metabolism, for example the TRP operon which regulates tryptophan metabolism.

This process where enzymes are produced in increased quantities on demand is
called enzyme induction; although eukaryotic cells do not possess operons as such,
several examples of enzyme induction are to be found in humans. Eukaryotic genes
have regulatory sequences and promoter regions which when bound by transcription
factors, permit expression of that particular gene. For example, steroid hormones once
inside their target cell, bind specific receptors forming complexes which allow
particular regions of DNA to be transcribed (see Chapter 4). Similarly, many of the
immune responses are mediated via a cytosolic protein called nuclear factor kappa B
(NFxB), which is itself activated by cytokine stimulation of the cell. Following the
ingestion of certain drugs, for example barbiturates, enzyme systems in the liver are
induced to accelerate hepatic detoxification, that is drug removal (see Chapter 6).

Living cells must adapt and respond to changes and challenges placed upon them by
their environment. Metabolic control is concerned with mediating such responses.
Without adaptation, life would not continue.

3.3 Glycolysis and the Krebs TCA cycle as models of
control of metabolic pathways

Having now considered the principles of metabolic regulation, we can turn our attention
to somereal pathways and study how the theory is put into practice. Further details of the
control reactions of glycolysis and gluconeogenesis are given in Section 6.4.2.

Glycolysis is the major route of carbohydrate metabolism in all cell types and the
TCA is a ‘focal point’ allowing the integration of carbohydrate, amino acid and lipid
metabolism. The two pathways are illustrated in Figures 3.9 and 3.14. These two well-
known pathways exemplify many of the general principles of metabolic regulation
described above.

3.3.1 Glycolysis

The three control steps in glycolysis are reactions catalysed by HK, PFK-1 and PK. All
three reactions involve ADP/ATP cycling and are strongly exergonic suggesting they
operate far from the true equilibrium position. Such reactions are physiologically
difficult to reverse and so act as metabolic ‘one-way streets’.
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Glucose

HK/IGK (- ATP; (-) G-6-P

Glc-6-P

PHI (-) erythrose-4-P; (-) sedoheptulose-7-P

F-6-P

PFK  (+) AMP; (+) ADP; (+) F-6-P; (+) F-2,6-bis P
(=) ATP; (-) citrate; (-) long chain fatty acids.

F-1,6-bisP

(multiplei steps)

\'2
Phospho enol pyruvate (PEP)

(+) insulin
(via dephosphorylation) PK (+) F-1,6-bis P; (+) G-6-P; (+) PEP;
(liver)
(=) glucagon (=) ATP; (-) citrate; (=) long chain fatty acids
(via phosphorylation) (-) acetyl-CoA,

Pyruvate

Key: (+) = activation (=) = inhibition
HK/GK = hexokinase/glucokinase; PHI = Phosphohexoisomerase;
PFK = phosphofructokinase; PK = pyruvate kinase; G-6-P = glucose-6-phosphate
F-6-P = fructose-6-phosphate; F-1,6bisP = fructose-1,6 bis phosphate

Figure 3.9 Hormone and metabolite-mediated control of glycolysis

Glucose + ATP KGR, glucose-6-phosphate + ADP  AG' = —27 kJ /mol

Fructose-6-phosphate + ATP P, fructose- 1, 6-bisphosphate + ADP
AG = —21kJ/mol
Phosphoenolpyruvate(PEP) + ADP X, pyruvate + ATP  AG = —17 kJ/mol

(typical values for AG' in cardiac muscle)
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3.3.1.1 The Hexokinase reaction

Four tissue-specific isoenzymes of HK (denoted types I to IV) have been described;
type IV is usually known as GK and is found only in the liver. As noted previously, the
hexokinases have a K, for glucose of about 1 mmol/l whilst that for GK is about
10 mmol/l.

The hexokinases are inhibited by product (glucose-6-phosphate) and co-substrate
(ATP). A high cytosolic concentration of ATP (strictly speaking a high ATP-to-ADP
ratio) in peripheral tissues is a signal that there is sufficient energy available and so no
further oxidation of glucose is necessary. Product inhibition by glucose-6-phosphate
regulates the entry of glucose into the pathway. Glucose remains in the blood stream
and is taken up by the liver where it may be converted into glycogen for storage. Hepatic
GKis not subject to product inhibition so any Glc-6-P which cannot enter glycolysis can
be converted into glucose-1-phosphate (Glc-1-P) the first step towards glycogen
synthesis or may enter the pentose phosphate pathway.

3.3.1.2 The PFK-1 reaction

Refer again to Figure 3.4 before proceeding. This is the overall rate limiting reaction of
glycolysis and is therefore the main control point. The net flux of substrate through this
step is determined by the opposing effects of PFK-1 (the glycolytic enzyme) and FBP,
which is important in gluconeogenesis. Both enzymes exhibit some activity at all time
establishing what is referred to a ‘futile cycle’ because ATP is consumed in one direction
but not generated in the reverse. Refer to Figure 3.7.

This apparently ‘futile’ process has benefits in maintaining the temperature in the
flight muscles of bees, but the importance to humans, as described in Section 3.2.2.5, is
that if both reactions are already operating either the forward or reverse reaction can
very quickly speed-up if circumstances dictate; rather like a rolling start at the beginning
of a race.

The mechanism of control of PFK-1 is mainly allosteric; inhibition by ATP, citrate,
long chain fatty acids and activation by AMP and F2,6-bisP. With the exception of F2,6-
bisP, the named regulators all indicate the fuel or energy status of the cell. Control by
citrate helps to synchronise the rates of glycolysis and the TCA cycle.

PFK-1 is a classic example of a tetrameric allosteric enzyme. Each of the four subunits
has two ATP binding sites; one is the active site where ATP is co-substrate and the other is
an inhibitory allosteric site. ATP may bind to the substrate (active) site when the enzyme
isin either the R (active) or T (inhibited) form. The other co-substrate, F-6-P binds only
to the enzyme in the R state. AMP may also bind to the R form and in so doing stabilises
the protein in that active conformation permitting ATP and F-6-P to bind.

ATP binds to the inhibitor site only when the protein is in the T form. In occupying
the inhibitor site, ATP ‘locks’ the enzyme in the inactive conformation, preventing
binding of F6P (Figure 3.10). Overall, the cytosolic ratio of ATP-to-AMP ratio
determines the proportion of PFK-1 in the R conformation. Compare with the effect
of the ATP-to-ADP ratio on HK above (Section 3.3.1.1)

Figure 3.4 also shows that fructose-2,6-bis phosphate (F2,6bisP) is an important
allosteric regulator of PFK-1; this is partly because the turnover of F2,6bisP influenced by
the hormone glucagon. F2,6bisP is synthesized from fructose-6-phosphate by PFK-2,
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High AMP/ATP fructose-6-P
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inactive active
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Low AMP/ATP fructose-1,6 bisP

Figure 3.10 Phosphofructokinase

which is an interesting enzyme due to the fact that it has both kinase and phosphatase
(FBP) activity;

ATP ADP

kinase

fructose-6-phosphate fructose-2,6-bisphosphate

phosphatase

Pi

The switch in the action of the enzyme between its kinase and phosphatase activities
is brought about by phosphorylation mediated by the serine/threonine protein kinase A
(PKA), the same cAMP dependent enzyme which plays a role in the control of glycogen
metabolism. In its kinase form, PFK-2 is dephosphorylated but phosphorylated in the
phosphatase form.

Thus, in the presence of glucagon (a hormone associated with the fasting state), F2,6-
bisP is dephosphorylated to F-6-P, the allosteric activation of PFK-1 is thereby lost and
the rate of substrate flow through glycolysis is reduced (Figure 3.11). Instead,
gluconeogenesis (synthesis of glucose from non-carbohydrate sources and needed for
the central nervous system in particular) is facilitated and the liver becomes a net
producer, not consumer, of glucose.

3.3.1.3 The PK reaction

The third and final control step is mediated by PK. This enzyme, like HK, exists as a
number of isoenzymes in different tissues and, like the PFK reaction, is controlled by
both the concentration of metabolites and covalent effects. Furthermore, PK also
illustrates two other means of metabolic control, namely enzyme induction and feed-
forward, regulation.

PK in the liver is regulated at the gene level with its synthesis being increased by
carbohydrate feeding, via the actions of insulin, glucocorticoids or thyroxine (T4).
Feed-forward allosteric control is mediated by F-1,6bisP and glucose-6-phosphate,
whilst ATP citrate and acetyl-CoA inhibit the PK reaction. In the liver, covalent
phosphorylation is brought about by the action of glucagon and PKA, reducing PK
activity thus slowing glycolysis in favour of gluconeogenesis. The muscle isoenzyme of
PK is not inactivated by glucagon signalling so glycolysis in that tissue can continue
even if blood glucose concentration is low.
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ATP

Glucagon —||| adenylate cyclase

PKA (inactive)
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ATP PFK-2
kinase
Liver cell
membrane PKA (active) —W—s
PFK-2
ADP phosphatase

PKA = protein kinase A

Figure 3.11 CcAMP activates the metabolic switch from PFK-2 kinase to phosphatase activity

3.3.2 Control of the Krebs’ TCA cycle

The control mechanisms operating on the TCA cycle are similar to those described for
glycolysis above, that is allosteric and covalent. As might be predicted, it is the
concentration of acetyl-CoA and the ATP-to-ADP and NADH-to-NAD™ ratios which
are crucially important as these indicate energy status within each mitochondrion and
implicitly therefore the energy status of the whole cell. High concentrations of ATP or
NADH slow down the cycle, an effect which is partly mediated by covalent
modification.

PDH is a multi-enzyme complex consisting of three separate enzyme ‘units’;
pyruvate decarboxylase, transacetylase and dihydrolipoyl dehydrogenase. Serine re-
sidues within the decarboxylase subunit are the target for a kinase which causes
inhibition of the PDH; the inhibition can be rescued by a phosphatase. The PDH kinase
(PDH-K) is itself activated, and the phosphatase reciprocally inhibited, by NADH and
acetyl-CoA. Figure 3.12(a and b) show the role and control of PDH.

During periods of prolonged fasting or starvation, acetyl-CoA can be generated by
catabolism of stored fat. Acetyl-CoA inhibits the PDH complex and allows pyruvate to
be re-directed towards gluconeogenesis by pyruvate carboxylase (part of the pyruvate
kinase bypass loop). Here is another example of reciprocal control, two enzymes being
controlled by the same metabolic switch; pyruvate carboxylase is activated by a high
NADH concentration, simultaneously with the inactivation of PDH. Glycolysis is
suppressed in favour of gluconeogenesis, as stated above, to generate glucose for the
brain and the red blood cells.

It is clear from Figure 3.13 that PDH controls the production of acetyl-CoA. The
control of the TCA cycle (illustrated in Figure 3.14) itself is mediated mainly by the
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Figure 3.12 (a) PDH complex

(b) ADP [ PDH-b (inactive) ]— P Pi
PDH-K PDH phosphatase
() NAD* (+)ca™
(+) ATP,

(+) acetyl-CoA

ATP PDH-a (active) OH H,O

Pyruvate acetyl-CoA
+ CoASH + CO;
+ NAD" + NADH +H"

Key: PDH-K = PDH kinase (+) = activation; () = inhibition

Figure 3.12 (b) PDH complex: regulation

‘pacemaker’ enzyme citrate synthase, which is inhibited by citrate, succinyl-CoA (a
substrate analogue) and a high ATP-to-ADP ratio. The concentrations of both citrate
and succinyl-CoA reflect the overall rate of the cycle, and if sufficient ATP is available to
the cell, acetyl-CoA can be channelled into other pathways, for example fat synthesis in
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Figure 3.13 Reciprocal control of PC and PDH complex (compare with Figure 3.1)

the liver. Close consideration of the ICD and 2-oxoglutarate dehydrogenase (2-OGD)
reactions show that they are similar to the PDH reaction; all are oxidative decarbox-
ylations with similar coenzyme requirements, that is FAD and lipoate in addition to
NAD™, and both CD and 2-OGD are inhibited by ATP and NADH. The third control
step is at 2-OGD. Succinyl-CoA and NADH both inhibit 2-OGD.

We should note at this point that the TCA cycle is more than just a means of
producing NADH for oxidative phosphorylation. The pathway also provides a number
of useful intermediates for other, often synthetic, pathways. For example, citrate is the
starting substance for fat synthesis (Chapter 9); succinyl-CoA is required for haem
production and 2-oxoglutarate and oxaloacetate in particular are involved with amino
acid and pyrimidine metabolism. Pathways which have dual catabolic/anabolic func-
tions are referred to as ‘amphibolic’.

As is often the case, tissue-specific control mechanisms operate to optimise
adaptation to particular conditions. For example, muscle contraction requires an
increase in cytosolic calcium ion concentration (see Section 7.2.1, Figure 7.4). During
exercise when energy generation needs to be increased, or from a more accurate
metabolic point of view, when the ATP-to-ADP ratio falls rapidly, and the accompa-
nying rise in [Ca® ¥ ] activate (i) glycogen phosphorylase which initates catabolism of
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Figure 3.14 The TCA cycle

glycogen, (ii) PDH complex, (iii) ICD and (iv) 2-OGD complex). Thus, fuel in the form
of glucose is made available from storage and its oxidation is potentiated for efficient
ATP production; a perfect example of integration and regulation of metabolism.

Chapter summary

Integration and control of metabolic pathways is crucial for optimum utilization of
substrates. Metabolism must adapt to changing physiological circumstances such as
fed/fasting or resting/exercising. This is achieved mainly by changes in substrate
concentrations, coenzyme ratios mediated by allosteric effects and hormonal control,
usually via covalent modification of enzyme structure, to ensure that metabolism
within different tissues responds in an appropriate manner to any given situation.
Enzyme induction, that is enzyme synthesis on demand, is a relatively slow process
which mediates control in a more long term sense than allosterism or covalent effects.
Because substrates such as pyruvate, acetyl-CoA, oxaloacetate, 2-oxoglutarate and
glucose-6-phosphate are at metabolic cross-roads, where streams of carbohydrate, lipid
and amino acid metabolism converge, reactions involving these compounds are often
tightly, but sensitively, controlled.



CHAPTER SUMMARY

Problems and challenges

1l

Control points often occur at or near to the start of a pathway or a branch points in a
pathway. Why?

Verify the figure for the number of moles of ATP generated per mole of glucose. You will
need to consider ATP generated from substrate level phosphorylation in glycolysis and
from oxidative phosphorylation. Assume each NADH generates three ATP and each
FADH, generates two ATP. (You may need to refer to the diagrams showing glycolysis
and the TCA cycle).

What is the biological ‘logic’ in ATP, ADP, AMP, F-2,6 bisphosphate and citrate acting as
regulators of such a key enzyme (PFK-1) in glycolysis?

Why is it desirable to have an enzyme in heart which works efficiently to remove lactate,
that is an isoenzyme of lactate dehydrogenase with a low K, for lactate?

What would be the effect of (a) a competitive inhibitor and (b) a non-competitive
inhibitor on K, and V,,,, of an enzyme catalysed reaction? Explain your answer.

Study the graph below which shows (a) the response of a typical allosteric enzyme in the
absence of an inhibitor and (b) the same enzyme in the presence of an inhibitor.

@

rate

(b)

Substrate concentration

What conclusions can be drawn about the effect of the inhibitor on the enzyme?

Covalent modification of enzymes (molecular weight of several hundreds or thousands)
by the incorporation of inorganic phosphate in the form of PO;~ (formula weight = 85),
seems to represent a small chemical change in the enzyme yet is an important control
mechanism of enzyme activity. Explain how phosphorylation can exert its controlling
effect on the activity of the enzyme.

In the fed state when the insulin: glucagon ratio is high, would you expect glycogen
synthase, PK and PDH to be phosphorylated or de-phosphorylated? Give reasons to
support your answer.
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Biochemistry of intercellular
communication; metabolic
integration and coordination

Overview of the chapter

The metabolic activities of different tissues are controlled and coordinated partly by messenger-
induced mechanisms. Messengers, often known generically as ligands because they act by binding
to a receptor protein, are physiologically sub-divided into two major groups, hormones and
neurotransmitters but they share many biochemical features. Hormonal stimulation of target
cells requires ligand-receptor binding to initiate a transduction sequence. Transduction systems
based on second messengers such as cAMP or inositol triphosphate (IP3), which act as relay
mechanisms and are often responsible for controlling enzyme activity via phosphorylation/
dephosphorylation cycles. Some hormones regulate cellular activity by changing DNA trans-
cription and upregulating (inducing) the expression of enzymes or other proteins.

Key pathways

Hormone and neurotransmitter synthesis and catabolism; signal transduction cascades.

4.1 Introduction

‘No man is an island entire of itself’ ... nor are cells and tissues!
(after John Donne, ¢.1570-1621; Meditation XV)

Functional specialization of tissues and organs allows for greater efficiency than in
single-celled organisms where all reactions and processes occur in close proximity.
An analogy is to think of a typical university. It would not be conducive to learning

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd
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if a biochemistry lecture were to be held in the same lecture theatre at the same time
as a presentation on, say, French literature of the seventeenth century. Multicellu-
larity allows efficiency through metabolic and physiological specialization, but the
disadvantage is ensuring coordinated activity; team work is vital for physiological
success. Coordination of metabolic activity is achieved by an intricate system
of communication where signalling molecules such as hormones (derived from
the Greek for ‘arouse to activity’ and sometimes called the ‘first messengers’),
growth factors, cytokines, and neurotransmitters are released by one cell and target
(i) a distant cell (classic hormones), (ii) a neighbouring cell (local hormones and
neurotransmitters) or (iii) the same cell (autocrine hormones), and initiate an
appropriate metabolic and physiological response in that target. The word ligand
describes a small molecule which binds to a larger molecule and in the context of
cellular communication means the primary signal (hormone, neurotransmitter,
growth factor, etc.).

Cell signalling and signal transduction are topics of great research interest, partly
because defects of these processes are associated with diseases such as type 2 diabetes,
cancer and obesity. In recognition of this is the fact that a number of Nobel Prizes for
Medicine or Chemistry have been awarded to researchers of cell communication. This
chapter describes the nature of the disparate signalling molecules and how they regulate
the activity of their targets.

4.2 Physiological aspects
4.2.1 The classical endocrine system

The classical endocrine system is composed of a series of glands that secrete hormones
directly into the blood where they are carried to act on cells in the body often quite
distant from the place of secretion. Insulin, for example, secreted from [ pancreatic
islet cells has actions on fuel metabolism in most tissues of the body. Compare this
with a radio or television broadcast originating in one place but arriving at multiple
sites.

Many of the endocrine glands are listed in Table 4.1. This table includes not only the
well-accepted hormone-secreting tissues but also those such as adipose tissue (see
Chapter 9 for further details), which also have secretory activities.

Most of the classical endocrine glands are functionally hierarchical; a notable
exception being pancreatic islets. A hormone secreted from one gland activates another
gland to produce another hormone, which in turn activates the target tissue. Thus the
concept of an ‘axis’ is formed (Figure 4.1a). Such axes constitute an ‘amplification
cascade’ allowing the primary signal to be enhanced several fold. A major advantage of
this arrangement is that control can operate at multiple levels, that is different cells or
tissues, so making the system very responsive to changes in the physiological status of
the whole organism. Negative feedback is the term used to describe how the rising
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Table 4.1 Some classical hormones

Endocrine gland Principal hormone secretions Chemical nature of the hormone

Pituitary ACTH Peptides or proteins
Antidiuretic hormone (ADH)
Luteinizing hormone (LH)
Follicle-stimulating hormone (FSH)
Growth hormone (GH)

Oxytocin
Prolactin
Thyroid-stimulating hormone
(TSH)
Thyroid Thyroxine (T,) Amino acid derivatives
tri-iodothyronine (T5)
Parathyroids Parathyroid hormone (PTH) Peptide
Pancreas Glucagon (o cells) Proteins
Insulin (B cells)
Adrenal cortex Glucocorticoids Steroids
Mineralocorticoids
Sex hormones
Adrenal medulla Catecholamines Amino acid derivatives
Gonads: ovaries & testes Sex hormones Steroids
Fetoplacental unit Pregnancy hormones Steroids
Chorionic gonadotropin Protein
Gut Gastrin Peptides
Cholecystokinin
Pancreozymin
Adipose tissue Leptin adiponectin Peptides

concentration of a hormone or other product of a tissue can inhibit the production of
the signal which acts on that tissue or even on a tissue (gland) higher in the hierarchy.
This is illustrated using the hypothalamic—pituitary—adrenal axis in Figure 4.1b.
Positive feedback mechanisms where a signal from the target tissues increases the
secretion of the original hormone are rarer. An example of positive feedback is
increasing production of oxytocin by the pituitary in response to cervical stretch
during childbirth.

Classical hormones, for example, insulin, thyroid hormones and cortisol, operate at
distant and often multiple tissue sites and usually systemically on many different
tissues. Paracrine and autocrine signals act locally on a particular target; paracrine
acting on neighbouring cells and autocrine acting on the cell which produced the
original signal. The signalling molecules diffuse through body fluids rather than being
carried in the blood stream to reach their target. Talking face-to-face to a friend, or
friends, or thinking out loud (talking to yourself) are useful analogies for the local,
paracrine and autocrine respectively, hormone effects. Nitric oxide, eicosanoids and
the neurotransmitter acetylcholine exemplify paracrine signals.
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ATEN

... and leaves the ganglion via
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Figure 4.1 Structural organization of a typical endocrine axis ((a) and (b)) and neural ganglia (c)

4.2.2 The nervous system

Communication between one neurone and another or between a neurone and an
effector tissue such as muscle is mediated via neurotransmitters. Although the message,
for example the sensation of pain, may be passed a long distance, neurotransmitters
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are in effect local hormones acting on the next cell in the chain. To extend our analogy
of social communication, the nervous system is hard wired, so, like a telephone
conversation or a letter, the message is transmitted over a long distance but person-to-
person (cell-to-cell) possibly passing through several switching centres or sorting
offices en route.

Anatomically, the nervous system is divided into the central nervous system (CNS)
consisting of the brain and the spinal cord and the peripheral nervous system
comprised of neural cells forming a network throughout the body. The peripheral
system is itself subdivided into two sections: the somatic system, where control of
skeletal muscles allows movement and breathing, and the autonomic system which
controls the actions of smooth muscle, cardiac muscle and glandular tissues. Further
subdivision of the autonomic system based on anatomical and biochemical factors
creates the sympathetic and parasympathetic nervous systems.

Delivery of a nerve impulse to its intended target requires that the message be passed
from one cell to another at a synapse. Just as the physiological hierarchy of endocrine
glands allows signal amplification, the close arrangement of synapses into ganglia
(singular = ganglion) allows amplification and dispersion of a neural signal, as
illustrated in Figure 4.1c.

4.3 Signalling molecules
4.3.1 Types of signalling molecules

In terms of their chemical structures, signalling molecules fall into five main categories:
(i) peptides, (ii) steroids, (iii) amino acids and their derivatives, (iv) fatty acid
derivatives, and (v) nucleotides.

Peptides form the largest group of signals and include most of the classical
hormones, cytokines and growth factors. Peptide signals vary in size from small
oligopeptides such as thyrotropin releasing hormone (TRH, three amino acids),
oxytocin (nine amino acids) and the natriuretic factors (B-type natriuretic peptide,
32 amino acids), to fairly large peptides (parathyroid hormone, 84 amino acids) with
molecular masses of up to 10000 kDa. A few peptide hormones are only functional
following glycosylation and others such as the gonadotrophins and thyroid stimulating
hormone are dimeric.

Steroid hormones are produced by only two tissue types, the adrenal cortex and
the gonads. A summary of the steroid hormones is given in Table 4.2. Steroid
hormones are synthesized from cholesterol (Figure 4.2). This sterol lipid may itself
be synthesized within the steroidogenic cell or it may be delivered to the cell by
circulating lipoprotein complexes such as low density lipoprotein (LDL) or high
density lipoprotein (HDL).

Amino acid derivatives include the thyroid hormones, catecholamines (e.g. adrena-
line (epinephrine)) and dopamine, neurotransmitters such as y-aminobutyric acid
(GABA) and noradrenaline (norepinephrine). All of these signalling molecules retain
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Table 4.2 Steroid hormones

No. of carbon

Type atoms Examples Origin

Oestrogens 18 Qestradiol, oestriol Opvary, fetoplacental unit,
adrenal cortex

Progestogens 21 Progesterone Gonads and adrenal cortex

Androgens 19 Testosterone Gonads and adrenal cortex

Glucocorticoids 21 Cortisol corticosterone Adrenal cortex

Mineralocorticoids 21 Aldosterone Adrenal cortex

some semblance of the structure of their parent amino acid whereas nitric oxide (NO),
is synthesized from arginine but, being a simple diatomic gas, bears no similarity to its
parent structure.

Fatty acid derivatives include a large and diverse group of compounds named
eicosanoids, which includes thromboxanes, prostaglandins and leukotrienes, all of
which are biochemically derived from arachidonic acid (a long-chain polyunsaturated
fatty acid).

The billions of individual neurones within the nervous system communicate with
each other and with the target tissues via chemical neurotransmitters. There is a
bewildering array of chemicals which act as neurotransmitters or neuromodulators in
peripheral or central nervous systems. These compounds fall into four major groups
and some examples are shown in Table 4.3.

Somatic nerves originate in the CNS and terminate at the neuromuscular junction
where acetylcholine is the transmitter. Nerves of the autonomic system also use
acetylcholine as the neurotransmitter at the end of the preganglionic fibres within
the ganglia. With few exceptions, the postganglionic sympathetic fibres secrete
noradrenaline (norepinephrine) whilst postganglionic parasympathetic fibres secrete
acetylcholine.

4.4 Synthesis of hormones
4.4.1 Peptides and proteins

As would be expected of active protein secreting cells, glandular epithelial tissue,
the cytokine secreting cells of the immune system and the blood vessel endothelium,
have an extensive internal structure consisting of rough endoplasmic reticulum and
numerous mitochondria. Peptide hormones, growth factors and cytokines like all
proteins are synthesized by DNA transcription and mRNA translation. The primary
transcript of the mRNA may code for an inactive prohormone which requires careful
proteolysis to produce the active hormone, as for example in the case of insulin.
Adrenocorticotropic hormone (ACTH) is particularly interesting in this respect because
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Figure 4.2 Steroidogenesis. Reproduced with permission from Essential Endocrinology, 4th edn, CGD
Brook & NJ Marshall (eds). John Wiley & Sons, 2001

itis derived from a very large primary transcript called pro-opiomelanocortin (POMC),
which following selective proteolysis yields not only ACTH but also B-endorphin and
melanocyte stimulating hormone (MSH). Some peptide hormones undergo extensive
post-translational processing in the Golgi network where oligosaccharide chains are
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Table 4.3 Neurological signalling molecules

Amino acids Amines Peptides Nucleotides
Aspartate Acetylcholine Enkephalin Adenosine
Glycine Adrenaline (epinephrine) B-endorphin ATP
Glutamate Noradrenaline (norepinephrine)  Somatostatin
y-aminobutyrate (GABA)  Dopamine Oxytocin

Histamine Angiotensin II

Serotonin Bradykinin

(5-hydroxytryptamine) Neurotensin

Somatostatin

Neuropeptide Y
Substance P

added forming glycoproteins or the formation of disulfide bonds to create the correct
three-dimensional conformation of the protein. The individual components of dimeric
hormones, (luteinizing hormone (LH), follicle-stimulating hormone (FSH), thyroid-
stimulating hormone (TSH) and human chorionic gonadotropin (hCG)), are encoded
by separate genes so the o and B peptide chains must be assembled to form the active
hormone. The four dimeric hormones share a common o sub-unit but each possesses a
functionally specific B subunit peptide.

4.4.2 Steroids

The pathways of steroid hormone production are outlined in Figure 4.2. The
enzymes which operate the steroidogenic pathways are located either within the
smooth endoplasmic reticulum or the inner mitochondrial membrane, indicating
that there must be ‘shuttling’ of intermediates between the cytosol and the mito-
chondrion of the cell. The first reaction of the pathway is mediated by side-chain
cleavage enzyme (SCCE), which is mitochondrial, but in order for the cholesterol to
enter the mitochondrion, a transporter called steroid acute regulatory (StAR)
protein is required. It is this transport process which is promoted by cyclic AMP
(cAMP), generated by adenylyl cyclase following stimulation by ACTH acting on the
adrenal cortex or the appropriate gonadotropin (LH or FSH) acting on ovaries and
testes. The importance of adenylyl cyclase and cAMP are described more fully in
Section 7.2.

With the exception of two dehydrogenases, all of the steroidogenic enzymes belong
to the cytochrome P-450 (abbreviated as CYP) family of enzymes. The CYP enzymes are
often involved with redox or hydroxylation reactions, and are also found in the liver
where they are key players in biotransformation reactions (see Section 6.4). Different
members of the CYP family are therefore involved with both synthesis in adrenal and
gonads and hepatic inactivation of steroid hormones.
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Testosterone offers an example of a hormone which is only weakly active in its
secreted form and needs to be converted into an active form, 5a dihydrotestosterone
(DHT). The enzyme responsible for the conversion, microsomal 5o reductase, exists in
two isoenzymic forms and brings about the reduction the double bond in the ‘A’ ring of
testosterone. Deficiency of 5o reductase, results in genotypically XY individuals being
undervirilized during fetal and early life and so are often raised as females. Although it
does have some androgenic activity, testosterone, like thyroxine described in the next
section, may be seen as a prohormone.

4.4.3 Amino acid derived hormones

Two amino acids, tyrosine and arginine are of particular importance as precursors
of signalling molecules. As outlined in Figure 4.3, tyrosine is the amino acid precursor
of thyroid hormones tri-iodothyronine (T3) and tetra-iodothyronine (T,) and also of
catecholamines adrenaline (epinephrine) and noradrenaline (norepinephrine).

4.4.3.1 Thyroid hormones

Three hormones are secreted by the thyroid; thyroxine (T,) and tri-iodothyronine (T3)
are usually referred to as ‘the’ thyroid hormones and calcitonin, a peptide, which under
certain circumstances, affects calcium mobilization and is secreted from specialized so-
called C cells. Only T5 and T, will be discussed further at this point.

TYROSINE
| e 1 | e
monoiodotyrosine (MIT) dihydroxyphenylalanine
(DOPA)
diiodotyrosine (DIT) dopamine

triiodothyronine (T3) or thyroxine (T 4) noradrenaline

adrenaline

THYROID

ADRENAL MEDULLA

e

Figure 4.3 Tyrosine as a precursor for thyroid and medullary hormones
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Figure 4.4 Thyroid follicle

Histologically, the thyroid gland consists of spherical follicles containing a ‘scaffolding’
protein called thyroglobulin (Tgb). This is a large, heavily glycosylated and tyrosine-
rich protein composed of two identical subunits each with a molecular mass in excess
of 300 000. Thyroglobulin synthesis occurs within the layer of epithelial cells which
encloses each follicle but iodination of the Tgb occurs within the lumen of a follicle
(Figure 4.4).

Thyroxine synthesis begins when iodide (I") is transferred from the blood stream to
the thyroid follicle cell by an active ATP-driven membrane pump mechanism; this
process is stimulated by cAMP following TSH stimulation of the gland. Iodide is
transported through the follicular cell and secreted into the lumen of the follicle where
it is oxidized to iodine and incorporated in to tyrosine residues by the enzyme thyroid
peroxidase (TPO).

lodide + H,0, —295 jodine + 20H™~

iodine + tyrosine —%> Tyr-I
(part of Tgb)

Iodination (sometimes referred to as ‘organification’ of Tgb) reactions form, as
shown in Figure 4.5, monoiodotyrosine (MIT) and diiodotyrosine (DIT).

Transfer of the iodinated ring of the tyrosine residue of MIT or DIT to a neighbouring
DIT forms T; or thyroxine, T, respectively (Figure 4.6).

When the thyroid gland is stimulated to secrete thyroxine, a small piece of iodinated
Tgb is taken from the lumen into a follicular cell, where the hormones are released from
the protein. Both T3 and T, are secreted from the vesicle directly into the bloodstream
but the plasma concentration of T, is substantially higher than that of T5. In contrast, T;
has a higher biological activity than T, and conversion of T4 to T; occurs at the
target site.
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Thyroid peroxidase (TPO) oxidises iodide and incorporates iodine into tyrosine
residues within Tgb.

Figure 4.5 Formation of MIT and DIT. Thyroid peroxidase (TPO) oxidizes iodide and incorporates
iodine into tyrosine residues within Tgb

4.4.3.2 Catecholamines

Known most famously for their part in the ‘fight or flight’ response to a threat, challenge
or anger, adrenaline (epinephrine) and dopamine from the adrenal medulla and
noradrenaline (norepinephrine), mainly from neurones in the sympathetic nervous
system are known collectively as catecholamines. Synthesis follows a relatively simple
pathway starting with tyrosine (Figure 4.7).

The first step is catalysed by the tetrahydrobiopterin-dependent enzyme tyrosine
hydroxylase (tyrosine 3-monooxygenase), which is regulated by end-product feedback
is the rate controlling step in this pathway. A second hydroxylation reaction, that of
dopamine to noradrenaline (norepinephrine) (dopamine [3 oxygenase) requires
ascorbate (vitamin C). The final reaction is the conversion of noradrenaline (norepi-
nephrine) to adrenaline (epinephrine). This is a methylation step catalysed by
phenylethanolamine-N-methyl transferase (PNMT) in which S-adenosylmethionine
(SAM) acts as the methyl group donor. Contrast this with catechol-O-methyl trans-
ferase (COMT) which takes part in catecholamine degradation (Section 4.6).

4.4.3.3 Nitric oxide

NO, molecular mass 30, is by far the smallest known signalling molecule. Physiologists
had long known that acetylcholine stimulation initiates dilation of blood vessels and
that this effect was lost if the smooth muscle layer surrounding the vessel had previously
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Figure 4.6 Formation of (a) T; and (b) T, from MIT and DIT

been separated from the endothelium. The name ‘endothelium-derived relaxation
factor’ (EDRF) was adopted to describe the molecule responsible for the vasodilation,

but the exact identity and structure were unknown until the discovery of the role of NO
in1986.
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Nitric oxide is widely distributed and at least three isoenzymes of nitric oxide
synthase (NOS) have been described; iNOS (inducible), eNOS (endothelial) and nNOS
(neuronal). The substrate for NOS is the amino acid arginine;

arginine + NADPH + O, —X9%. citrulline + NADP ™ +NO

Because NO is a gas and therefore highly diffusible, its site(s) of action will be local to the
site of production.

4.4.4 FEicosanoid signalling molecules

Likenitricoxide, the discovery of the eicosanoid signalling molecules was a significant event
in twentieth century physiology, due largely to research led by Sir John Vane (Nobel Prize
1982). The diverse actions of the eicosanoids include roles in muscle contraction, blood
coagulation, salt and fluid homeostasis, inflammatory responses and pain sensitivity.
The synthesis of eicosanoids begins with arachidonic acid (C20:4 n-6 fatty acid)
which is component part of cell membranes. The synthetic pathway is outlined in
Figure 4.8. A key enzyme in this process is cyclo-oxygenase (COX) which occurs in two

Membrane phospholipid

thromboxane A2 (TxA,) —— > TxB2

PLA,
. . . COX POD
arachidonic acid PGG, PGH, ——— > PGF,,
LOX
PGE, PGI,
5-hydroperoxyeicosatetraenoic acid
(5-HPETE)
PGA,

leukotriene series

Key: PLA, = phospholipase A,
COX = cyclooxygenase
LOX = lipoxygenase
POD = peroxidase
PGI, = prostacyclin, PGX

TxB2 = thromboxane B2

Figure 4.8 Eicosanoid synthesis
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isoenzymic forms: Cyclo-oxygenase-1 (COX-1) is a constitutive enzyme, whereas cyclo-
oxygenase-2 (COX-2) is inducible. A number of over-the-counter analgesics and non-
steroidal anti-inflammatory drugs, for example paracetamol, ibuprofen and aspirin
(acetylsalicylate) act by reducing the production of prostaglandins by the inhibition of
COX-2. Arachidonic acid is derived from membrane phosphatidylcholine molecules
by the action of phospholipase A, (PLA,). This enzyme is inhibited by glucocorticoids,
explaining the anti-inflammatory effects of cortisone.

4.4.5 Synthesis of neural signals

Synthesis of noradrenaline (norepinephrine) is shown in Figure 4.7. This follows the
same route as synthesis of adrenaline (epinephrine) but terminates at noradrenaline
(norepinephrine) because parasympathetic neurones lack the phenylethanolamine-
N-methyl transferase required to form adrenaline (epinephrine). Acetylcholine is
synthesized from acetyl-CoA and choline by the enzyme choline acetyltransferase
(CAT). Choline is made available for this reaction by uptake, via specific high-affinity
transporters, within the axonal membrane. Following their synthesis, noradrenaline
(norepinephrine) or acetylcholine are stored within vesicles. Release from the vesicle
occurs when the incoming nerve impulse causes an influx of calcium ions resulting in
exocytosis of the neurotransmitter.

4.4.5.1 CNS signals

Serotonin (5-hydroxytrptamine, 5-HT) synthesis involves an hydroxylation reaction
(catalysed by tryptophan mono-oxygenase) and a decarboxylation step, similar to that
in adrenaline (epinephrine) synthesis.

Glutamate is a commonly occurring amino acid that acts as an excitatory transmitter
in CNS. The molecule may be synthesized within the nerve ending either by transami-
nation from 2-oxoglutarate (described in Section 6.3.1.1) or by deamination of gluta-
mine (see Section 8.2.2). However, in common with other synaptic signals, there exists an
efficient uptake mechanism in the axon to recycle glutamate that has been released.

In contrast to glutamate, y-aminobutyric acid (y-aminobutyrate, GABA) is an
inhibitory compound. Metabolically derived from glutamate, GABA production
illustrates a reaction, decarboxylation, common to the production of serotonin and
the catecholamines (Figure 4.9).

4.5 Hormone and neurotransmitter storage,
release and transport

Following their synthesis, hormones may be secreted immediately, for example the
steroids, or stored within the tissue and only released ‘on demand’. Proinsulin (pro =
precursor) is synthesized as a single peptide chain and stored in vesicles within the
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Figure 4.9 Synthesis of CNS transmitter amines

B cells of the pancreatic islets in combination with atoms of zinc, but when required to
regulate blood glucose concentration, the prohormone is cleaved and functional
insulin is released into the circulation along with the C-peptide. This example of
post-translational processing is mediated by peptidases which are contained in the
vesicles along with the proinsulin. The fusion of the secretory vesicles with the cell
membrane and activation of the peptidase prior to exocytosis of the insulin are
prompted by an influx of calcium ions into the B-cell in response to the appropriate
stimulus. Similarly, catecholamines are synthesized and held within the cell by
attachment to proteins called chromogranins.

4.5.1 Hormone transport

Once released from the cell of origin, the signal ligand must travel to its site of action.
For the classical endocrine hormones this means via the bloodstream. Given that blood
plasma is approximately 94% water, the physical nature of the hormone is important.
Peptides are hydrophilic and so circulate unbound to any other molecule whereas
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steroids and T, are complexed with specific binding proteins, for example cortisol-
binding globulin (CBG) and sex hormone binding globulin (SHBG), and thyroid
hormone binding globulin (TBG) respectively. Albumin may also act as non-specific
hormone transport protein.

A dynamic equilibrium exists between the bound and the free fractions;

hormone-protein complex «¢=- protein + free hormone

The position of equilibrium lies strongly to the left. However, it is the free form of
the hormone which is physiologically active with the bound fraction acting as
‘reserve supply’. Typically therefore, the plasma total concentration of the hormone
(bound + free fractions, measured typically in nmol/l) is of the order of 1000 times
higher than the concentration of the free fraction alone (measured typically in pmol/l
concentrations).

4.6 Hormone and neurotransmitter inactivation

The half-life of signalling molecules is necessarily short to prevent excessive stimulation
of the target cell. Degradation of signals may be via specific (enzyme-based) and non-
specific reactions and by elimination through the kidney. Measurement of the urinary
excretion of hormones is often useful in diagnosing pathology such as Cushing’s disease
(inappropriate production of cortisol) or phaeochromocytoma (excessive production
of catecholamines).

Peptide and protein hormones do not need to enter the target cell in order to
change the biochemical activity of that cell but some hormone-receptor complexes
are internalized and degraded by the cell. Peptides that remain in the plasma will also
be destroyed and cleared from the circulation. Although peptide hormones are small
enough to pass the renal glomerular barrier, intact peptides do not usually appear in
the urine in appreciable amounts, implying there is degradation within the renal
tubule.

In contrast, much is known about the catabolism of catecholamines. Adrenaline
(epinephrine) released into the plasma to act as a classical hormone and noradrenaline
(norepinephrine) from the parasympathetic nerves are substrates for two important
enzymes: monoamine oxidase (MAO) found in the mitochondria of sympathetic
neurones and the more widely distributed catechol-O-methyl transferase (COMT).
Noradrenaline (norepinephrine) undergoes re-uptake from the synaptic cleft by high-
affinity transporters and once within the neurone may be stored within vesicles for re-
use or subjected to oxidative decarboxylation by MAO. Dopamine and serotonin are
also substrates for MAO and are therefore catabolized in a similar fashion to adrenaline
(epinephrine) and noradrenaline (norepinephrine), the final products being homo-
vanillic acid (HVA) and 5-hydroxyindoleacetic acid (5SHIAA) respectively.

Some of the catecholamine will enter the target cell rather than be recaptured by
the neurone. Inactivation is brought about by the second enzyme, COMT which uses
S-adenosyl methionine as a methyl donor as does PNMT (involved with catecholamine
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Figure 4.10 Inactivation of catecholamines

synthesis) to methylate the hydroxyl group at position 3 of the catechol ring; the
product is normetadrenaline. Adrenaline (epinephrine) is metabolized in an identical
fashion forming metadrenaline (Figure 4.10). Both normetadrenaline and metadrena-
line are water soluble and appear in the urine but further modification may occur in the
liver where conjugation with sulfate or glucuronide is possible. Steroid hormones are
also inactivated in the liver, via CYP-450-dependent biotransformation reactions
before being excreted in urine as sulfate or glucuronide derivatives.
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4.7 Target tissue response to signals

Question: how does the target cell ‘know’ when a signal has arrived?

Question: why are only certain cells responsive to a particular signal?

Question: why does signalling sometimes ‘go wrong’ causing disease?

The answers to these questions can be given in one word: receptors.

Ifa hormone is likened to an e-mail message then a receptor is the recipient’s mailbox

address. There are many receptors in many tissues for many signals but irrespective of
the particular situation, the concepts of intercellular communication are simple:

signal molecule

recognition of incoming signal
target cell receptor

transduction of signal

response,
e.g. change in substrate flow through a metabolic pathway, or
stimulation of cell division and growth of tissues, or

phagocytosis etc

4.7.1 Signal reception and transduction at the target tissue
The five ‘S’s of receptor biochemistry:

Structure
Specificity
Saturatability
Sensitivity

Signal transduction and amplification.

4.7.1.1 Structure

Receptors are proteins or glycoproteins found either on the surface of the target cell or
located within the cell interior. The surface receptors engage peptide hormones which,
being hydrophilic, do not traverse the fatty plasma membrane; intracellular receptors
combine specifically with particular steroids or tri-iodothyronine, Ts.
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Structurally, the peptide hormone receptors fall into one of three groups as
illustrated in Figure 4.11. All three types have an extracellular domain (N-terminal)
which may be glycosylated and is responsible for signal recognition (see ‘Specificity’
below), a transmembrane domain for anchorage and an intracellular domain (C-
terminal) of variable length. Figure 4.11a is typical of a receptor tyrosine kinase (see
later) associated with cytokines and growth factors. Figure 4.11b shows a ‘seven pass’ or
serpentine receptor of the type used by classical peptide hormones and usually linked
with G-proteins, whilst Figure 4.11c is a multimeric design (2ot and 23 chains) with
intracellular tyrosine kinase activity exemplified by the insulin receptor and insulin-like
growth factor receptors.

Neurotransmitter receptors are also located in the surface membrane of the target.
The nicotinic-type acetylcholine receptor is particularly interesting as it consists of five
subunits; nicotinic receptors within the somatic system innervating skeletal muscle at
the neuromuscular junction consist of 20 units and one each 3, Y and € whereas
nicotinic receptors in ganglia and the adrenal medulla have 20and 3[3 subunits. In both
cases, the nicotinic receptor is an ion channel with the five subunits arranged in a pore-
forming ring, so that when stimulated, cations are allowed to pass through the pore and
enter the target cell. Many other neurotransmitter receptors also act as ion channels.

Not all types of receptor are associated with the outer membrane of the target cell.
Receptors for vitamin D3, steroids and T, are non-glycosylated proteins which are
located within the target cell, either free in the cytosol, (those which bind steroids), or
are found within the nucleus (thyroid hormone binding receptors). These receptors
vary in size from approximately 400 to nearly 1000 amino acids. All contain a DNA-
binding domain, whose amino acid sequence is highly conserved in all types of
intracellular receptor, and a specific ligand-binding domain. Intracellular receptors,
once bound with their ligand, promote gene expression by acting as DNA transcription
factors.

4.7.1.2 Specificity

Receptors exhibit ‘structural complementarity’ with their ligand in the same way that
enzymes are complementary to their substrate. Often the actual binding of the
hormone to its receptor involved just a small portion of both molecules. The peptide
ACTH secreted by the pituitary gland contains 39 amino acids, but only about 12 of
these near the N-terminal are required to engage the receptor. Furthermore, and as
noted in Section 4.4.1, LH, FSH, TSH and hCG all share a common o subunit and their
receptors recognize only the 3 unit.

Structural recognition by the receptor may not be absolute and the possibility of
cross-reaction arises. Agonists are compounds which engage the receptor and bring
about the usual physiological response whilst antagonists are molecules which act
rather like competitive inhibitors of enzymes as they effectively block the receptor site
making the cell unresponsive. These ‘pseudo-signals’ may be naturally occurring or
arise as an intention of drug treatment. For example, naturally fair-skinned individuals
who have an excess of ACTH circulating in their blood stream, as in Cushing’s disease,
may appear tanned because part of the ACTH molecule is sufficiently similar in
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structure to MSH to engage the MSH receptor and initiate melanin production and
deposition. The drug tamoxifen is an anti-oestrogen, which has been found to be
beneficial in some women suffering from breast cancer. Although structurally only
vaguely similar to oestrogen, tamoxifen binds to and effectively disables the oestrogen
receptor resulting in a reduction in proliferation of the cancer cells.

4.7.1.3 ‘Saturatability’

An obvious consequence of signal binding to a defined region of the receptor is that the
number of engagements is limited by the number of receptors. Once a signal
concentration is reached that exceeds that number of receptors, the cell will be
maximally stimulated. Here then we have another analogy with enzymes; the maximum
velocity of the reaction (Vp,,) occurs when the enzyme is ‘saturated’ with substrate
(Figure 4.12).

4.7.1.4 Sensitivity

The ability of a cell to respond to a signal is determined by the number of receptors it
expresses and also the ease of engagement between the two molecules. A cell may be able
to increase (upregulate) or decrease (downregulate) the number of receptors it
expresses according to the prevailing physiological conditions. This is analogous to
enzyme induction (see Section 3.2) as the control is mediated at the level of gene
expression. A cell cannot however change the affinity (ease of binding) between the
signal and the receptor. The affinity is defined numerically by Ky, which is a dissociation
coefficient derived thus;

unbound Signal + Receptor 2 Signal-Receptor complex

[uS] [R] [SR]
S R
K, S| < [®
[SR]
Maximum |-————————————— = ———
Receptor
occupancy
50%of [T i
maximum '
/ Ka

Ligand concentration

Figure 4.12 Saturation of receptor
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If the affinity between the signal and the receptor is high, at any given total [S] most will
befoundas[SR],so [SR] > [uS] and thus Ky isnumerically small. Conversely, ifthe affinity
of binding is low, [uS] > [SR] and Kj is a large number. Notice again the conceptual
similarity here with K, for an enzyme—substrate combination (Section 2.3).
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Key ) ) o
line a typical receptor characteristics

line b high affinity (low Kd), low capacity (low number)

line ¢ low affinity (high Kd), high capacity

Figure 4.13 Receptor sensitivity

One could easily imagine a cell having subpopulations of high or low affinity
receptors; low affinity for ‘routine maintenance’ of cell status and a small number of
high affinity receptors for rapid responses in the face of a physiological challenge.
Figure 4.13 shows how target cell sensitivity can be explained.

Thus, response sensitivity is determined by type and number of receptors. Several
diseases, including nephrogenic diabetes insipidus, insulin resistance and other
growth-related abnormalities are associated with defects in the processing of the
incoming message. The generic term ‘end organ failure’ is used to describe pathologies
in which the individual produces enough hormone but whose tissues are unable to
respond resulting in symptoms of apparent hormone deficiency. The cause may be a
genetically determined defect in the expression of receptors; as an analogy, the e-mail is
sent but not received. Alternatively, there may exist a defect in the intracellular pathway
which is normally modulated by signal-receptor binding; by analogy, the e-mail is
received, but ignored!

4.7.1.5 Signal transduction and amplification

Knowledge of receptors explains how cells ‘know’ there is an incoming signal but does
not explain the metabolic consequences of hormone activation. Transduction is the
conversion of the external signal message, into a sequence of intracellular metabolic
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events mediating changes in cell activity. Functionally, this can be viewed as occurring
in two phases: (i) receptor-ligand binding and, for peptide signals the initial processing
events which occur proximal to the cell membrane and (ii) ‘downstream’ events
whereby the message is passed on to the ‘metabolic machinery’ within the cell. Because
each step of the transduction process is enzymatic, and because each enzyme can act on
many substrates, a cascade is initiated. This results in signal amplification further
increasing the sensitivity of the response. The specificity of the cellular response to
signal is therefore determined by both the possession of the correct receptor and the
appropriate intracellular metabolic machinery.

Four transduction mechanisms can account for many peptide signal-stimulated
responses, that is those associated with surface receptors. All four models assume that
the receptor undergoes some degree of conformational change following signal
engagement and leading to further protein, usually enzyme, changes within the cytosol
of the target cell close to or within the plane of the membrane.

The four models are;

e Gated ion channels (e.g. neurotransmitter receptors described under ‘Structure’
above);

e Second messenger generation linked to membrane-bound G-protein;
e Receptor tyrosine kinase (RTK) activation;
e Receptor tyrosine phosphatase (RTPase) activation.

Gated ion channels are exemplified by the nicotinic receptors of the autonomic
nervous system where the ligand is acetylcholine. The electrical impulse (nerve
impulse) is propagated when sodium and potassium ions move across the neuronal
membrane causing depolarization. The flow of ions is permitted by the ligand-induced
opening of protein channels. When stimulation of the cell is removed, the channel
closes and the membrane repolarizes as the ions move in the opposite direction and the
cell regains its resting state. (Figure 4.14 ion gates).

4.7.2 G-proteins

G-proteins are so called because they bind a guanosine nucleotide, either GTP or GDP.
Their transduction mechanism involves the production of a second messenger such as
3’5" cAMP, 3’ 5’ cyclic GMP (¢cGMP) or IP3 and diacylglycerol (DAG), derived from
AMP, GMP and phosphatidyl inositol-3,5bisphosphate respectively (Figure 4.15). It is
the second messenger that initiates the downstream amplification process phase of
transduction.

G-proteins can be found membrane bound or free in the cytosol. The membrane
bound proteins are trimeric complexes of o, § and y subunits. The 3 and ¥ subunits may
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be considered as a single functional component, Gy, which is distinct from the o
subunit, Ga.. The Go. component has inherent GTPase activity. In the resting state,
GDP is bound but on stimulation, this is exchanged for GTP. The GTPase activity
converts the GTP into GDP and the G-protein returns to its resting state. The GTPase
activity is therefore an auto-regulation mechanism to limit the transduction process
and prevent over-stimulation of the cell.
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Figure 4.15 Formation and degradation of cAMP

These G-proteins act as a ‘bridge’, linking the receptor with an enzyme which begins
the metabolic cascade. Functionally, the B/y component engages with the signal-bound
receptor and the o subunit, which carries the guanosine nucleotide, interacts with an
effector enzyme which is responsible for the actual generation of the second messenger.
The role and importance of G-proteins were described by Sutherland and colleagues
(Nobel Prize in 1971).

Several different types of G-protein complex have been described. In general terms, if
a cell becomes activated by ligand binding, the G-protein complex is said to be
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Table 4.4 Go sub-units associated with particular hormones

Sub-unit type Hormone

G0 ACTH (ac)
glucagon (ac)
TSH (ac and PLC)
LH & FSH (ac and PLC)
Parathyroid hormone (ac and PLC)
Prostaglandin E2 (ac)

Gio Calcitonin (PLC)

Gqo Thyrotrophin releasing hormone (ac and PLC)
Oxytocin (PLC)

ac = adenylyl cyclase-linked receptor, cAMP as second messenger.
PLC = phospholipase C-linked receptor, IP; as second messenger.
Hormones often engage with different types of Gou sub-unit in a concentration-dependent fashion.

stimulatory (G;) but inhibition may occur via engagement with G;-containing com-
plexes. Two other types are known; the rod cells in the retina of the eye contain a specific
G-protein called transducin, designated G, which conveys the message via cGMP as
second messenger, whilst the G, complexes are associated with transduction via
phospholipase. Representative examples of G-proteins are shown in Table 4.4.

The sequence of events that follows hormone binding to its surface receptor is as
illustrated in Figure 4.16. The hormone-receptor complex engages /y subunit of the
GDP carrying G-protein complex. The G complex undergoes a conformational change,
GTP replaces the GDP and the o subunit of the complex dissociates from the B/y
subunit/hormone-receptor assembly. The alteration in the structure of the o allows it
to activate an inactive effector enzyme, well known examples of which are adenylyl
cyclase (AC) and phospholipase C (PLC). As the inherent GTP’ase activity of the Gou
subunit takes effect, the bound GTP is hydrolysed forming GDP. The Go. subunit can
now no longer bind to the effector but instead reforms a complex with GBy and is ready
for the next incoming signal-induced cycle.

At this point, the detailed events of signalling pathways begin to differ as the exact
nature of the components of the cascade will vary from one cell-type to another.
Furthermore, ‘branching’ of the downstream transduction may occur resulting in the
ultimate activation or induction of several regulatory enzymes within different
metabolic pathways. To continue the social communication analogy introduced earlier
in this chapter, an e-mail message has been forwarded by the original recipient to a
network of other address boxes.

Cyclic AMP diffuses away from the membrane and engages its own target which is an
inactive protein kinase, called cAMP dependent protein kinase or protein kinase A
(PKA). The inactive PKA is a tetramer of two catalytic subunits and two regulatory
subunits. Binding of cAMP to the regulatory subunits causes structural changes and the
two regulatory subunits dissociate from the two catalytic sub-units. The now activated
protein kinase A, that is the C subunit dimer, initiates a downstream cascade by
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Figure 4.16 Signal transduction by G-proteins

phosphorylating and altering the activity of target enzymes on serine/threonine
residues.

For example, Figure 4.17 shows how glycogen catabolism is initiated in the liver in
response to glucagon stimulation. Glucagon stimulation of the liver cells initiates a
cascade beginning with the production of cAMP and which ends with the activation, via
phosphorylation, of glycogen phosphorylase. Inactive glycogen phosphorylase, an
enzyme, is actually a substrate for protein kinase A. This type of covalent modification
of an enzyme structure to bring about control of its activity is described in Section
3.2.2.3. Note that the cAMP-dependent cascade simultaneously inactivates glycogen
synthase, illustrating reciprocal control of two enzymes with opposing roles.

In addition to its direct effect on enzyme activity in the cytosol of target cells, cCAMP
can also initiate gene expression without actually entering the nucleus. PKA may also
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synthase kinase and phosphorylase b kinase. AC = adenylyl cyclase black squares = catalytic subunit
dimer of PKA

phosphorylate a cytosolic protein called cAMP response element binding protein or
more simply, CREB. CREB is a nuclear transcription factor, which engages with specific
regions of DNA called cAMP response enhancer element (CRE) to permit gene
expression. There is some similarity here with steroid and thyroid hormone receptors
in that they too interact with DNA and initiate transcription.

PLC is a generic name for a family of isoforms of an enzyme which remain
membrane bound as the presence of phospholipids is required for activity. Signal
transduction via PLC as the effector is mediated by not one but two second messengers;
inositol 1,4,5 triphosphate (IP3) and DAG, which are the products of hydrolysis of
membrane phospholipid by PLC (Figure 4.18).

The DAG produced by PLC action diffuses within the membrane bilayer where it
encounters and activates protein kinase C (PKC), which catalyses the phosphorylation
of serine and threonine resides on in specific cytosolic proteins and enzymes. Calcium
ions are also activators of PLC and it is inositol 1,4,5 P; which induces the increase of
cytosolic calcium concentration by engaging receptors on endoplasmic reticulum. The
rising calcium concentration also activates a number of cytosolic enzymes, often
following binding to calmodulin . . . a calcium-dependent enzyme-modulating protein.
For example, glycogen catabolism involves calcium—calmodulin (CaCM) regulation of
glycogen phosphorylase.
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Thus far, the discussion of G-proteins and effector enzymes has assumed that a
ligand has engaged with its surface receptor. There is however, an important example
of an alternative mechanism to activate an effector without the direct involvement of
G-protein complex. NO is a local hormone, a neurotransmitter and part of the cell’s
armoury of oxidizing agents called free radicals.

NO is a gas that diffuses freely through cell membranes. Once inside its target cell,
NO binds directly with and activates guanylyl cyclase, an enzyme that converts GTP
into cGMP; cGMP is a second messenger for a number of tissue specific processes in
neurones, smooth muscle and white blood cells.

Although NO does not itself use a G-protein for signalling, the mechanism of
NO production in vascular endothelium is initiated by IP3 via a G-protein-linked
acetylcholine receptor on the cell surface. The IP3 causes activation of nitric oxide
synthase via calcium— calmodulin and the NO generated diffuses from the endothelial
cell into the adjacent smooth muscle cell where cGMP is produced.

4.7.3 Receptor tyrosine kinases

Kinases are the class of enzymes which transfer the terminal phosphate group from ATP
to a substrate. In particular, tyrosine kinases transfer the phosphate to a tyrosine residue
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which is part of the primary amino acid sequence of a target protein substrate. Figure 4.19
illustrates this. Note the single-letter abbreviation for tyrosine is Y so sometimes you may
see symbols such Y-P or Yp to represent a phosphorylated tyrosine residue.

Signal transduction may involve two types of tyrosine kinase:

1. receptors with inherent tyrosine kinase activity (RTKs), for example insulin
receptor;

2. receptors, which recruit cytoplasmic tyrosine kinases, for example growth hormone,
leptin operating through Janus kinase (JAK).

RTK constitute a large group of surface proteins with dual recognition/kinase
properties. The extracellular N-terminal of the protein binds with the ligand, often a
growth factor peptide, whilst the intracellular portion of the protein has an active site
designed to phosphorylate tyrosine residues within target proteins. Because of this dual
functionality, there is no need for G-proteins or similar to ‘bridge the gap” between
signal reception and initiation of the cytosolic cascade.

Signal transduction from RTKs is complex, involving a number of proteins, found
either bound to the inner face of the plasma membrane or free within the cytosol, which
arerecruited to a cascade pathway. These proteins have what appear (to the new student
of cell signalling) to be rather idiosyncratic names; Grb, raf, ras, Shc, MEK and ERK.
Although these terms do have a meaning, don’t be too distracted by them when you first
study signal transduction. Initially, look upon them simply as protein links in the chain
which either take the signal from the cell surface to the cell nucleus where gene
expression is regulated or they alter the activity of particular enzymes. As we have seen
already with steroid and thyroid hormone receptors, eukaryotic gene expression may be
‘switched on’ when particular proteins bind their promoter regions. With TK-linked
receptors, it is not the receptors themselves which engage the gene, but intracellular
proteins that have been ‘activated’ by external signals, mediated by the TK receptor.

Ligand binding to the receptor domain of the RTK brings about phosphorylation of
the intracellular C-terminal tail of the protein (Figure 4.20). Although the term auto-
phosphorylation is often used in this context, it is likely that the mechanism is really one
of cross-phosphorylation. Single-chain RTKs aggregate and so bring their active sites
into close proximity to the tyrosine phosphorylation sites of their neighbours. For
multi-chain RTKs, the distortion of the shape of the whole protein allows the
intracellular domains to phosphorylate each other, as illustrated by the insulin receptor
described later.

The phosphorylated tyrosine (Tyr-P) residues act as ‘docking’ sites for cytosolic
proteins; the RTK becomes a ‘molecular coat hook’ (Figure 4.21) as it forms the focal
point for protein aggregation. The cytosolic proteins, generically known as downstream
adaptor proteins, which bind to the RTK, have Tyr-P recognition sites called SH2 or
SH3 domains. The whole assembly forms a multicomponent complex which propa-
gates transduction of the signal. Well-characterized and important adaptor proteins
include the insulin receptor substrate (IRS) proteins represented in Figure 4.21.
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(a) portion of a primary sequence containing a tyrosine ‘target’ residue

... gly-ala-ala-trp-his-lys-asp-tyr-ser-glu-gly-phe-trp-val-val ....

OH

ATP
ADP
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OoP

(b) structure

CcO ...peptide bond
HO CH,-C=H
NH ...peptide bond
tyrosine

ATP

ADP

/CO ... peptide bond
PO CHZ-C\—H
NH ...peptide bond
phosphotyrosine

Figure 4.19 Tyrosine kinase (a) portion of a primary sequence containing a tyrosine ‘target’ residue
(b) structure

A particularly interesting downstream protein is phosphatidyl inositol 3-kinase
(PI3K), which is functionally associated with RTKs for insulin, prolactin, many growth
factors and cytokines. So far, our discussion has focussed on intracellular transduction
through protein phosphorylation; PI3K is involved with the generation of a series of
phosphorylated lipid signals, but may also phosphorylate proteins, not at tyrosine, but
at serine or threonine resides. Furthermore, G-linked receptors may be able to activate
PI3K, so PI3K is very much at ‘transduction cross roads’.

The term PI3K defines a family of isoenzymes that are important mediators of
metabolic control, cytosolic trafficking and mitogenic regulation in many types of
animal and plant cells. Enzymes that are so well conserved through species are often
pivotal in cell physiology and PI3K is a focus of research interest in cancer biology and
diabetes, two significant causes of morbidity and mortality.



4.7 TARGET TISSUE RESPONSE TO SIGNALS 113

PI3K isoforms are heterodimers made up of a large (110 kDa) catalytic unit and a
smaller regulatory unit (50-85kDa) which has the SH2 binding sites allowing
interaction with an activated phosphoprotein. Structural variations of PI3K arise
because there are two types of the larger subunit (p110a and p110P) and five types of
the regulatory subunit (p50, p550, p55y, p85a and p85B). The products of PI3K
activity are phosphoinositol-3-P, phosphoinositol-3,4-P,, phosphoinositol-3,4,5-P;.
Phosphoinositol-3,4-P,, phosphoinositol-3,4,5-P; bind to and activate a number of
proteins including serine/threonine kinases such as protein kinase B (PKB also called
AKT), protein kinase C, phosphoinositide dependent kinase (PDK) and glycogen

(a) those receptors with inherent TK activity; insulin receptor
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Figure 4.20 Tyrosine kinase-linked receptors (a) those with inherent TK activity; insulin receptor.
The intracellular tail and cytoplasmic proteins become phosphorylated following hormone en-
gagement with the ligand-binding domain

OoP
oP

PO
PO
PO OoP

Phosphorylated IRS
oP



114 CH 4 BIOCHEMISTRY OF INTERCELLULAR COMMUNICATION

(b) those receptors which recruit cytosolic TK;
receptors for growth hormone, erythropoietin (EPO), Prolactin.

. hormone
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Binding of hormone, e.g.leptin,
causes dimerisation of the receptor
and attachment of cytosolic TK which
phosphorylate protein substrate(s).
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Q tyrosine kinase, e.g. JAK

D tyrosine kinase substrate protein, e.g. STAT

Figure 4.20 (b) those receptors which recruit cytosolic TK; receptors for growth hormone,
erythropoietin (EPO), Prolactin. Binding of hormone, for example leptin, causes dimerisation of
the receptor and attachment of cytosolic TK which phosphorylate protein substrate(s)
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Figure 4.21 IRS signalling. Grb-2, sos, and ras are adaptor proteins which assemble onto the
phosphorylated IRS. Raf is a membrane bound GTP-binding protein which when activated has Ser/Thr
kinase activity

synthase kinase (GSK). The inositol phosphates are clearly therefore acting as classical
second messengers.

4.7.4 JAK/STAT signalling

JAKs and signal transducers and activators of franscription (STATSs) are functionally
analogous with IRS and PI3K. JAKs are physically associated with a cell surface receptor
(e.g. for leptin, erythropoietin (EPO), growth factors or cytokines); STATSs are free
monomeric proteins within the cytosol but following phosphorylation by a JAK,
individual proteins dimerize and then move into the nucleus of the cell where they
control gene expression.

The JAK family of proteins is derived from four genes; JAK1, JAK2, JAK3 and TYK2.
The JAK2 and TYK2 proteins are found widely in tissues; JAK3 expression is restricted
to lineages of white blood cells. STAT proteins arise from expression of at least seven
genes and additional isoforms may be generated by post-translational processing.
Taken together, the variety of JAK and STAT proteins generate a large number of
potential JAK/STAT interactions resulting in the regulation of a wide range of genes.
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4.7.5 Insulin and the insulin receptor

Diabetes is a major health issue throughout the world.

Structurally insulin is a small peptide, with a molecular mass of around 5500 and
composed of two subunits, denoted o and [ chains. Insulin is synthesized as a single
peptide, Proinsulin and stored within the pancreatic B-cells. At the moment of
secretion, pro-insulin is cleaved, releasing C-peptide and functional insulin in to the
blood circulation (Figure 4.22).

—_—T 1 _ —T
! i
. S
S S s s
pro insulin insulin and C-peptide

Figure 4.22 Insulin is produced from pro insulin by proteolysis. Active hormone and inactive
C-peptide are co-secreted

Insulin is a potent anabolic hormone. Tissue responses to stimulation by insulin
include:

e Nutrient homeostasis; cell uptake of glucose (especially important in adipose and
muscle), amino acids (all cells) and fatty acids; stimulation of glycolysis but
inhibition of gluconeogenesis (liver), synthesis of glycogen (liver and muscle),
triglyceride (liver and adipose) and protein (all cells);

¢ DNA synthesis, gene expression and growth promotion (mitogenic effects) (all cells);
o Inhibition of apoptosis (all cells);

Stimulation of the N*/K* ATPase ‘pump’ (adipose and muscle).

A challenge posed to researchers was therefore to account for diverse physiological
effects emanating from the same receptor/hormone interaction. Structurally, the
insulin receptor (IR) is a tetrameric protein, composed of two smaller extracellular
o units and two larger transmembrane B units (see Figure 4.20a).

Typically of receptor tyrosine kinases, binding of insulin to the extracellular
domains of the IR causes autophosphorylation of specific tyrosine residues within
the intracellular region of the B units. Some RTKs, as described above and as
illustrated by JAKs described above and also shown in Figure 4.20, would at this
point recruit adaptor proteins to bind directly to the phosphorylated intracellular
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chains. Insulin however is a little different because the tyrosine kinase region of the
protein causes phosphorylation of a number of distinct intracellular proteins, known
collectively as insulin receptor substrates (IRS). It is the IRS rather than the IR itself
which acts as the docking protein for downstream adaptor proteins and enzymes.
Specifically, the IRS family includes IRS-1, IRS-2, Shc, gab-1 and CAP; the possibility
of multiple signal transduction pathways arises as shown in Figure 4.21.

Mitogenic effects are mediated through MEK/MAPK (mitogen-activated protein
kinase) and changes in metabolic activity mainly via PI3K.

4.7.5.1 IRS and glucose uptake (e.g. by muscle and adipose cells)
and metabolism (by all cells)

Glucose cannot easily traverse the outer plasma membranes of cells, thus its entry into
cells is carrier mediated by so-called GLUT (glucose transporter) proteins. In the
absence of insulin stimulation, GLUT 4 proteins are held within vesicles in the
cytoplasm of skeletal and cardiac muscle cells and adipocytes. Engagement of the IR
leads to mobilization of the GLUT 4 from the ‘depot’ to the plasma membrane where
they are incorporated into that membrane. The process is mediated by two mechan-
isms, one is PI3K dependent and other is PI3K independent, operating through CAP
signalling (Figure 4.21).

Once inside the cell, glucose disposal may be through oxidation (glycolysis and TCA
cycle) or non-oxidative pathways, mainly glycogen synthesis. Insulin regulates key
enzymes of glycolysis, notably GK/HK and glycogen synthesis (see below) and
simultaneously suppresses the hepatic expression of phosphoenolpyruvate carboxy-
kinase (PEP CK), one of the enzymes of gluconeogenesis. In short, glucose uptake and
metabolism are stimulated and glucose release from the liver is suppressed; blood
glucose concentration is restored almost to typical fasting values of around 5-6 mmol/l
within 2 h after a meal.

4.7.5.2 IRS and glycogen synthesis

Under basal (i.e. in the absence of insulin) conditions, glycogen synthase, a key
enzyme in glycogenesis (see Section 6.3.3) is kept in its inactive phosphorylated form
by the action of glycogen synthase kinase (GSK-3). Following it’s activation by PI3K,
AKT (one of the protein ‘links’ in the insulin signal transduction chain) causes the
inactivation of GSK-3; glycogen synthase is therefore not phosphorylated. The
dephosphorylated from of GS is the active form, so glycogen synthesis is promoted
in the fed state when insulin is present (see Figure 4.23).

4.7.5.3 IRS and protein synthesis

Insulin promotes amino acid uptake and protein formation. AKT, noted above, is also
implicated in mechanisms which regulate protein synthesis. Acting via GSK-3 again,
under basal conditions, GSK-3 phosphorylates a key protein translation regulator
(called eIF2B). Thus, if GSK-3 is inactivated, eIF2B is not phosphorylated and mRNA
translation is permitted.
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AKT inactivates GSK-3 and so relieves the inhibition of glycogen synthase.

Figure 4.23 Regulation of glycogen synthesis. AKT inactivates GSK-3 and so relieves the inhibition
of glycogen synthase

4.7.5.4 Insulin receptor and lipid metabolism

Triglyceride and fatty acid synthesis are promoted by insulin stimulation of liver and
adipose tissues by causing the phosphorylation of the first and controlling enzyme in
the pathway; acetyl-CoA carboxylase (see Section 6.3.2). This enzyme catalyses the
formation of malonyl-CoA and requires both allosteric activation by citrate and
covalent modification for full activity.

In adipose tissue, insulin stimulation suppresses triglyceride hydrolysis (to free fatty
acids and glycerol) by activating cAMP phosphodiesterase (cAMP PDE). Cyclic AMP,
(3,5 cAMP), is required to stimulate hormone sensitive lipase (HSL), the enzyme
which hydrolyses triglyceride within adipocytes; PDE converts active 3,5 cAMP to
inactive 5 AMP thus preventing the stimulation of HSL. The net effect of insulin on
lipid metabolism is to promote storage.

4.7.5.5 Mitogenic responses to insulin stimulation

Growth promoting effects of insulin occur via interaction of the IR with Grb-2 or SHC
adaptor proteins. The cascade from Grb-2 or SHC includes ras, raf, sos and MEK, cul-
minating in activation of the gene transcription factor MAPK. Refer again to Figure 4.21.
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4.7.5.6 How are the IR cascades switched-off?

Clearly, it is essential that cell can return to its basal state once insulin (or indeed any
other messenger) secretion has declined. In the case of the IR cascade this occurs partly
through endocytotic internalization and destruction of the insulin-IR complex and
partly due to specific enzymes which degrade intracellular second messengers. For
example, a phosphatase called SHIP (src homology containing inositol phosphatase
activity) degrade inositol (1,4,5) P5 thus breaking the link between a membrane effect
and the downstream signalling. Experiments have shown that phosphorylation of
serine in IRS allows the binding of a protein identified as 14-3-3, which inhibits insulin
receptor-induced tyrosine phosphorylation of IRS. This might be significant if phos-
phorylation of the serine is brought about by PI3K, creating self-regulating mechanism;
this is as yet uncertain.

Two tyrosine kinase-based mechanisms have been described: the IR and the JAK/
STAT cascades. It should not be assumed that these are either/or mechanisms as there
may be parallel transduction (cross-talk) between the two pathways. For example,
leptin, an appetite suppressor described more fully in Chapter 9 is a cytokine-like
peptide produced by adipose tissue, which signals in the hypothalamus of the brain via
JAK2/STATS3, but also influences the IRS/PI3K pathway.

In contrast to the actions of insulin described above, glucagon (the signal for
‘fasting’), adrenaline (epinephrine) and cortisol (stress hormones), and also growth
hormone, raise blood glucose concentration and mobilize the body’s fuel reserves.
Consequently, these hormones are sometimes referred to as ‘insulin antagonists’. The
actions of glucagon and adrenaline (epinephrine) on glycogen metabolism are de-
scribed in Chapters 6 and 7 and details about fatty acid liberation from adipose tissue
may be found in Chapter 9. Correct and appropriate fuel homeostasis is achieved by the
complementary activities of the hormones mentioned. Excessive or deficient hormone
production resulting in an imbalance of hormone action, or the inability of target
organs to respond to a stimulus will lead to pathology, notably diabetes.

4.8 Diabetes mellitus (Greek: ‘large volumes of sweet fluid')

The impact of diabetes mellitus (DM) on the health and wellbeing of societies is a
growing concern in the twenty-first century, especially given its often close association
with cardiovascular disease. The commonest cause of death in diabetic adults is
coronary artery diseases such as myocardial infarction. The prevalence of DM has
reached epidemic proportions with an estimated 200 million people affected worldwide
(2008 figures) with a predicted rise to nearly half a billion cases before 2050 if current
trends continue. The World Health Organization (WHO) has defined four major
categories of diabetes based aetiology (causation) of hyperglycaemia as shown in
Table 4.5.

This situation is largely due to the rise of type 2 DM which now accounts for
85-90% of all cases of DM; type 1 DM in which antibodies directed at the enzyme
glutamic acid decarboxylase (GAD) attack and destroy the insulin-producing [ cells
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Table 4.5 Diabetes

WHO category Aetiology Notes
Type 1 Autoimmune disease Formerly referred to as juvenile onset
resulting in an absolute diabetes, type I DM or insulin dependent
deficiency of insulin. diabetes mellitus (IDDM). Ketosis is
common in poorly controlled subjects.
Type 2 Peripheral tissue resistance to Includes those formerly classified as adult
the action of insulin onset diabetes, type Il DM or non-insulin

dependent diabetes mellitus (NIDDM).
Ketosis is rare.
Insulin secretory defects
Other specific causes For example, genetic defectsof Many cases also previously classified as

insulin production or type II DM. endocrine disorders leading
action at target site; to the over production of insulin
endocrine disease; drug- or antagonists such as cortisol (Cushing’s
chemical-induced defects; syndrome), thyroid hormones, growth
viral infections hormone (acromegaly) or adrenaline
(epinephrine) (phaeochromocytoma)
Gestational diabetes ~ Pregnancy Usually transitory but many women have an

increased long-term risk of diabetes.

of the pancreas is less common. Autoimmune destruction of endocrine tissues is
not limited to the pancreas. The commonest form of primary hypothyroidism,
sometimes called Hashimoto’s thyroiditis is also an autoimmune condition as are
some cases of Addison’s disease of the adrenal cortex and hypoparathyroidism.

Although both main types of the diabetes have a genetic element, up to 10% of
individuals in some ethnic groups being afflicted by the condition and development of
type 2 DM in particular is influenced by environmental and personal habits, for
example obesity and a sedentary lifestyle. Onset of symptoms may be acute (sudden) or
slowly progressive and the WHO (1999) and more recently the American Diabetic
Association (ADA, 2003) have devised classification schemes for various stages of DM
according to plasma glucose concentrations (Table 4.6).

Untreated type 1 DM causes major and severe metabolic and physiological disrup-
tion. The lack of insulin leads to significant hyperglycaemia as cells cannot take up
glucose from the blood; the body enters what is essentially a state of ‘metabolic
starvation” and low insulin concentration with high glucagon and adrenaline con-
centrations result in lipolysis of triglyceride in adipose tissue. The fatty acids released
from their depot stores are transported by albumin and taken into cells where they
undergo B-oxidation (see Section 7.5 for details) to provide acetyl-CoA and reduced
coenzymes (NADH and FADH,) to drive the TCA cycle and oxidative phosphorylation
in tissues. However, the production of acetyl-CoA from fatty acids is greater than can be
metabolized so much of the excess is converted in to so-called ‘ketone bodies’
acetoacetate, hydroxybutyrate and acetone (see Figure 4.21 and refer also to Figure
6.19 in Section 6.3), that is a state of ketosis arises, which if severe develops into
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Table 4.6 Classification of diabetes

Diagnostic Criteria. Plasma glucose

Classification Source concentration
Normal glucose regulation WHO (1999) FPG < 6.1 mmol/l and 2-h post glucose
load <7.8 mmol/l
ADA (2003) FPG < 5.6 mmol/l
Impaired Fasting Glucose WHO FPG > 6.1 but < 7.0 mmol/], and 2-h post
regulation (IFG) glucose load < 7.8 mmol/l
ADA FPG > 5.6 but < 7.0 mmol/l
Impaired glucose WHO FPG < 7.0 mmol/l and 2-h post glucose
tolerance (IGT) load > 7.8 but < 11.1 mmol/l
ADA No equivalent
Diabetes mellitus WHO FPG > 7.0 mmol/l or 2-h post glucose
load > 11.1 mmol/l
ADA FPG > 7.0 mmol/l

Key to Table 4.6: FPG = fasting plasma glucose (NB: there is an approximate 15% difference between
plasma and whole blood glucose values. The period of fasting is overnight, usually about 12 h in total).
2-h post glucose load: 75 g of glucose dissolved in approximately 300 ml of water and consumed
within 5 min. This test has now replaced the original 2!/, h oral glucose tolerance test in which blood
samples were taken every 30 min throughout the period of the test.

Note: Plasma glucose values were originally defined in units of mg/dl (= mg/100 ml); molecular
weight of glucose = 180, so 100 mg/dl = ~5.6 mmol/l or 5 mmol/l =90 mg/dl.

ketoacidosis. Acetoacetate and hydroxybutyrate lead to the metabolic acidosis and
contribute to abnormalities in fluid and electrolyte balance that occur as the patient
excretes large volumes of urine; an osmotic diuresis due to glucose in the glomerular
fluid. Coma and death may follow if the subject is not treated with insulin injection.

2 acety-CoA ——— > acetoacetyl-CoA + CoA

acetyl-CoA

> HMG-CoA synthase
CoASH

hydroxy methylglutaryl—CoA (HMG-CoA)

acetoacetate + acetyl-CoA

NADH + H*
co,

NAD*
acetone hydroxybutyrate

Figure 4.24 Ketogenesis: formation of acetoacetate, hydroxybutyrate and acetone



122 CH 4 BIOCHEMISTRY OF INTERCELLULAR COMMUNICATION

Peripheral tissue resistance to the action of insulin as evidenced by impaired glucose
tolerance is a marker of possibly serious underlying metabolic disease leading to type 2
DM and cardiovascular disease (CVD). As peripheral tissues become less sensitive to
the hormone; pancreatic insulin production increases to compensate, leading to a state
of chronic hyperinsulinaemia. Eventually however, the pancreas fails to meet the
increasing demand for insulin and the hyperinsulinaemia is not sufficient to maintain a
normal blood glucose concentration. The plasma concentration of free fatty acids rises
as the anti-lipolytic effect of insulin, mediated through hormone sensitive lipase in
adipocytes, is lost. Clearly, if there is insulin resistance in the presence of hyperinsu-
linaemia, the molecular defect must lie in the hormone receptor or signal transduction
mechanism. Table 4.7 lists some of the underlying biochemical defects known to
contribute to insulin resistance.

The link between insulin resistance, hyperinsulinaemia, obesity and CVD is crucial.
Albrink and her colleagues (1980) noticed coincidence of quantitative changes in
plasma lipids and lipoproteins with obesity. Later, Reaven and his co-workers (1998)
reported that hyperglycaemia, hyperlipidaemia and hypertension tended to associate
together in subjects with coronary artery disease. This combination of findings became
known as Reaven syndrome, Syndrome X or now more commonly as the metabolic
syndrome and the coincident finding of these symptoms is interpreted as a ‘high risk’
factor for cardiovascular disease. Additional diagnostic criteria for the metabolic
syndrome, and therefore CVD, include abdominal obesity (waist circumference of
greater than 102 cm in men and greater than 88 cm in women), elevated plasma fasting
triglyceride concentration (above 7 mmol/l), a low concentration of plasma HDL and
evidence of renal glomerular damage.

As explained in Chapter 9, adipose tissue is not just a depot of triglycerides, but a
metabolically important organ system which secretes a number of signalling molecules.
During periods of weight gain leading to obesity, adipose tissue exhibits an inflamma-
tory nature characterized by increased secretion of adipocytokines. Generalized insulin
resistance due to a failure in the transduction mechanism may be exacerbated in obese
individuals by increased secretion of leptin and adipocytokines, such as interleukin-6
and tumour necrosis factor, which inhibit insulin signalling in peripheral tissues. Also,
a protein called C-reactive protein, an emerging risk marker of CVD is produced by
adipose tissue during inflammatory conditions; CVD is just such an inflammatory state
(see Chapter 5). Finally, obesity is associated with reduced insulin-stimulated tyrosine
kinase activity and impaired binding between p85 of PI3K and IRS, whereas weight
reduction helps to correct these defects.

Table 4.7 Insulin signalling defects

Decreased insulin binding to the receptor Decreased numbers of receptors
Decreased receptor affinity
Defective synthesis of the receptor
Autoantibodies against the receptor

Decreased signal transduction Decreased kinase activity
Post-receptor defects
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Details of plasma lipoproteins and their metabolism are given in Section 5.5. Most
of the cholesterol in the blood is carried as part of low density lipoprotein (LDL) or
high density lipoprotein (HDL), whereas most triglyceride, in the fasting state, is
carried by very low density lipoprotein (VLDL). The relative concentrations of these
lipoproteins constitute the ‘lipid profile’ and determine CVD risk. Diabetics are
more likely to show an unhealthy profile with elevated concentrations of LDL and
triglyceride but reduced HDL concentration. This pattern can be partly explained by
enhanced fatty acid liberation from adipocytes as a consequence of insulin resistance
in that tissue and due to reduced removal from the circulation of triglycerides, which
is also insulin dependent.

Most attention on insulin focuses on its actions in controlling fuel metabolism in
liver, adipose tissue and muscle in particular, insulin also has direct actions on
endothelial cells lining blood vessels and evidence indicates that hyperinsulinaemia
promotes atherogenesis. Normally, insulin stimulates the production of nitric oxide by
endothelial cells by activating nitric oxide synthase, (NOS) through the PI3K/AKT
pathway. Nitric oxide helps to control blood pressure and also regulates blood clotting
by its action on platelets. Insulin resistance will lead not only to a reduction in NO
production but because the MAPK transduction pathway is functional, an increase in
endothelin-1, a peptide which causes vasoconstriction, is promoted. Also, by impairing
the effect of the Na™ /K™ ATPase pump on vascular smooth muscle cells, insulin
resistance makes those cells more sensitive to the actions of vasoconstrictors angio-
tensin and noradrenaline (norepinephrine).

In summary, results from several studies in to the effects of impaired insulin action
can now be linked to CVD. Because of the numbers of people exhibiting sings of insulin
resistance, there has been a lot of research effort has gone in to finding suitable
therapeutic interventions. One group of drugs in particular, the thiazolidinediones
(also known as glitazones) has attracted attention because they both increase insulin
sensitivity and help to normalize plasma lipid concentrations.

Chapter summary

Intercellular communication is crucial for any multicellular organism to integrate its
activities to achieve homeostasis. Chemical messengers emanating from the endocrine
system, the nervous system or tissues such as white blood cells and the vasculature
influence the actions of other cells. Structurally, the messengers fall into very few major
groups, for example peptides, amines, steroids. Their turnover (synthesis, catabolism
and clearance) is usually tightly regulated but often serious pathology can arise when
the control is lost. Most signalling molecules recognize a receptor on or in the target
cells and the effects are mediated by transduction mechanisms which may involve
second messengers such as CAMP, cGMP or IP3, all of which are generated by G-protein
involvement which influence the activity of enzyme-based pathways. Insulin, growth
factors and cytokines do not use G-proteins but rely on tyrosine kinase activity to
mediate their effects, whilst steroids, vitamin D3 and thyroid hormones exert their
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effects directly on DNA transcription. Diabetes is the commonest metabolic disease and
one whose incidence is on the increase. Because of the diverse effects insulin has on
overall fuel metabolism, most tissues of the body are affected by its inadequacy.

Case notes

1. Hypoglycaemia
Hypoglycaemia (low blood glucose concentration) is not a disease but a symptom of an
underlying pathology. The actual value of blood glucose concentration which constitutes ‘low’
is equivocal and variable, for example neonates are more tolerant of low values than children or
adults. Noticeable effects of hypoglycaemia are due to neuroglycopaenia (low glucose concen-
tration in the CNS) and tend to occur when there has been a rapid change in glucose
concentration.

a.  Christine M developed glucose intolerance during her pregnancy, classified as so-called
gestational diabetes. Her condition was well managed but for most of the pregnancy, her
blood glucose concentration was a little higher than ‘normal’. Her pregnancy was in all other
respects uneventful and she delivered a son. In utero homeostasis is maintained by the mother
so the baby had been subject to, and had become adapted to, the same elevated glucose
concentration as had Christine. After birth, neonatal blood glucose concentration falls as the
baby adapts to independent life, the lowest value, which may be as low as 2 mmol/l, is
normally reached at about 3 h before the effects of glucagon and adrenergic stimulation begin
to raise the concentration to normal.

Christine’s son appeared initially quite normal but later he became jittery and had an episode
of fitting. Blood glucose concentration at the time of the fit was only 1.6 mmol/l, which
accounted for the symptoms of neuroglycopaenia. Infants born to diabetic mothers are more
prone to hypoglycaemia than those born to non-diabetics, possibly due to defects in the glucose
sensor mechanisms, resulting in a much larger swing in glucose concentration in the pre- and
post-natal periods. A significant proportion of women who exhibit gestational diabetes
subsequently develop type 1 or type 2 diabetes within 10 years.

b. Mr D., 48, consulted his general practitioner because he had suffered a number of recent
incidents of dizziness, disorientation and what he described as mild panic attacks. The
symptoms were unrelated to any particularly ‘stressful’ situation, but had occurred on two
occasions soon after waking and once after exercise. Mr D.’s blood pressure was normal.
Routine investigations revealed no abnormality.

A diagnosis of insulinoma (insulin secreting tumour of the B-cells) was made when it
was shown that Mr D. had elevated plasma insulin and C-peptide concentrations during a
period of fasting; insulin is normally secreted in response to feeding. Subsequently, the
site of the tumour was identified and its surgical removal proved effective in alleviating
the symptoms. Insulinomas may have multiple locations making surgery difficult, but this
type of tumour is benign.

¢.  Adam Smith was a 24-year-old working in the finance industry in the City of London.
Following a particularly long and hectic day at the bank, Adam went with colleagues to a
bar for asocial celebration during which, it was later estimated, he drank nearly 10 units of
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alcohol. As the evening progressed, he complained of feeling dizzy and confused, his
speech became somewhat slurred and he began to perspire profusely. His friends assumed
he was intoxicated and tried to take him out of the bar. At this point, Adam collapsed and
was taken to the local Accident and Emergency department. The initial assumption of the
medical staff was that he had simply drunk too much and should ‘sober- up’, however this
view changed when a blood test revealed a low glucose concentration (2.3 mmol/l,
compared with a typical value of approximately 5 mmol/l) and evidence of dehydration.
Adam’s condition improved following treatment with a dextrose-containing intravenous
solution.

It transpired that Adam had eaten nothing within the 18 h prior to his arrival at A&E. This
length of time of fasting would result in an almost complete exhaustion of hepatic glycogen, so
normally the liver would maintain blood glucose concentration by the process of
gluconeogenesis (described in Section 6.5), but metabolism of the ‘binge’ quantity of alcohol
consumed upset the NAD*/NADH ratio in the liver and as a result, hepatic glucose synthesis
and release were severely impaired and Adam showed signs of acute neuroglycopaenia. Like
the case of Mr D., this is an example of fasting hypoglycaemia but unlike Mr D. this has no real
pathological basis.

Addison’s disease

Named after Thomas Addison who first described the clinical condition in the mid 1850s,
Addison’s disease is one of the commonest endocrinopathies. At one time, most cases of
Addison’s were due to infection, usually by tuberculosis, of the adrenal cortex but nowadays the
likely cause is autoimmune destruction of the tissue, and may be associated with dysfunction of
other endocrine glands.

Mrs Peters was a 48-year-old who was referred to a specialist endocrinologist at her local
hospital. She had experienced irregular menstrual periods (which she assumed signalled onset
of early menopause), bouts of depression, weight loss and fatigue. A week before her first
scheduled appointment at the endocrine clinic, she became unwell at home (diarrhoea and
sickness) and was taken to A&E. The doctor who attended Mrs Peters noticed patches of skin
pigmentation. Investigation revealed that she was hypotensive (low blood pressure),
hypoglycaemic, hyponatraemic (plasma sodium 129 mmol/l, reference range 135—145 mmol/l)
with a slightly raised plasma potassium (5.0 mmol/l, reference range 3.6—4.7 mmol/l) and raised
plasma urea. Treatment with steroids was commenced.

The biochemical picture is typical of an Addisonian crisis. Hypoglycaemia is due to lack of
cortisol (an insulin antagonist; raises blood glucose during fasting); skin pigmentation is due
excessive melanocyte stimulating hormone output from the pituitary arising from lack of
negative feedback exerted by cortisol on ACTH production (ACTH and MSH are produced
from the same pro-opiomelanocortin gene transcript). This indicates a primary cause, that is a
defect within the adrenal cortex rather than due to a lack of pituitary ACTH. The sodium and
potassium values are probably due to a lack of aldosterone although cortisol does have a very
mild mineralocorticoid action.

Thyrotoxicosis
Hyperthyroidism is a fairly common complaint which may occur at any age, but affects mainly
females. There are several causes of increased thyroid hormone secretion but only rarely is the
condition due to non-thyroidal (e.g. pituitary) illness.

The patient, a 66-year-old woman, who was generally fit and well but had noticed episodes
of restlessness, uncharacteristic irritability, muscle weakness and tremor, and weight loss.
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Clinically she had a fixed stare and swelling at the front of the neck (goitre). The diagnosis of
thyrotoxicosis was confirmed by the results of a blood test which showed an undetectable
concentration of TSH but markedly raised T result. The very low TSH is due to a normal
negative feedback response to the raised tri-iodothyronine concentration.

This pattern of findings, especially the eye signs, indicates Graves’ disease. This arises due to
the presence of an antibody which mimics the action of TSH by binding to receptors on the
thyroid. In contrast to case 2 above, here the antibodies are stimulatory rather then destructive
and bring about inappropriate secretion of T3 and Ty.

Parkinson’s disease

This is a neurodegenerative condition in which a large proportion, up to 80%, of the cells
located within the substantia nigra region of the brain are damaged or destroyed. The actual
cause of the cell loss is unknown, but the possible involvement of unidentified toxins has been
suggested. The onset of typical Parkinson’s disease is typically after the age of about 60 years
and the incidence rises to approximately 0.5% of all individuals over the age of 70. There
is a rarer and more ‘aggressive’ form of the condition which may appear in much younger
subjects.

Mrs Gordon had noticed that her husband, aged 68, had developed a slight tremor in his left-
hand, that his movement had become slow and stiff (described technically as akinetic-rigidity)
and he found increasing difficulty in rising from a chair or from bed. These symptoms grew
more severe and, in time, the clarity of Mr Gordon’s hand-writing began deteriorate and his
walking became more shuffling than striding.

The pathology of Parkinson’s disease is associated with a substantial reduction in
neurotransmitters such as dopamine, 5-hydroxytryptamine, GABA, in the brain. Treatment is
based on the use of replacement of dopamine or dopamine agonists which relieve the rigidity
but do not affect a cure. Currently, there is no laboratory-based diagnostic test for PD and so
diagnosis is based on clinical presentation alone.
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Biochemistry of the blood
and the vascular system

Overview of the chapter

Blood is mostly water in the form of plasma, but the cellular components may reasonably be
seen to constitute a tissue even though they do not form a solid organ. Blood vessels regulate
blood pressure in response to hormonal and neural signals and the endothelial cells that line the
vessels synthesize a number of important local hormones such as nitric oxide and prostanoids.
All blood cells are produced from the same origin before dividing into eryhtropoietic and
leucopoietic lines. Haemoglobin within erythrocytes (red blood cells) is not only a transport
protein for oxygen but also an effective pH buffer. White blood cells are involved with defence
mechanisms through phagocytosis and secretion of chemical signals. Lipoprotein particles are
transported through the blood plasma and are intimately implicated with one of the major
pathologies of the twenty-first century, cardiovascular disease such as atherosclerosis.

Key pathways

Nitric oxide and eicosanoid synthesis; haem synthesis. The importance of the pentose
phosphate pathway reduced glutathione in maintaining red cell integrity. The respiratory
burst in phagocytes. Clotting and complement enzyme cascades. Metabolism of lipoproteins.

5.1 Introduction

Blood is a unique tissue in that it is (obviously) a fluid. A typical 70 kg adult male has
about 51 of whole blood coursing his vasculature at any time. The dynamics of the
blood-vascular system are impressive: many millions of cells are released from the bone
marrow each day; a red cell will travel over 250 miles (400 km) during its relatively short
life span (120 days), and an endothelial cell lining the lumen of a blood vessel will

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd
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survive the constant pounding of the blood surging through the vascular system and
remain functional for many months or even years.

Blood is the transport medium of the body. Plasma, which accounts for approxi-
mately 60% of the total volume, carries a wide range of small and medium-sized
metabolites; some are simply dissolved in solution (93% of the plasma is water), others
are carried by specific carrier proteins. The chemical composition of the plasma is
complex and reflects the chemical composition inside cells, which is why blood tests are
so commonly used in diagnosis to ‘see' the biochemical events occurring in tissues. The
formed cellular elements of the blood perform several functions: defence against blood
loss from bleeding (platelets, also called thrombocytes), defence against infection and
immune surveillance (white cells, leucocytes), and gas transport and pH buffering (red
cells, erythrocytes).

Haematopoiesis, the formation of the cellular components of the blood, the red and
white blood cells and the platelets occurs in the bone marrow of the adult. Red cell
production also takes place in the liver in the fetus from approximately 2 months of
gestation until about 15 days after birth. Despite the great variation in structure and
function of the blood cells, they all arise from the same haematopoietic stem cell (HCS)
line (Figure 5.1). Development and maturation of the individual cell lineages is a
complex process relying on appropriate stimulation and regulation by humeral
(soluble hormone-like) factors and by direct cell-cell interactions. Blood cell prolifera-
tion and differentiation are responsive processes allowing the body to meet changing
demands arising from, for example, anaemia or infection.

The humoral factors include numerous cytokines and growth factors, which act as
classical endocrine, paracrine or autocrine regulators. Developing cells are sensitive to a
range of such factors at all times during their maturation and, in the case of white blood
cells, during their existence within the circulation. To ensure responsiveness during
their development, cells must express on their surface a variety of receptors at different
times.

Pluripotent bone marrow stem cell

Mixed myeloid progenitor cell Lymphoid progenitor cell
Red blood Myeloid white Lymphoid white
cells cells cells
(erythrocytes) — J
(see Fig 5.6) YT

(leucocytes)
(see Fig 5.20)

Figure 5.1 Blood cell maturation
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5.2 The blood vascular system
5.2.1 The heart

The four chambers of the heart act as a ‘double pump' creating dual, functionally
separate circulations. First, deoxygenated blood from tissues enters the right side of
the heart and is pumped into the pulmonary circulation where it exchanges carbon
dioxide for oxygen in the lungs. Oxygenated blood returns to the left atrium and then
passes to the left ventricle, from where it is pumped via the aorta through the systemic
circulation to perfuse all tissues. Typically, in 1 min, the heart beats 70 times expelling
around 51 of blood, which is the total blood volume of a 70 kg adult male. In a life
time, the heart pumps an estimated 250-300 million litres of blood around the
body.

Histologically, the myocytes of the heart are branched, striated muscle cells. As
would be expected, the cardiac cells contain numerous mitochondria, reflecting their
dependence on aerobic metabolism, predominantly from fatty oxidation. Contraction
of heart muscle is spontaneous, requiring no external neurological or hormonal signal
but initiated by so-called ‘pacemaker cells'. However, control of cardiac pumping
allowing adaptation to circumstances is achieved via neural pathways. Noradrenaline
(norepinephrine) released from postganglionic sympathetic fibres, increases both
the rate and contractility of the heart whilst acetylcholine from the vagus nerve
(part of the parasympathetic system) can slow the heart rate to as few as 35 beats per
minute.

In addition to its pump function, the heart is also a secretory organ. Cardiac cells
produce two small peptides, the natriuretic factors, which oppose the vasoconstrictive
actions of noradrenaline (norepinephrine) from the sympathetic nervous system and of
the peptide angiotensin II. By causing vasodilation and natriuresis (increased excretion
of sodium in the urine), atrial natriuretic peptide (ANP) secreted from the atria and
B-type natriuretic peptide (BNP) secreted by both atria and probably more signifi-
cantly, from the ventricles, reduce blood pressure. The stimulus to secretion of
natriuretic peptides is wall stretch of the chambers of the heart, indicating volume
and pressure overload of the vascular system. A third member of the natriuretic peptide
family, CNP, is secreted by endothelial cells.

Both ANP and BNP are synthesized as prohormones within the cardiac myocytes.
Prior to its release, pro-ANP is stored in secretory granules and cleaved at the time of
secretion by a protease called corin into an active peptide of 28 amino acids and an
inactive N-terminal fraction of 98 amino acids. Similarly, the active BNP peptide
consisting of 32 amino acids is co-secreted along with its inactive N-terminal fragment.
Cleavage of the BNP prohormone occurs at the time of release and so both the
N-terminal portion (1-76) of the prohormone and the active BNP (residues 77-108)
can be found in plasma. If BNP and N-terminal BNP are present in abnormally high
concentrations, doctors may make a diagnosis of heart failure, a weakening of the
pumping mechanism, not to be confused with a heart attack.
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Pre-pro BNP

1 134 amino acids
pro BNP

1 108
N-terminal BNP active BNP

1 76 77— > 108

Structurally, the three NPs are alike in that they contain a 17-amino acid ‘loop' with a
conserved sequence (see also Figure 8.8).

5.2.2 Blood vessels

Blood is pumped away from the heart through arteries; it permeates the tissues through
networks of very small capillaries where nutrient delivery, gas exchange and waste
removal occur and is finally returned to the heart via the veins. The structures of the
arteries and veins differ in important ways. First, the veins have one-way valves which
prevent the back-flow of blood and second, the walls of the arteries are much thicker,
due largely to the layer of smooth muscle cells. Both types of vessel are lined on their
inner surface with endothelial cells. Refer to Figure 5.2.

5.2.2.1 Endothelial cells (the endothelium)

The endothelium is quite remarkable. Only one cell thick with a relatively slow turn-
over, it is able to resist the pressure of the blood flowing within the vessels and to
maintain a smooth surface permitting non-turbulent blood flow. Endothelial cell
precursors arise in the bone marrow and express on their luminal surface a range of
functionally important proteins including many which belong to the CD group of
antigens and others such as adhesion molecules. The endothelium forms a physical
barrier between the bloodstream and the tissues, but for white cells to counter
infections in tissues it is clearly necessary for them to leave the circulation and enter
the ‘crime scene' of damaged tissue. In order to allow firstly arrest and then extravasa-
tion (movement out of the vascular system) of white cells, the endothelium expresses a
number of proteins known collectively as adhesion molecules. For example, the
selectins are calcium-dependent carbohydrate binding proteins, expressed not only
on endothelium (E-selectin) but also on platelets (P-selectin). The carbohydrate
recognition domain (CRD) of selectins is able to bind specifically with particular
sugars found in glycoproteins which are part of the exterior surface of leukocytes. Blood
cells are normally carried rapidly with the flow of blood, but when a cell has been
‘captured’ by selectin, it begins to roll slowly over the surface of the endothelium.
A rolling white cell is brought to a halt when integrin proteins (another type of adhesion
molecule) on its surface bind with recognition proteins on the endothelium;
this is followed by extravasation by binding to intercellular adhesion molecule 1 or
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(a) an artery

External elastic lamella

Endothelium

(intimal layer) Smooth muscle, elastic fibres,

collagen (medial layer)
Lumen

Internal elastic lamella

Adventitial layer X cem -
loose connective tissue, subendothelial layer
blood vessels (vasa vasorum) (part of the intimal layer)
lymphatic vessels

(b) a vein

Endothelium and
sub-endothelium Medial layer
(much thinner than in the artery)

Lumen

Adventitial layer
loose connective tissue

Figure 5.2 Cross section through blood vessels (a) an artery. Sizes of arteries vary from 25 mm
diameter with 2 mm wall thickness in the aorta to 20 um diameter with a 15 um wall thickness in the
smallest arterioles. (b) a vein. Note there are no elastic lamellae in veins so tension is maintained by
elastic fibres which are arranged within the media. Typically, veins are approximately 5mm in
diameter but with a very thin wall, for example 0.5 mm. The vena cava is the largest vein at 30 mm
diameter

2 (ICAM-1, ICAM-2) and vascular cell adhesion molecule (VCAM). Platelets are
attracted to damaged endothelium where they adhere to prevent blood loss in a similar
fashion to white blood cells, i.e. via adhesion molecule interactions, to form a clot
(thrombus).

Physiologically, the endothelial cells serve more than just a barrier function. They are
responsive to a number of chemical messengers such as cytokines and the expression
of the adhesion molecules described above is increased (upregulated) by for example
interleukin-1 or tumour necrosis factor when there is damage to the vessel or in the
presence of infection. Furthermore, the endothelium secretes locally acting messengers
such as prostaglandins, nitric oxide (NO) and peptides CNP and endothelin-1, which
help to maintain vascular homeostasis by influencing important processes such as
blood pressure, coagulation and cell proliferation. Much of our basic understanding of
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the structure and roles of prostaglandins (PG) can be attributed to the research work of
Sir John Vane and associates in the 1970s. Somewhat later, Moncada identified NO as a
vasoactive agent secreted from the endothelium.

Originally isolated from the prostate gland (hence the name prosta-gland-in),
prostaglandins are chemically simple fatty acid-like molecules (Figure 5.3). Structural
differences give rise to several series of structurally different prostaglandins, for
example PGE, PGF and thromboxane.

Prostaglandins are a subgroup of a larger family of compounds known collectively
as eicosanoids, which are synthesized from arachidonic acid (arachidonate); this is a
20-carbon omega-6 unsaturated fatty acid (C20:4). The source of the arachidonic acid
for PG synthesis is the cell membrane. Most membrane phospholipids have an
unsaturated fatty acid as arachidonate at carbon 2 on the glycerol ‘backbone' to help
maintain membrane fluidity. The arachidonic acid released from the membrane by the

Arachidonate C20:445811.14

Prostacyclin (PGl,)

— COO~
=

OH
Thromboxane A, (TXA,)

-0
o

Figure 5.3 Structure of PGs
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Membrane phospholipid

thromboxane A2 (TxA;) —— > TxB2

PLA,
COX POD
arachidonic acid PGG, PGH, —— > PGF,,
LOX
PGE; PGl
5-hydroperoxyeicosatetraenoic acid
(5-HPETE)
PGA;

leukotriene series

Key: PLA, = phospholipase A,
COX = cyclooxygenase
LOX = lipoxygenase
POD = peroxidase
PGl, = prostacyclin, PGX
TxB2 = thromboxane B2

Figure 5.4 Eicosanoid synthesis

action of the enzyme phospholipase A2, is the substrate for cyclo-oxygenase (COX).
Endoperoxides (PGG, and PGH,) synthesized by COX are subsequently converted into
prostacyclin by a specific synthase in endothelial cells or into thromboxane within
platelets. A subscript numeral, for example PGE,, indicates the number of double bonds
present in each molecule (Figure 5.4).

The various prostaglandins have a diversity of actions in different tissues. Impor-
tantly in the blood vascular system, prostaglandins are involved with clotting and
prevention of blood loss following injury. Prostacyclin (PGI,) has anticoagulant
properties and along with nitric oxide (see next section) is a vasodilator whilst
thromboxane (TxA;) derived mainly from platelets is a procoagulant. Blood coagula-
tion is outlined in Section 5.4.

NO (molecular weight = 30) is small but plays a big role in physiological regulation,
not least in the vasculature where its effects were first seen (see Chapter 4). Endothelium-
derived relaxation factor (EDRF) was discovered its ability to cause dilatation of vessels
by relaxing the arterial muscle layer. Only much later was EDRF discovered to be a gas,
nitric oxide. More recent interest in NO is based on the evidence that it is anti-
atherogenic. The pathogenesis of atherosclerosis is complex but many of the known
effects of NO can be implicated in this common and serious condition.
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2 NADPH 2 NADP*

L-arginine + 20, L-citrulline + NO + 2H,0
NOS

Figure 5.5 Nitiric oxide synthase reaction

As shown in Figure 5.5, nitric oxide is synthesized from the amino acid arginine
under the influence of nitric oxide synthase (NOS). This enzyme exists in several tissues
as either a constitutive or inducible protein (iNOS).

The term NOS is used to denote a family of three related but distinct isoenzymes:
neuronal NOS (nNOS); endothelial NOS (eNOS, endothelium and platelets) and
inducible NOS (iNOS, endothelium, vascular smooth muscle and macrophage). In
addition to reduced nicotinamide adenine dinucleotide phosphate (NADPH) shown
in Figure 5.5, NOS enzymes also require flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and tetrahydrobiopterin (BH4) as coenzymes.

Although all three NOS isoforms have been located in the vasculature, nNOS is the
least important in regulating vessel physiology. Endothelial NOS is constitutive (always
active), producing NO in nanomolar (10~° mol/l) quantities, having ‘housekeeping'
roles maintaining vascular homeostasis. However, when iNOS expression is up-
regulated by the effects of, for example, cytokines or bacterial toxins causing increased
transcription of the gene, NO production rises in to the micromolar (10~ mol/l)
concentration range and NO becomes cytotoxic.

Unlike iNOS and nNOS, the eNOS protein is post-translationally modified by the
attachment of fatty acids, myristate or palmitate. This modification is important
because the fatty acids help to attach the enzyme, in an inactive form, to the inner face of
plasma membrane of endothelial cells or platelets. Several mechanisms serve to release
eNOS from its membrane bound state and thus activate the enzyme.

Being a gas, NO is freely diffusible and penetrates cell membranes easily. NO is
produced by and acts within the endothelium and platelets but is also a paracrine
hormone targeting vascular smooth muscle cells (VSMC) and white blood cells.

A number of the actions of NO in target cells may be explained by its binding to the
haem-containing protein soluble guanylyl cyclase (sGC), an enzyme which generates a
second messenger, cyclic GMP (cGMP) from GTP.

NO-induced production of cGMP is fully or partly responsible for:

e vasorelaxation (the EDRF effect) in VSMGC;

e inhibition of proliferation of VSMC and endothelial cells;
 inhibition of platelet adhesion and aggregation on endothelium;
 inhibition of endothelial apopotosis (at low NO concentration).

Inits turn, cGMP regulates the cytosolic Ca>* concentration by controlling the entry
of Ca** via ion-specific channels or by preventing the release of Ca®" into the cytosol
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from reservoirs such as the sarcoplasmic reticulum in muscle cells or the endoplasmic
reticulum in many other cell types.
Examples of cellular effects by NO which are not related to cGMP include:

¢ Inhibition of leucocyte adhesion to endothelium. By acting on the gene transcrip-
tion factor called nuclear factor kappa B (NFxB), NO limits the expression by
endothelial cells of monocyte chemotactic protein-1 (MCP-1) and VCAM-1. As
both MCP-1 and VCAM-1 are involved with pro-inflammatory responses, NO is in
this manner an anti-inflammatory agent;

e Antioxidant effects. Superoxide (O," ™) is a free radical which contributes to ‘oxida-
tive stress', a process which causes significant damage to the molecular structure of
cells. NO induces the synthesis of endothelial cell superoxide dismutase (ecSOD) the
enzyme which forms hydrogen peroxide H,O, from O," ~. A positive feedback loop is
set up as H,O, induces eNOS which produces more NO and so on. This is a protective
action as superoxide which is potentially damaging to cells is ‘buffered’ by NO;

e Pro-oxidant effects. The antioxidant effect described above occurs when NO
concentrations are low. If the concentration of NO rises, rather than reducing the
damaging effects of O," ~ the two may combine to form an even more powerful
oxidant called peroxynitrite (ONOO™);

¢ Mitochondrial function. NO is able to react with transition metals such as iron,
including those contained within haem groups. Even at low NO concentrations
there is competition between oxygen and NO for reversible binding to cytochrome ¢
oxidase. If mitochondrial O, is low respiration slows, which may confer anti-
apoptotic benefit to the cell. As NO concentration rises and peroxynitrite is formed,
electron transport is irreversibly inhibited, there is increased production of
superoxide and other reactive oxygen species and apoptosis occurs.

5.2.2.2 Vascular smooth muscle cells (VSMC)

These cells, located in the medial layer of the vessel wall, are normally relatively non-
proliferative, but they secrete proteins which make up the extracellular matrix of the
vessel wall. However, the narrowing of the arteries, a critical, often fatal, consequence of
atherosclerosis is due to proliferation of VSMC and their migration into the intimal
layer of the vessel wall.

Vascular smooth muscle cells are a major contributor to the maintenance of blood
pressure. If blood pressure falls, blood flow becomes sluggish and tissues may become
starved of oxygen (hypoxia) and other essential nutrients, whilst high blood pressure
(hypertension) causes damage to a number of tissues including the heart itself, the brain
and the kidneys. Vessel tone due to VSMC contraction is regulated by a number of
external factors, notably adrenaline (epinephrine), angiotensin II and, as described
above, NO. An imbalance of each of these has been implicated in impaired regulation of
blood pressure leading to damaging hypertension.
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Hypertension is a well known contributor to a number of diseases, but hypotension
can be equally dangerous as tissues rely upon pressure to maintain a constant delivery of
nutrients via the micro-circulation of fluid around individual cells. As pressure and
volume are interdependent, blood pressure is controlled by either changing the internal
diameter of the vessels (vasoconstriction or vasodilation) or by increasing the fluid
volume contained within the vasculature.

e Direct neural control
Adrenaline (epinephrine)-producing (adrenergic) and acetylcholine secreting
(cholinergic) neurones of the autonomic nervous system have direct and compli-
mentary effects on the tone of blood vessels.

¢ Renin-angiotensin—aldosterone (RAA) system (see also Chapter 8)

Specialized cells, called the juxtaglomerular apparatus (JGA), within the renal
cortex are able to detect a fall in blood pressure and respond by secreting a
proteolytic enzyme called renin (not to be confused with rennin). The substrate for
renin, a liver-derived peptide called angiotensinogen, circulates in the plasma.
Renin removes two amino acids from the N-terminal to produce angiotensin I,
which is itself a substrate for angiotensin-converting enzyme (ACE). ACE removes
two more amino acids to produce angiotensin IL.

Angiotensin II has two effects: first, as a vasoconstrictor acting via receptors on
vascular smooth muscle cells, and second, it stimulates the adrenal cortex gland to
producealdosterone (a mineralocorticoid steroid hormone, see Chapter4). Aldosterone
promotes the reabsorption of sodium from the renal tubule into the bloodstream and the
resulting increase in osmolality (osmotic potential) of the blood causes water reabsorp-
tion in the nephrons. The outcome is an increase in blood volume and, therefore,
pressure which inhibits (by negative feedback) further renin secretion from the JGA.

5.3 Circulating blood cells
5.3.1 Red cells and haemoglobin

Erythrocytes are unique among human cells in that they do not contain a nucleus or any
other major subcellular organelle. The absence of such intracellular structures means
that the volume of a red blood cell (typically 90 fl; femtolitres 10~ '*1) is able to maximize
its carriage of haemoglobin and the essential enzymes required to maintain the red cell
during its brief lifespan of approximately 4 months. It would be wrong however to
consider erythrocytes to lack any subcellular or molecular organization. Their intricate
cytoskeletal architecture consisting of, among others, oo and P spectrin filaments,
ankyrin, actin and protein 4.1, maintains the flexible biconcave disc shape of the mature
cell. The flexibility of the membrane allows the cells (approximately 7 m in diameter) to
contort in order to flow through even the narrowest capillaries (4 um diameter).
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Red blood cells are amongst the most numerous of the human cell lines; an average
healthy 70 kg male having a total of approximately 25x 10'? cells in his 51 of blood.
A typical red cell contains in excess of 600 million haemoglobin molecules which
equates to a total of about 300 g of haemoglobin, an amount that is far greater than for
any other protein in the body. The lack of a nucleus clearly indicates that red cells
cannot divide and at the end of their life, ‘worn out' RBCs are removed by the cells of the
reticuloendothelial system. Approximately 2% (5 x 10'") of the red cell number are
removed and replaced by new ones each day. Haem synthesis is outlined later in this
chapter and its catabolism is discussed in Chapter 6.

5.3.1.1 Erythropoiesis

The early cells of the erythrocyte development sequence are ‘typical’ cells in that they
have a complex internal arrangement of organelles. The proerythroblast (= pronormo-
blast), the first identifiable form of the red cell lineage within the bone marrow, has a
large nucleus with nucleoli and a dark staining cytoplasm, characteristic of cells which
undertake extensive protein synthesis. These progenitor cells also contain mitochondria
which play an important role in the synthesis of haemoglobin as well as energy (ATP)
production. As the cells mature, they reduce in size (from about 12 um to about 7 m
diameter) and lose their internal organelles. Karyohexis, the extrusion of the nucleus,
occurs during the late normoblast stage which is just when the enzymes that bring about
haemoglobin synthesis are at their peak. The reticulocyte, characterized by stippling
within the cytoplasm due to remnants of RNA, is the penultimate form before the mature
erythrocyte is formed.

Erythropoiesis is very carefully regulated, partly by the action of a number of
humoral growth factors, including most notably the glycoprotein hormone erythro-
poietin (EPO). EPO has 165 amino acids in its primary structure suggesting a molecular
weight of less than 20 000. In fact, the hormone has a molecular weight in excess of
30 000. The difference between the two figures reflects the extensive glycosylation of the
protein.

Erythropoietin is synthesized mainly in the peritubular cells of the renal cortex.
These cells contain a protein called hypoxia-inducible factor 1 (HIF-1) and are able to
‘detect' (exactly how is not known) the oxygen content of the blood perfusing the kidney.
HIF-1 enhances the transcription of the EPO gene so generating more, or less, EPO as
physiological circumstances demand. The targets for EPO are erythrocyte progenitor
colony-forming units (CFUg) and proerythroblasts (Figure 5.6); the later (more mature)
cells in the sequence lack the EPO receptor.

In common with other protein hormones, especially those associated with cell
growth and differentiation, EPO signals through cell surface tyrosine kinase-linked
receptors (EPO-R), illustrated in Figure 5.7. Hormone binding to the EPO-receptor
(EPO-R) initiates an intracellular cascade of tyrosine phosphorylations, which arise
from the activation of EPO-R bound JAK2 (see Section 4.7 for further details) Cellular
growth and division are stimulated by an intracellular cascade comprising proteins
such the Ras/Raf/MAPK combination and STATS5.
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Abbreviations: BFUE = burst forming units, erythrocyte lineage
CFU = colony forming units

Figure 5.6 Erythropoiesis

Signalling by EPO also rescues erythroid progenitors from cell death (apoptosis) so
increasing the number of RBC forming cells. Furthermore, EPO stimulates the
production of haem and the globin chains required to synthesize haemoglobin. In
short, EPO increases the number of erythrocytes and their haemoglobin content, not
surprisingly therefore erythropoietin can be used to treat anaemia (literally ‘without
blood’). Genetic engineering techniques allow fairly large quantities of the hormone to
be manufactured. The synthesized protein is also used by dishonest sportsmen or
women to boost their athletic performance.

There are many causes of the clinical condition referred to as anaemia. One
particular type, whose cause can be traced to a genuine metabolic defect is megalo-
blastic anaemia and is due to a deficiency of the vitamins B}, (cobalamin) and/or folate.
These vitamins are required for normal cell division in all tissues, but the rapid
production of red cells makes them more susceptible to deficiency. In megaloblastic
anaemia the blood haemoglobin concentration falls the synthesis of haem is not
impaired. Examination of the blood reveals the appearance of larger then normal cells
called macrocytes and megaloblasts are found in the bone marrow.

Very small amounts of cobalamin are required each day (<5ug) and the diet
normally provides plenty more than the minimum, so dietary B, deficiency is
uncommon, except in very strict vegetarians. Pernicious anaemia arises when a defect
in the stomach results in too little secretion of a protein called intrinsic factor, without
which, cobalamin cannot be absorbed in the ileum of the small intestine.

Like many vitamins, cobalamin is functionally active as a derived coenzyme,
coenzyme B,. Structurally, this is composed of a corrin ring; a haem-like porphyrin
ring containing cobalt (Co”") at the centre held by four coordination bonds. The fifth
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Figure 5.7 EPO-R with JAK/STAT and cascade (see also Figure 4.20). (a) unstimulated cell
(b) stimulated cell
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Figure 5.8 Structure of folate

coordination position of the cobalt is taken up by a ribonucleotide-derived moiety and
the sixth coordination position is occupied with either deoxyadenosine or a methyl
group. Deoxyadenosylcobalamin is the active form of the vitamin in the metabolism of
methylmalonyl-CoA (an intermediate in the catabolism of branched-chain amino
acids and fatty acids with an odd number of carbon atoms), whereas methylcobalamin
is involved with folate metabolism. It is this link with folate that explains the
importance of By, in red cell formation. In short, vitamin B, helps to recycle
tetrahydrofolate (THF) but to understand the connection between the two vitamins,
we need first to study the chemical structure and biochemical roles of folate.

The chemical structure of folate (or folic acid) is shown in Figure 5.8. In humans,
folate usually occurs as polyglutamate derivatives. The active form of folate is THF,
sometimes shown as FH,) is derived from folate via two reductase reactions. THF
functions as a carrier of ‘one-carbon' groups in varying oxidation states (Table 5.1).

These one-carbon groups, which are required for the synthesis of purines, thymidine
nucleotides and for the interconversion some amino acids, are attached to THF at
nitrogen-5 (N°), nitrogen-10 (N'%) or both N and N'™. Active forms of folate are
derived metabolically from THF so a deficiency of the parent compound will affect a
number of pathways which use any form of THF.

Folic acid derivatives are important in the production of purines and deoxythy-
midine monophosphate (dTMP, a pyrimidine) required for nucleic acid synthesis in

Table 5.1 Metabolically active THF derivatives

One-carbon unit Name
Methyl —CH, N’-methyl THF
Methylene —CH,— N°,N'%-methylene THF
Formate N°-formyl THF
-C=0 10

\ N"-formyl THF

H
Formimino —CH=NH N>-formimino THF
Methenyl N°,N'*-methenyl THF
-C=

\
H
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dUuMP dTMP ----> DNA
TS

NN ®methyleneTHF 7.8 dihydrofolate

NADPH + H*

dihydrofolate
reductase

THF NADP*

TS = thymidylate synthetase

Figure 5.9 Dihydrofolate reductase; a key enzyme in pyrimidine synthesis

dividing cells and thus deficiency of folate is associated with impaired formation of all
nucleated cells. Because of their rapid rate of synthesis, red cell progenitors are affected
adversely by the group of chemotherapeutics known as antimetabolites, for example
methotrexate and trimethoprim used for the treatment of some forms of cancer and
bacterial infections respectively. These drugs are inhibitors of dihydrofolate reductase,
the enzyme which recycles dihydrofolate (DHF) to tetrahydrofolate (Figure 5.9),
which, as indicated in Figure 5.10 is the parent compound of the numerous active
forms of the vitamin.

It is the role of N°-methyl THF which is key to understanding the involvement of
cobalamin in megaloblastic anaemia. The metabolic requirement for N’-methyl
THE is to maintain a supply of the amino acid methionine, the precursor of S-adenosyl
methionine (SAM), which is required for a number of methylation reactions.
The transfer of the methyl group from N°-methyl THF to homocysteine is cobalamin-
dependent, so in By, deficiency states, the production of SAM is reduced. Furthermore,
the reaction which brings about the formation of N°-methyl THF from N°,N'-
methylene THF is irreversible and controlled by feedback inhibition by SAM. Thus,
if B;, is unavailable, SAM concentration falls and Ns—methyl THF accumulates and
THF cannot be re-formed. The accumulation of N°-methyl THF is sometimes referred
to as the ‘methyl trap' because a functional deficiency of folate is created.

5.3.1.2 Red cell antigens and the blood groups
Karl Landstiener was the first to demonstrate the existence of different blood group
antigens in 1900. We now recognize 29 different blood group systems comprising over
250 antigens, but the most well known are the ABO (also known as ABH) and rhesus
(Rh) systems.

The ABO antigens are oligosaccharides attached to membrane proteins or
lipids. The H antigen (carried on blood group O cells) is the biochemical
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Figure 5.10 The interconversion of folate metabolites. N°,N*°-methenyl THF is required for purine
synthesis. N°,N*°-methylene THF and N*°-formyl THF are required for deoxythymidylate (pyrimidine)
synthesis

precursor of the other two antigens (A and B). The antigens are synthesized by
the progressive addition of specific monosaccharides by the action of glycosyl-
transferase enzymes. The exact blood group is determined by the terminal
monosaccharide.
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The glycosyltransferase reaction can be represented thus:

UDP-monosaccharide + oligosaccharide

l

oligosaccharide-monosaccharide + UDP

i.e. a trisaccharide is formed of a glycosidic bond between a monosaccharide and a
disaccharide. The reaction is driven forward by prior ‘activation' of the monosaccharide
by addition of uridyl diphosphate (UDP).
Group O (H antigen)
fucose a1-2 galactose
| p1-4
N-acetyl glucosamine

Group B (B antigen)

galactose
| ol-3
fucose a1-2 galactose
| p1-4
N-acetyl glucosamine

R

Group A (A antigen)

N-acetyl galactosamine

galactose
| ol-3
fucose a1-2 galactose
| p1-4

N -acetyl glucosamine



144 CH 5 BIOCHEMISTRY OF THE BLOOD AND THE VASCULAR SYSTEM

5.3.1.3 Haemoglobin (Hb)

Haemoglobin is one of the most well studied and best understood proteins thanks
largely to the early work of Max Perutz, John Kendrew and colleagues. Haemoglobin is
now often used as a model allosteric protein and to illustrate the impact of protein
structural alterations in disease.

There are a number of haemoglobin variants but all are tetrameric proteins and
each sub-unit carries a haem group responsible for oxygen binding. Haemoglobin A,
(HbA,) is the commonest form and comprises two {a} chain dimers. Variants, notall of
which are pathological, arise due to changes in the primary sequence of the non-o chains,
for example sickle cell haemoglobin (HbS) has a single amino acid substitution (valine
to glutamate) at position 6 of the normal B chain whereas the physiologically normal
HDF (fetal haemoglobin) has v rather than § chains associated with o peptides.

Although haemoglobin is not a catalytic protein, it shares important features in
common with enzymes, for example ligand binding, allosterism and ‘inhibition’. Before
continuing, the reader should ensure familiarity with the concepts of allosterism as
described in Section 3.2.

The primary ligand for haemoglobin is oxygen which is loosely held by coordination
bonding with iron of the haem prosthetic group. The binding and release dynamics of
oxygen to haemoglobin are shown in Figure 5.11.

Normally, we measure substances in blood in concentration units such as mmol/l
but the amounts of gases are always expressed in terms of their pressure; Po, is the
partial pressure of oxygen in kiloPascals (kPa) or in older units, mmHg. The oxygen
dissociation curve (ODC) shows how at very low (below physiological values) of Po,,
oxygen binding to haemoglobin is ‘difficult’. That is to say that a relatively large change
in Po, causes very little O, uptake by haemoglobin. Once one of the subunits has taken
up oxygen, conformational changes in adjoined subunits allow more rapid binding.

Arterial blood
100f---=="--""""---------------------—= 1
% 02 :
saturation !
of Hb 45
Venous blood \ i
! !
! :
50 1 '
1 1
1 1
! '
! i
1 |
! |
! |
! |
1 1
1 1
0 5 10 13 ’

Po, (kPa)

Figure 5.11 Oxygen dissociation curve
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The curve flattens at very high Po, as the whole protein reaches ‘saturation point'. At
rest, haemoglobin in the blood which enters the general circulation from the left side of
the heart is about 98% saturated with oxygen and the venous return is approximately
75% saturated with oxygen.

An important allosteric modulator of oxygen binding to haemoglobin is 2,3 bis-
phosphoglycerate (2,3 BPG), which is produced via the Rapoport-Leubering shunt
from glycolysis (Figure 5.12). As blood Po, falls, bis-phosphoglycerate mutase (BPM)

Glucose

2NADP* 2NADPH + 2H*

> PPP

F-1,6-bisP
,,;’
Hb NAD" —_Gly'ald-3-P + DHAP )
MetHb NADH
+H*
1,3 bis PG

Rapoport-Leubering
‘shuttle’

PR 2,3 bis PG
3-PG

\Z

Pyruvate
Dotted lines indicate multiple steps

Figure 5.12 Links between glycolysis, pentose phosphate pathway and Rapoport shuttle
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competes with phosphoglycerokinase for the available 1,3 BPG. The binding of 2,3 BPG
causes the haemoglobin molecule to undergo a slight conformational change brought
about as the BPG sits into a cleft between the two [ chains of the haemoglobin molecule.
This allosteric binding stabilizes the T configuration of haemoglobin thereby reducing
the affinity of the protein for oxygen, so the ODC shifts to the right, that is oxygen is
given up to the tissues more easily.

The in situ generation of 2,3 BPG is accelerated by low atmospheric Po,, for example
at high altitude. Lower Po, at altitude could compromise tissue oxygenation so to avoid
cellular hypoxia, O, is released from haemoglobin.

Another, and more acute, ‘trigger’ to the release of oxygen from haemoglobin is the
pH of the blood surrounding the red cell. Protons arising from metabolic activity of
tissues cause a right-shift in the position of the ODC and oxygen is released when the pH
falls. This phenomenon is called the Bohr effect.

Haemoglobin is more than just an oxygen delivery system; it also helps to regulate
the pH of the blood. Like many proteins at a normal arterial blood pH of 7.40,
haemoglobin is negatively charged and thus able to buffer protons. This property is due
partly to the histidine residues within the primary sequence of the protein. Importantly,
conformational changes occur in the haemoglobin molecule as it gives up oxygen to
respiring tissues. Partially deoxygenated haemoglobin is a stronger base (i.e. greater
proton binding ability) than the fully oxygenated protein (Figure 5.13).

Hb(O5)4 Hb(Oz)3 ————————— > HHD(Oy)s
fully oxygenated Hb partially deoxygenated Hb

0O, H*

(delivered to respiring cells)

The source of the proton shown above is water;

CA (CD)
C02 + Hzo _—> H2CO3 _—> HCO3_ + H+

Figure 5.13 Oxygen release

The carbon dioxide diffuses into the red cell and is hydrated by the enzyme carbonic
anhydrase (CA, also called carbonate dehydratase, CD) to form carbonic acid, H,COj3
which, being a weak acid, spontaneously dissociates forming bicarbonate ions
and a proton. Deoxyhaemoglobin (Hb(O,);) is not only a stronger base than fully
oxygenated haemoglobin (Hb(O,),) but is able to bind CO, for transport to the lungs
for expiration.

We should consider the fate of the bicarbonate ion generated by the dissociation of
the H,COj3. The bicarbonate diffuses out of the red cell and into the plasma where it too
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buffers acids produced as a result of cellular metabolism. The export from the red cell of
the HCO;™ ion requires the import of another anion in order to maintain electrical
neutrality, so a chloride ion enters the erythrocyte in a process called the chloride shift
(Figure 5.14).

It will be apparent that in the absence of a buffer the production of carbon dioxide
and metabolic acids would result a change in pH with all of the implied problems that

(a) inatissue capillary

Spontaneous hydration

dCO; —> H,CO3

|

CO;

CO;

H,CO3
CA\L

H+ + HCO;

Cl
HCO3

0O, Hb(O,)4 HHb(O,)s

+0,
tissue cell

dCO, = dissolved CO,
CA = carbonic anhydrase

(b) in a pulmonary capillary

CO, H,CO3

CA
H® + HCO,

Cl
HCO;

0, Hb(O,)4 HHb(O,)s
+ 0O,

alveolus

Figure 5.14 Chloride shift in a red cell (a) in a tissue capillary (b) in a pulmonary capillary
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would cause to enzyme activity and metabolic control. Haemoglobin and the red cell
are able to provide increased buffering capacity in exactly the region that it is required,
that is tissue capilliaries.

Carbon monoxide, CO, is a very toxic gas because it is in effect, a competitive
inhibitor of haemoglobin in that it can bind strongly to the haem group and thus
prevent the binding of oxygen. As a result, the ability to switch between the R and T
forms of the protein is lost and the oxygen dissociation curve shows hyperbolic rather
than sigmoid kinetics indicating a loss of cooperativity between peptide subunits.
Figure 5.15 shows the typical effect of a competitive inhibitor on an allosteric protein.

Circulating RBCs lack the enzymes to produce either haem groups or globin chains
so the synthesis of haemoglobin is a defining feature of early RBC maturation. Globin
chain production is like the formation of any other protein, but o and B chain synthesis
is closely linked with haem synthesis.

Haem synthesis is a good example of a pathway that is partly compartmentalized. The
pathway (Figure 5.16) occurs in all cell types for the production of respiratory cyto-
chromes and begins within mitochondria but the majority of the reactions occur in the
cytosol cell. Because maturered cells have no subcellular organelles, haem synthesis occurs
onlyin early RBC progenitor cells. Although thisis a relatively simple pathway, there are a
number of well-known enzyme defects that causea group of diseases called the porphyrias.

The haem molecule would be incomplete without iron so this must be delivered to
the progenitor red cells. Iron is toxic so it is carried in the plasma bound to a specific
protein named transferrin (Tf). Uptake of iron is via a Tf receptor, of which there are
approximately 300 000 per cell. The whole iron/Tf complex is taken into the cell by
endocytosis where the iron is released and made available for incorporation into the
porphyrin ring by ferrochelatase.

% 02
saturation

Po,

Figure 5.15 Effect of CO binding to haemoglobin
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Figure 5.16 Haem synthesis. NB: PBG is converted into two ‘forms' of uroporhyrinogen, the series I
and III isomers but only the series III compounds are physiologically important

In the liver (the other major site of haem synthesis), regulation of haem biosynthesis
is a classic example of end-product negative feedback; haem inhibits the transcription
of the ALAS gene and thus production of the enzyme at the rate controlling step in the
whole process, ALA synthase is suppressed. The control mechanism in the developing
erythroblasts is linked to the concentration of iron in the cytosol. The translation of the
ALAS mRNA is inhibited by a repressor protein which binds to the 5" end of the primary
gene transcript. Iron can interact with the repressor protein to relieve the inhibitory
effect. If iron concentration exceeds the availability of protoporphyrin groups, the
synthetic pathway is given a ‘kick-start' to ensure that supply of protoporphyrin
matches demand. As haem production rises, the ‘de-repression’ of the iron is lost and
ALAS mRNA remains untranslated. Here we have an example of metabolic control
operating at the level of the message, between that of the gene and of the protein.
Furthermore, it could be argued that the ultimate control of protoporphyrin synthesis
is determined by the expression of Tf receptors on the surface of erythroblasts, as it is
this which determines cytosolic iron concentration giving an entirely different level of
control.
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Any inability to form haem in appropriate amounts will release the feedback control
and the pathway will accelerate until the enzyme ‘block’ point is reached, resulting in the
accumulation of the precursors (ALA and PBG) and/or intermediates (porphyrinogens)
up to the block point.

5.3.1.4 RBC metabolism

The metabolic capabilities of mature circulating RBCs are quite different from that of
the developing forms (Figure 5.1). Once the developing RBCs lose their nucleus and
mitochondria, their range of metabolic abilities is severely curtailed.

Due to their lack of mitochondria, mature erythrocytes are entirely dependent upon
glycolysis to produce ATP and NADH to meet cellular demands. Ironically in a cell type
which is so rich in oxygen, glycolysis operates in an anaerobic environment so RBCs are
significant net producers of lactate, which is an important substrate for hepatic
gluconeogenesis. The NADH produced by glyceraldehyde-3-phosphate dehydrogenase
cannot be reoxidized via mitochondrial shuttles but is usefully consumed indirectly to
maintain haem-iron in the reduced (Fe*" ) state. Haem groups which contain Fe’ " are
non-functional as oxygen carries (e.g. methaemoglobin, MetHD).

Methaemoglobin is formed in all red cells on a daily basis. Oxygen, being strongly
electronegative, can abstract an electron from a donor to form a free radical ion called
superoxide, O," 7; Fe*" is just such a electron donor:

Hb(Fe?" ) + 0, — MetHb(Fe’" ) + 05~

5.3.1.5 Free radical generation; superoxide dismutase and glutathione

Oxygen is vital for human life but it can also be a ‘toxic hazard'. The high electronega-
tivity of oxygen means that it can very easily become reduced forming reactive oxygen
species (ROS, e.g. H,0,), many of which are free radicals, compounds with a single
unpaired electron, for example superoxide, O," . Oxygen free radicals are produced
whenever molecular oxygen is being transferred within tissues. On occasions, free
radical generation is intentional and the biochemical benefits of free radical generation
are described in Sections 5.3.2.1, but here we will consider the potentially deleterious
effects of these compounds.

Superoxide has a chemical half-life measured in microseconds, but in even this short
time serious damage can be caused to all types of biological macromolecules.
Peroxidation of membrane lipids could cause haemolysis but the oxidation of ferrous
(Fe’™) to ferric (Fe’") iron in haemoglobin due to free radical action is a more
immediate cause for concern within the red cell (Figure 5.17).

To prevent membrane damage, the red cell has an armoury of antioxidants, notably
a manganese or selenium containing enzyme called superoxide dismutase (SOD)
and the sulfydryl compound glutathione (GSH), a tripeptide of y-glutamate, cysteine
and glycine.
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Figure 5.17 Superoxide generation during oxygen release from haemoglobin

v

SOD removes superoxide (see (a) below), hopefully before it causes extensive
cellular damage, and the glutathione acts as ‘suicide substrate' by allowing itself to
be oxidized (see (b) below) so protecting membrane lipids and preventing crosslinking
(via disulfide bridges) within haemoglobin chains due to oxidation of cysteine residues.

(a) 2H + + 037 — H202

superoxide hydrogen peroxide
(b) 2Gly-Cys-yGlu + O~ Gly-Cys-yGlu
> + 2H,0
SH Gly-Cys-yGlu
reduced glutathione (GSH) oxidised glutathione (GSSG)

a. the SOD reaction

b. the oxidation of glutathione (GSH) by superoxide/GSH peroxidase.

Glutathione, which is synthesized by two ATP molecules requiring synthetase
enzymes (y glutamate cysteine synthetase and glutathione synthetase), is present at
a concentration of about 2 mM in a red cell. To be an effective ‘redox buffer', the ratio of
GSH to GSSG must be kept high. This is achieved by the reduction of GSH by NADPH
and glutathione reductase:

Glutathione

GSSG + NADPH + H* —4%%¢_ »GSH 4 NADP*
Refer also to Figure 5.18.
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Glucose ———> G-6-P TT 6-P-glucolactone ————— > (PPP)

NADP* NADPH + H*

/\ Glutathione reductase

2 GSH GSSG + 2H20

Glutathione peroxidM

H,050r05 ™

Figure 5.18 Roles of NADPH and glutathione in neutralizing oxygen free radicals PPP = pentose
phosphate pathway

Thus a constant supply of the reduced coenzyme (NADPH) is required, hence the
importance of the pentose phosphate pathway (PPP) as described in Section 5.3.1.6.

The enzymes GSH peroxidase, GSH reductase and SOD collaborate to ensure that
the red cell is protected from the effects of methaemoglobin and superoxide. Disposal of
hydrogen peroxide may occur by catalase, in a reaction which is also dependent on
NADPH. This vital coenzyme is provided via the PPP. Although the PPP operates in all
cell types for the provision of pentose sugars and nucleotides, its role in the RBC is more
directed to cell survival than cell division.

The generation of superoxide creates two metabolic problems: (i) how to regenerate
useful Hb(Fe**") and (ii) how to dispose of potentially lethal superoxide. Needless to
say, Nature has found ways to do both!

i. The reduction of Fe’" requires an electron transfer process involving FADH, and
cytochrome b5 reductase;

Glyaldehyde-3-P
NAD" j j FADH, Q cyt. b5 (0x) XHb(Feﬂ)
NADH + H* FAD :’ cyt b5 (red) MetHb(Fe®")

The scheme shown above, sometimes called the diaphorase reaction, is an important
mechanism in the RBC for the reduction of methaemoglobin. A mechanistically

1,3 BPG
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simpler reaction is catalysed by methaemoglobin reductase:

MetHb + NADH + H* + 50, — Hb+NAD " +H,0
ii. Disposal of superoxide occurs via SOD.
20;_ + 2H+ — H202 + 02

The H,0, so produced is also a reactive oxidizing species capable of causing
cellular damage, so it too needs to be removed by catalase at the expense of glutathione
(GSH), thus;

HOOH + 2GSH — GSSG + 2H,0

The other feature of RBC glycolysis which is significant is that at two points, substrates
are diverted away from the main pathway to produce important metabolites, namely

a. NADPH (via the PPP) and

b. 2,3 bis-phosphoglycerate (via the Rapoport-Leubering shunt, Figure 5.12), which
promotes oxygen release from haemoglobin.

5.3.1.6 Pentose phosphate pathway (= hexose monophosphate shunt);
generation of NADPH; G6PDH deficiency

The pentose phosphate pathway (PPP) operates in all cells and tissues where it provides
ribose for the synthesis of nucleotides. This pathway is especially important in adipose
tissue and in the liver where the NADPH generated is used in fatty acid synthesis (see
Section 6.3) and the steroidogenic glands (for cholesterol synthesis, see Section 6.3.2.2)
In fact the key control enzyme, glucose-6-phosphate dehydrogenase (G6PD), is highly
conserved throughout evolution is referred to a ‘housekeeping' enzyme. Given the
ubiquitous occurrence of the PPP why is it appropriate to discuss it in a chapter on
blood cells? The answer is first that the PPP has particular roles in red cells and
phagocytic white cells. Maintaining the correct ‘redox' balance is important in
erythrocytes where the risk of damage from reactive oxygen species and free radicals
is high because of their high oxygen content. Second, the provision of NADPH in
phagocytes such as neutrophils and macrophages is essential for bacterial killing, a
specialized function of those types of cells.

Mechanistically, the PPP may be seen as a by-pass sequence beginning and ending
with glycolysis. As we saw in Chapter 1, glucose-6-phosphate (G6P) is at a metabolic
crossroads. G6P is formed from glucose in the first step of glycolysis; two red cell
enzymes may then ‘compete’ for GOP as a substrate; phosphohexose isomerase (PHL in
glycolysis) or the NADP™ -linked G6PD, which begins the pentose phosphate pathway
and is a key control point (Figure 5.19).

The PPP has two chemical phases; an initial irreversible oxidative phase when G6P is
decarboxylated and oxidized to form ribulose-5-phosphate (Ru-5-P) followed by a
more complicated but reversible non-oxidative phase involving interconversions of
phosphorylated monosaccharides with four, five, six or seven carbon atoms. The
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Figure 5.19 Pentose phosphate pathway
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non-oxidative phase of the PPP produces ribose-5-phosphate which is the starting
material for nucleotide synthesis, but of course the mature red cell does not need to
produce either DNA or RNA. However, all of the blood cell progenitors that are
nucleated and divide rapidly to maintain the continual supply of new cells for the
circulation do require a source of ribose and deoxyribose. The reversible reactions also
allow a route for the re-entry of carbon atoms into glycolysis at the level of fructose-6-
phosphate (F6P) or glyceraldehyde-3-phosphate. This last point means that ATP
generation by glycolysis is not compromised a very important consideration in cells
which rely on substrate level phosphorylation for their energy supply.

The prime purpose of the PPP in erythrocytes is the generation of reduced NADP™,
which is used to recycle oxidized glutathione an important ‘redox’ regulator within
the cell. Defects in NADPH production, for example in G6PD deficiency, have
potentially serious effects not only on the red cell due to chemical damage brought
about by oxygen free radicals, but could compromise oxygen delivery to all
other tissues. GO6PD deficiency is an inherited condition, with at least 300 known
mutations of the gene, occurring most commonly in racial groups who are subject
to malaria. The malarial parasite (Plasmodium falciparum), which develops partly
within the red cells, is susceptible to free radical attack. The lack of G6PD and therefore
NADPH is seen to be advantageous as the small amount of superoxide produced
normally is sufficient to destroy the parasite without causing too much damage to the
host red cell.

Genetically-determined deficiency of G6PD is the most common cause of haemo-
lysis arising from enzyme defects. Mutated glycolytic enzymes such as hexokinase,
phosphofructokinase, aldolase and pyruvate kinase can also bring about haemolysis but
the occurrence of these defects are much rarer than for G6PD deficiency (see Case Notes
at the end of this chapter).

5.3.2 White blood cells

There are several types of white blood cell (leucocytes), which differ structurally and
functionally from each other as well as from RBCs. Generally, leucocytes are larger than
RBCs, are more spherical in shape and have a more extensive intracellular architecture
with typical eukaryotic organelles. The white blood cells (WBCs) contribute to the
body’simmune and defence mechanisms as they are able to engulfand destroy invading
organisms (phagocytosis), secrete immunoglobulins, engage in allergic reactions and
influence blood vessel activities. In order to fulfil their varied defensive functions,
leucocytes need to interact appropriately with their surroundings. This is achieved
largely by the differential expression on their surface of proteins many of which have
been classified as ‘cluster of differentiation' (CD) antigens. Specific cell—cell or
cell-matrix contact is determined by possession of the correct CD proteins, acting as
surface receptors bringing about a biochemical change within the cell.

Ontologically, WBCs are divided into two categories: (i) the myeloid series and
(ii) the lymphoid series, both derive from the same HSC which produced the
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Pluripotent stem cell —> lymphoid stem cell ———> lymphocytes
\[/ (B,T and NK cells)

mixed myeloid progenitor cell ——————> erythroid (red blood) cells (see Fig 5.1)

megakaryocyte monocyte/granulocyte eosinophil basophil
CFU CFU CFU CFU
platelets monocytes eosinophils basophils

& neutrophils

Figure 5.20 Leucopoiesis CFU = colony forming unit

erythroid cells and as will be described later, the platelet forming megakaryocytes.
Figure 5.20 outlines leucopoiesis.

Like red cell development, the maturation and functioning of white cells are
controlled by a number of growth factors (colony-stimulating factors, CSFs) and
cytokines, especially some of the interleukins. Unlike red cells however, mature
circulating white cells are continually susceptible to cytokine regulation to bring about
functional adaptation. Granulocyte colony-stimulating factor (G-CSF), for example
influences the differentiation of early myeloid progenitor cells into neutrophils or
monocytes but also, when circumstances dictate, stimulate mature neutrophils to
engulf and destroy invading organisms. White cells also need to ‘sense' the presence of
other leucocytes and endothelial cells and protein ligands. All such interactive functions
are mediated via cell surface receptors identified under the CD system and many such
surface receptors are linked with cytosolic tyrosine kinases.

So-called, B lymphocytes, which constitute about 20% of the total lymphocyte
population in the blood, have only one major function which is to synthesize and
secrete immunoglobulin antibodies. Following an antigenic challenge, B cells develop
into plasma cells whose role is to produce specificimmunoglobulin molecules in what is
known as the humoral arm of the immune response.

During their early development in the bone marrow, immature B cells express on
their surface IgM and/or IgD immunoglobulin (sIgM or sIgD respectively). These
molecules will act as antigen recognition sites but do not contribute to the metabolic
signalling process. Expressed alongside the slg is a heterodimer of immunoglobulin
light chain-like molecules, denoted Igot and Igf. The sIg and Igoi/IgB complex is known
as the B-cell receptor (BCR).

Thymus-derived, or T, lymphocytes also have an immunoglobulin-like surface
receptor linked with accessory proteins to form the T-cell receptor (TCR). There are
similarities between the BCR and TCR in that the recognition part of the T receptor
complex isalso a dimer. In most T cells, the dimer consists of o and 3 individual peptide
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chains; a very few T-cell lines exhibit alternative peptides, y and 8. As in the BCR, the
recognition unit is not directly involved with signalling; this responsibility is under-
taken by another dimeric protein, CD3/C ({ is pronounced ’zeta’).

5.3.2.1 The respiratory burst in neutrophils and monocytes

One of the biologically harmful effects of free radicals was discussed in Section 5.3.1.5.
Here the beneficial role of free radicals and ROS as part of immune defence is
considered.

The respiratory burst causes a localized and intense production of ROS (e.g. hydrogen
peroxide) and free radicals such as hydroxyl radicals (OH" ) and hypochlorous radicals
(OCI' ™) a sort of ‘leucocyte bleach' (Figure 5.21). The conventional view of the process
is that these chemicals are required to destroy, by oxidation, invading bacteria and fungi.
This view, and an alternative, are discussed more fully below.

The production of the free radicals is controlled by a complex multi-meric protein
called phagocyte NADPH oxidase (Phox). The ‘core' component of Phox is a haem-
containing flavocytochrome bssg, which is itself a heterodimer of glycoprotein 91
(gp91P"°*) and protein p22P"°*. The numbers indicate the approximate molecular
weight of the two components. Like the respiratory proteins of the mitochondria,
cytochrome bssg is an electron-transporting protein. Additionally, four accessory
proteins are required for activation and full function of cytochrome bssg; p67° hox s an
activator of bssg, p47°"* is an adapter molecule which allows p67°"°* to attach
to p22P"°*, p40P"* whose function is thought to help translocate p67°"°* to the
phagosome membrane and p21, a guanine nucleotide binding protein (see
Figure 5.22).

When neutrophils encounter bacteria, possibly coated with opsonin proteins of the
complement system, the invaders are engulfed by the phagocytes and taken into the
cells by endocytosis. A small part of the neutrophil membrane is used to create a
phagosome — that is, a vacuole enclosing the bacterial cells. Within a matter of a few

O, +2 NADPH

J/ Phox

Oz~ + 2 NADP*

|,

OH™ «<—— H 0, —— > OCI™

Myeloperoxidase
(MPO)

Figure 5.21 generation of free radicals and reactive oxygen species in a phagocyte. Note here the
dependence on the PPP to produce NADPH
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Figure 5.22 NADPH oxidase complex. gp22 and gp91 form a heterodimer; p40, p47 and p67 are
accessory proteins. Phosphorylation of the accessory proteins causes aggregation of the components
and activation of the oxidase activity

seconds, the component parts of NADPH oxidase are assembled in the phagosome
membrane and electrons supplied by NADPH are transported from the cytosol into the
vacuole. The electrons are used to reduce molecular oxygen to superoxide which then
accepts hydrogen ions to become hydrogen peroxide. The consumption of protons at
this step raises the intravacuolar pH to approximately 7.9, significantly higher than the
cytosolic pH. Highly reactive hydroxyl radicals (OH") are formed from hydrogen
peroxide whilst myeloperoxidase produces OCI" . Thus, an armoury of ROS and free
radicals is generated within the phagosome. Coincident with the onset of NADPH
oxidase activity is fusion of cytoplasmic granules with the phagosome and discharge
into the vacuole of bacteriolytic proteins.

As stated above, conventional wisdom was that the ROS and radicals were them-
selves sufficient for pathogen killing within the vacuole. Experimental evidence that this
assumption was valid under typical physiological conditions within the cell and
phagosome was, however, lacking. Moreover, evidence began to accumulate that cells
genetically engineered to be deficient in proteolytic enzymes normally found seques-
tered within cytoplasmic granules, showed that, even in the presence of complete
activity of NADPH oxidase, bacterial killing was often ineffective.

An alternative model to explain the destruction of pathogens within phagosomes has
been proposed based on the effects of NADPH oxidase activity on ion distribution.
Transfer of electrons into the vacuole and the simultaneous consumption of protons
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creates an electrochemical gradient across the phagosome membrane, which may be
conceptually compared with the proton gradient generated within mitochondria for
ATP production. To help dissipate the charge differential, potassium ions, which are
abundant in the cytosol of all cells, pass into the phagosome, and simultaneously
chloride ions, derived from the cytoplasmic granules along with the proteolytic
enzymes, exit the vacuole. In short, the electrochemical environment within the
phagocytic vacuole is dramatically changed.

The final piece in this fairly complex puzzle is the fact that the bacteriolytic enzymes
such as neutrophil elastase and cathepsin G contained within granules and released
into the phagosome, are activated by potassium but inhibited by chloride. Thus it seems
that the function of NADPH oxidase, at least in part, is to create the appropriate
electrochemical environment within the phagosome to allow enzymatic killing of
invading pathogens. In addition, the creation of the physiologically atypical conditions
within the phagosome would help to explain why neutrophil elastase and cathepsin are
not active in the resting white cell. For more information on this interesting and
original theory, carry out a Web search for research literature by A.W. Segal and
colleagues.

5.3.3 Physiology of platelets

Platelets (also called thrombocytes), the smallest of the formed elements of the blood,
are formed by fragmentation of megakaryocytes. Each megakaryocyte (mega = ‘big',
karyo = ‘nucleus') can produce approximately 3000 individual platelets and a total of
about 2 x 10'" platelets are formed each day.

In common with RBCs platelets lack a nucleus, but unlike erythrocytes platelets have
a complex internal organelle structure including mitochondria, lysosomes, peroxi-
somes and secretory granules. They are able to produce, store and secrete a wide range
of chemical factors (e.g. nucleotides, serotonin, platelet-derived growth factor, fibrin-
ogen and B-thromboglobulin). Like WBCs, platelets express on their surface adhesion
molecules, especially integrins and selectins. All of these chemicals are involved with
haemostasis.

5.4 Coagulation and complement: two of the body’s
defence mechanisms

The prevention of excessive blood loss through breaches of the vascular barrier is
important to maintain oxygen delivery and blood volume. A fall in blood volume
would cause a drop in blood pressure and the metabolism of all of the major organs
would be badly affected. Failures of the haemostatic mechanisms can lead to haemor-
rhage (bleeding disorders) or thrombosis (hypercoagulation disorders).
Haemostasis is achieved by the interplay between platelets, proteins within the
plasma (the clotting factors) and endothelial cells. The endothelial cells lining the
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vasculature normally present a non-thrombogenic surface, and secrete chemicals
(prostacyclin, PGI,, and NO) which inhibit platelet adhesion and aggregation. If the
endothelial layer is broken and blood leaks from the vessels, contact between collagen in
connective tissue and platelets initiates clotting at the site of injury. Normally, as
discussed in Section 5.2.2.1, endothelial cells are antithrombotic, following damage
they change their phenotype to become procoagulant. The integrins and selectins allow
platelet attachment to damaged endothelium, to other platelets and to fibrinogen,
effectively forming a plug to stem bleeding. Subsequent fibrin deposition completes the
process which prevents blood loss.

The protein-based clotting process is a classic example of an enzyme cascade (see
Figure 5.23). The clotting factors (which are designated with a Roman numeral, I to
XIII) are synthesized in the liver and circulate in the blood as inactive precursors,
strictly, proenzymes. Most of the clotting factors are serine protease enzymes, that is
they are enzymes which cleave other proteins (substrates) by a mechanism which
involves a serine residue at the active site.

Following injury, a thrombus temporarily plugs the leak and stops the loss of blood
until repair can be effected, but if blood clots were not removed from the luminal
surface of the vessels, blood flow to tissues would become compromised. Fibrin strands
are degraded by plasmin (a serine protease) forming fibrin degradation products
(Figure 5.24). The plasmin itself circulates as an inactive precursor, plasminogen, which
has to be activated. One activator is tissue plasminogen activator (tPA) produced by
endothelial cells. Tissue PA (also a serine protease enzyme) binds to fibrin in the clot
and so brings about the conversion of plasminogen only at the sites it is needed.

The complement system which functions as part of the immune response is
composed of about twenty proteins which circulate in the blood stream as inactive
precursors. The complement cascade is functionally divided into two ‘arms’ called the
classical and alternative pathways, reflecting their different initiating events but which
converge at C3. A simplified scheme is shown in Figure 5.25.

The cascade consists of a number of steps which involve protein structure modifi-
cation by proteolysis or through conformational change and aggregation.

5.5 Blood as a transport medium

Blood plasma, which is approximately 93% water, contains very many soluble
compounds ranging in size from small ions to large proteins. Several compounds of
physiological importance are not water soluble, so a means to overcome their
insolubility must be sought. The answer lies in proteins.

Haemoglobin, described in Section 5.3.1.3, is the most well known but it is just one of
a number of carrier proteins present in blood. Albumin is quantitatively the most
abundant protein in plasma. It is synthesized in the liver and circulates with a halflife of
about 3 weeks before being degraded or eliminated. Albumin has two very important
functions to fulfil. First, it makes a significant contribution to the oncotic pressure of
the blood and so influences the distribution of fluid between the intracellular and
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extracellular compartments. Too much (overhydration) or too little fluid (dehydra-
tion) inside cells can have disastrous consequences on cell function.

Second, albumin is a non-specific carrier protein. A wide range of chemically
disparate compounds are bound loosely to albumin for transport through the blood

stream. Important examples include calcium, bilirubin, drugs and free fatty acids.
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tPA
plasminogen ---------------> plasmin

cross-linked fibrin———> fibrin degradation products

Figure 5.24 Fibrinolysis

Of the plasma total concentration of calcium (around 2.5 mmol/l), approximately
halfis bound to albumin. The unbound fraction is physiologically active in roles such as
clotting, in regulating neuromuscular membrane potential and of course for bone
formation. There exists an equilibrium between the bound and free fractions, so the
albumin can be seen as a ‘buffer' able to release or take up calcium as circumstances

Alternative pathway Classical pathway
C3b C1 (Ag:Ab)
Factor B / C2,C4
Ba C3 C3 C2a, C4a
C3bBb  -------e------3 > L GRRREEEEEE Cl4b2b
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C3bBb3b 5b67 C1423b5b67
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lysis

Figure 5.25 Complement cascade. The classical pathway requires antigen:antibody (Ag:Ab)
interaction to activate (1, the alternative pathway is antigen independent
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Figure 5.26 pH dependence of calcium binding to plasma albumin

dictate. The binding of calcium to albumin is pH dependent and sudden changes in blood
pH can alter the equilibrium sufficiently to cause physiologically significant changes in
the concentration of free (i.e. not protein-bound and ionized) calcium in plasma
(Figure 5.26).

Bilirubin is the waste product derived from haem catabolism. In order to be
eliminated from the body, mainly via the gut, bilirubin must be processed through
the liver (see Section 6.4). Bilirubin is, however, insoluble in water, so to reach the liver
from the spleen where a substantial amount of red cell destruction occurs, bilirubin
must first be bound to albumin. As blood perfuses the liver, bilirubin is transported into
the hepatocyte where it is conjugated with glucuronic acid prior to excretion.

Muscles, including the heart, prefer to utilize free fatty acids as their energy-
generating fuel. Fatty acids, which are hydrophobic, are derived from either the diet
or the storage adipose tissue and are carried by albumin from the depot site to the
muscles. An even greater problem is faced in transporting cholesterol, cholesterol esters
and triacylglycerols (triglycerides) around the body. This challenge is met by specific
carriers called lipoprotein particles.

Lipoproteins (Table 5.2) are macromolecular aggregates with varying proportions of
triglycerides and cholesterol (with some phosphoacylglycerols) and apoproteins. The
apoproteins act as recognition ‘flags' for receptor binding, for example apo B and apo E,

Table 5.2 Lipoprotein particles

Main apoprotein  Enzymes

Lipoprotein class  Lipid components ~ €0mponents present Role
High density Phospholipids Apo A; and/or Paraoxonase  Cholesterol
Lipoprotein Cholesterol, apo A scavenger.
(HDL) some TG Apo Cy LCAT” Anti-inflammatory
LDL Cholesterol Apo B100 Cholesterol
Some TG Apo E delivery
VLDL Mostly TG Apo B48 TG delivery to
synthesized in adipose tissue
the liver;
Some cholesterol Apo E
Chylomicrons TG derived from Apo B48 TG delivery to
the diet adipose tissue.

“LCAT: lecithin-cholesterol acyl transferase.
HDL, high density lipoprotein; LDL, low-density lipoprotein; TG: triglyceride; VLDL, very low-
density lipoprotein.
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or as enzyme activators for example apo Cy;. Certain lipoproteins also include functional
enzymes within their structure. These enzymes often have a role to play in lipoprotein
metabolism, most of which occurs within the plasma whilst the lipoproteins are in transit,
before the lipoprotein particle is removed from the circulation, usually, by receptor-
mediated endocytosis.

High-density lipoproteins (HDL) and very low-density lipoproteins (VLDL) are
synthesized in the liver. LDL is produced in the blood stream as VLDL particles are
partially delipidated by lipoprotein lipase, a triglyceride hydrolysing enzyme located on
the luminal surface of vessels in sites such adipose tissue.

It is important to realize that lipoproteins are dynamic particles, continually
exchanging lipid and or protein with other lipoproteins or with cells (Figure 5.27).

liver gut

v\/\/\\

VLDL chylomicrons

HDL (9 O
8 adipose

HDL LDL

Peripheral tissues

H

endothelial lipoprotein lipase hydrolyses triglyceride and the released fatty
acids enter adipocytes. Partial de-lipidation of VLDL generates LDL.

LDL particles are transported through the plasma and taken into peripheral
cells by apoB receptor

HDL particles will remove cholesterol from cells and the component
enzyme LCAT esterifies cholesterol whilst it is part of the HDL

Cholesterol ester transfer protein (CETP) exchanges cholesterol ester
(from HDL) with triglyceride (to HDL) and both lipoproteins may be cleared
by the liver.

(=]

Figure 5.27 Lipoprotein metabolism. Lipid exchange between lipoprotein particles and cells.
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Lipid exchanges between lipoproteins and cells is associated with loss of apoproteins
also so the chemical nature of lipoproteins changes significantly whilst being
transported within plasma. An understanding of their metabolism gives useful
insights to the processes of atherosclerosis, a significant pathology associated with
the vasculature and one which is responsible for a considerable amount of
mortality. The cause of atherosclerosis is complex involving genetic and lifestyle
factors but the development of lesions (injury) to the wall of especially the vessels of
the heart and brain is well known and shows the typical signs of an inflammatory
condition.

At the biochemical level a number of important events occur. Initial damage to
the vessel wall elicits secretion of cytokines, which attract white blood cells and
cause them to adhere (via selectin attachment) and penetrate (via integrin inter-
actions) the endothelial layer. Low density lipoproteins (LDL) accumulate in the
area of the lesion and the lipids they carry become partially oxidized (oxLDL),
probably by the action of reactive oxygen species and free radicals such as
superoxide produced by leucocytes. Phagocytosis of oxLDL by macrophages via
a cell surface receptor SR-BI, causes the cells to develop into lipid-laden ‘foam
cells'. An atheroma (lipid-filled swelling) begins to grow in the intima of the artery
wall (Figure 5.28).

Concomitantly, the coagulation cascade begins as platelets are exposed to the
subendothelial connective tissue. A clot of platelets and fibrin deposits forms
on the luminal face of the vessel reducing the diameter of the artery and so
restricting the supply of blood to tissues ‘downstream'. The lipid-rich swelling
and the clot form a plaque which may continue to enlarge, further restricting
blood supply to tissues (a condition called ischaemia) resulting in tissue
hypoxia.

There may be few or no symptoms if the plaque is ‘stable’, but if the surface in
contact with the flowing blood is weak and tends to break away (friable plaque) the body
perceives this as a new injury and the whole process of damage limitation involving
clotting begins again, resulting in enlargement of the plaque. Eventually the plaque may
completely occlude the vessel; the death of tissue cells due loss of blood flow is called an
infarction.

A high plasma concentration of LDL (usually measured as LDL-cholesterol) is a risk
factor for the development of atheroma whereas a high concentration of HDL is an
‘anti-risk’ factor for cardiovascular disease (CVD). Fundamental discoveries relating to
cholesterol metabolism and the importance of the LDL receptor made by Nobel laureates
Joseph Goldstein and Michael Brown led to an understanding of the role of LDL in
atherosclerosis. The impact of HDL in reducing CVD risk is often explained by the
removal of excess cholesterol from tissues and its return to the liver, a process known as
reverse cholesterol transport. However, evidence from research by Gillian Cockerill and
others shows that HDL has a fundamental anti-inflammatory role to play in
cardioprotection.
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Chapter summary

Blood is the stream of life, carrying essential nutrients to cells and removing metabolic
waste products. Red cells have no internal organelles so cannot generate energy from
oxidative phosphorylation and thus rely on glycolysis for ATP production. Although
not tissue-specific, the pentose phosphate pathway is a major metabolic route within
red cells because generation of NADPH is vital in preventing free radical damage to the
cell. The same pathway and coenzyme are important to phagocytic white cells as part of
the respiratory burst involved with bacterial killing. Vascular cell biochemistry is often
overlooked but as discussed in this chapter, endothelial cells play a key role in
maintaining the health of the veins and arteries and indeed damage to these cells or
changes in their biology may result in pathology, notably, atherosclerosis. The liquid



component of blood is the body’s main transport medium but proteins suspended in
the plasma have numerous functions including defence against blood loss following
injury, immune defence against microbes and carrier proteins for many water insoluble
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compounds.

Case notes

1.

G6PD deficiency

An elderly African female living in the UK visited her general practitioner (GP)
complaining of shortness of breath and extreme lethargy. Clinically, the GP noted she
had som eyellowing of the eyes, had a weak and rapid pulse with heavy and fast breathing.
Routine blood tests revealed the following:

Haemoglobin 4.8¢/1 (ref: 11.5-15.5 g/1)
Red cell count 1.2 x 10"/ (ref: 5-11 x 10'/1)
Mean cell Hb conc (MCHC) 36.5g/dl (ref: 27-32 g/dl)
Haematocrit (PCV)* 0.12 (ref: 0.35-0.45)
Mean cell volume (MCV) 911l (ref: 80-98 fl)
White cell count and platelet

count: normal
Sickle test for HbS: negative
Serum ferritin 4700 ng/l (ref: 10-120 pg/l)
Serum bilirubin 366 wmol/l (ref: <20 umol/l)
Serum enzyme activities: lactate dehydrogenase (LD) and aspartate

transaminase (AST) were both elevated
but alanine transaminase (ALT) result was
normal.

“PCV = packed cell volume is a measure of the relative volume of red cells to plasma in
whole blood; this is a ratio so has no unit.
See also Chapter 6 for details of jaundice and bilirubin production.

Clearly this patient has both clinical and haematological symptoms of severe anaemia.
The cause is too few red cells; low RBC count and PCV but the erythrocytes which are
present contain a higher than usual concentration of haemoglobin (MCHC result). Iron
deficiency and vitamin B, deficiency can be ruled out by the high serum ferritin and
normal MCV results respectively. The negative HbS screen rules out sickle cell anaemia
which is fairly common in Africans.

The jaundice could be due to liver damage. Hepatocytes contain AST, ALT and LD;
red cells also contain AST and LD but do not contain significant amounts of ALT. These
data suggest increased red cell destruction rather than liver cell damage and the patient
was diagnosed with haemolytic anaemia.

As a follow-up test, the activity of red cell GOPD was measured.

G6PD 1.5u/g Hb (ref: 6-12u/g Hb)
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The lack of G6PD activity means that the production of NADPH is compromised,
oxidized glutathione (GSSG) cannot be reduced (to GSH) and the red cells show
morphological abnormalities leading to lysis.

Relative GOPD deficiency is one of the commonest genetic diseases, affecting an
estimated 400 million people of ethnic groups originating mainly in Africa, Asia, and the
Middle East. There are numerous variant mutations of the G6PD gene but for
convenience these are normally grouped into four major categories. In all cases, there is
some residual G6PD activity and no major alterations within the gene have ever been
noted. Importantly, the G6PD gene is on the X chromosome so the clinical effects are
seen more acutely in males and women may be asymptomatic carriers. Occasionally, and
as in this case, acute and potentially life-threatening haemolytic crises are brought about
in susceptible individuals by exposure to a ““trigger', the most well known of which is
divicine, a pyridine derivative of vicine, a fi-glucoside found in fava beans, hence the
name favism used to describe this condition.

Chronic granulomatous disease (CGD)

Peter was the second born, but only son, of three children. He appeared fairly well for the
first year but was prone to developing infections and had had a few bouts of diarrhoea. At
18 months Peter showed lymphadenopathy (enlarged lymph glands) and hepatosleno-
megaly (enlarged liver and spleen) and a severe chest infection was diagnosed as
pneumonia. There was no family history of relevance to Peter’s condition.

Following further episodes of infection Peter was referred for immunological
investigations. The key finding was of a poor respiratory burst response of leukocytes to
a challenge indicating a defect in the function of the NADPH oxidase complex confirming
a diagnosis of chronic granulomatous disease. As was the case with Peter, symptoms
usually appear during the first 2 years. Phagocytic cells are able to ingest micro-organisms
but due to a defect in NADPH oxidase, the production of reactive oxygen species and free
radicals is compromised. The micro-organisms are not destroyed and granulomas
(swellings due to macrophage accumulation) occur. Recurrent infections occur, often with
organisms which are not normally considered to be highly virulent.

Most cases of CGD, including Peter, are X-linked recessive traits in which the gp91
component of NADPH oxidase is affected. Autosomal recessive defects in p22, p47 and
p67 also occur and these may present with symptoms in female children.

Treatment relies on the use of broad spectrum antibacterial and antifungal drugs; bone
marrow transplant or gene therapy are possible options. The prognosis for a child with
CGD is not good and many will not live beyond their mid-teens.

Atherosclerosis

Mr Leane is a 61-year-old retired civil servant who lives alone in a rural setting following
the death of his wife 2 years ago. Mr Leane walks his two dogs at least twice a day; he drinks
wine in moderation. Mr Leane’s elder brother died of a stroke 5 years ago. Clinical
examination shows that he is not overweight, has a normal blood pressure but has some
slightly yellow patches in the skin.

Mr Grostmann is 60 years old, works long hours each week in running his own ‘one-
man business; he often drives long distances from his home to attend meetings with
clients. Mr Grostmann has been divorced twice and now lives alone. Any free time he
has is usually spent watching TV; he admits to consuming a bottle of whisky every week
and often eats convenience foods. Examination by his doctor revealed a slightly high
blood pressure and calculations based on his height and weight showed a moderate
degree of obesity (body mass index, BMI 27 kg/m?, normal 25).
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Both subjects under went a routine health check-up. Analysis of blood samples
collected after a 16 h fast gave the following results:

Mr Leane Mr Grostmann

Total cholesterol 7.5 mmol/l 6.0 mmol/l (ref: target = 5.2 mmol/l)
HDL-cholesterol 0.8 mmol/l 1.1 mmol/l (ref: >1 mmol/l)
Triglycerides 2.1 mmol/1 1.8 mmol/l (ref: <2 mmol/l)
Glucose 5.8 mmol/l 4.8 mmol/l (3.5-5.5 mmol/l)
LDL-chol 6.5 mmol/l 4.5 mmol/l (ref: <5)

(by calculation)
total chol: HDL ratio 9.4 5.5 (ref <5)
Haematology results No No

abnormalities  abnormalities

Of the two subjects, Mr Leene is at the greater risk for cardiovascular disease (CVD).
Despite his healthier lifestyle Mr Leene has a family history of vascular disease (brother
who died of a stroke), clinical signs of lipid deposits (yellow patches in skin) and a very
poor lipid profile. Lipid-lowering drug intervention is required in this subject.

Mr Grostmann, is “at risk” but a change in eating habits may be sufficient to
normalize his lipid profile. His CVD risk would be improved further by radical
reassessment of his lifestyle and work-rest balance.

A number of chemical markers carried in the bloodstream are available to detect an
acute myocardial infarction, or heart attack). These include cardiac muscle enzymes such
as creatine kinase, but more reliable clinical information is given by cardiac structural
proteins such as the troponins (see chapter for a description of muscle structure). Where
the occlusion (blockage) of the artery is due to coagulation, ‘clot busting’ drugs such as
urokinase or streptokinase can be administered to allow the flow of blood (reperfusion)
to the damaged muscle. Whilst the myocardial cells experience anaerobic conditions,
they begin to adapt their metabolism and when oxygen is re-introduced, there is an
increased production of free radicals and ROS causing severe damage to the cells; this is
called reperfusion injury.
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Biochemistry of the liver

Overview of the chapter

The liver is a glandular organ with multiple metabolic functions. The organ has a rich blood
supply delivering oxygen, nutrients and waste products for processing. Metabolically, the liver
plays a central role being responsible for fuel homeostasis, biosyntheses, detoxification and has
important storage functions.

Key pathways

In addition to the common pathways, glycolysis and the TCA cycle, the liver is involved with
the pentose phosphate pathway; regulation of blood glucose concentration via glycogen
turnover and gluconeogenesis; interconversion of monosaccharides; lipid syntheses lipopro-
tein formation; ketogenesis; bile acid and bile salt formation; phase I and phase II reactions
for detoxification of waste compounds; haem synthesis and degradation; synthesis of non-
essential amino acids and urea synthesis.

6.1 Introduction

The liver is the body’s largest organ and is central to metabolic processes. The liver
performs a wider range of biochemical functions than any other organ. For this reason,
the liver is one of the tissues most commonly used by biochemists studying metabolic
pathways and their control mechanisms. For simplicity, the various functions to be
described in this chapter have been arranged under a number of subheadings.

6.2 Physiology of the liver

The biliary system consists of the liver, the gall bladder and its associated drainage ducts
which combine with the pancreatic duct to form the common bile duct. Situated in the
upper right quadrant of the abdomen this is a highly vascular organ being perfused by

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd
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the hepatic artery (oxygen rich) and hepatic portal vein (carrying nutrients from the gut
after ameal). The liver is the heaviest organ in the human body weighing approximately
1.5kg in a typical 70 kg adult. Macroscopically, the gross structure of the liver shows
two main lobes (left and right), each of which has its own bile duct drainage system. The
histology of the liver consists mainly of hepatocytes (the parenchyma) arranged into
lobules which are roughly hexagonal plates of cells enclosing a central vein. In humans,
the outline of the lobules is not distinct but the boundaries can be imagined as lines
running from a portal area at each corner. Each portal area contains a branch of the
hepatic artery, the hepatic portal vein and a bile ductule, (Figure 6.1). Blood flows
through sinusoids from the periphery of each lobule towards the central vein (a
tributary of the hepatic vein) whilst bile flows in the opposite direction along canaliculi.
Lining the blood capillaries in the liver are to be found phagocytic Kupffer cells, which
participate in the cleansing processes performed by the organ.

The subcellular structure of hepatocytes exemplifies a typical animal cell with a large
central nucleus and a cytosol rich in mitochondria (up to 1000 per cell), extensive
smooth and rough endoplasmic reticulum (ER) and Golgi apparatus. The ER and Golgi
network suggest a secretory function and it is legitimate to classify the liver as gland. In
summary, all of these cytological features indicate metabolically very active cells.

6.3 Synthetic functions

Because of its wide range and diversity of synthetic functions, the liver may be considered
to be the body’s factory, taking raw materials and producing many compounds some of
which are exported for use in other tissues. This section describes the syntheses of
proteins, lipids and lipoproteins, ketones, urea and haem. Not all of these pathways are
unique to the liver, but all illustrate important points of hepatic function.

6.3.1 Amino acid and protein synthesis

In addition to their well known role in protein structure, amino acids also act as
precursors to a number of other important biological molecules. For example, the
synthesis of haem (see also Section 5.3.1), which occurs in, among other tissues, the liver
begins with glycine and succinyl-CoA. The amino acid tyrosine which may be produced
in the liver from metabolism of phenylalanine is the precursor of thyroid hormones,
melanin, adrenaline (epinephrine), noradrenaline (norepinephrine) and dopamine.
The biosynthesis of some of these signalling molecules is described in Section 4.4.

Humans have a limited capacity to synthesize amino acids de novo, but extensive
interconversions can occur. Those amino acids which cannot be formed within the
body and must be supplied by the diet are called ‘essential’. Members of this group,
which includes the branched chain amino acids leucine and valine, and also methionine
and phenylalanine, are all dietary requirements. Such essential amino acids may be
chemically converted, mainly in the liver, into the ‘non-essential’ amino acids. The term
‘non-essential’ does not equate with ‘not biochemically important’ but simply means
they are not strict dietary components.
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(a) lobule

Central vein

Columns of
hepatocytes

Portal tract containing
hepatic artery,
bile duct
portal vein

(b) detail of section between portal tract and central vein

-
/

Central vein —> \

Columns of

hepatocytes —> Blood passes from

portal tract to
central vein through a
sinusoid

Portal tract

Bile secreted

Portal Hepatic into a canaliculus
i artery by hepatoc
vein y hep ytes
from gut

Figure 6.1 Structure of the liver

6.3.1.1 Transamination

A group of enzymes which is particularly important in amino acid metabolism in the
liver (and also in muscle) is the transaminases, (also called aminotransferases). These
are vitamin B4 (pyridoxine) dependent enzymes which transfer an amino group from
an amino acid to an oxo (keto) acid, thus:

amino acid; + oxoacid; < oxoacid, + amino acid,
(amino group donor) (amino group acceptor)
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Amino acid;, having donated its amino group becomes an oxoacid (oxoacid, above)

and oxoacid; having accepted the amino group becomes an amino acid (amino acid,).
As examples, two enzymes that will be discussed again later in this chapter are alanine

transaminase (alanine aminotransferase) and aspartate transaminase (aspartate ami-

notransferase). In both cases, the amino group is transferred to 2-oxoglutarate (also

known as o-ketoglutarate), which is oxoacid, above, forming glutamate as amino acid,.
For example, the alanine transaminase (ALT) reaction is:

~alanine + 2-oxoglutarate <« pyruvate + glutamate
(amino group donor) (amino group acceptor) (oxoacid,) (amino acid,)

In effect, glutamate has been synthesized from 2-oxoglutarate, at the expense of alanine.
Similarly, the interconversion of aspartate and glutamate catalysed by the enzyme
aspartate transaminase (AST):

aspartate + 2-oxoglutarate < oxaloacetate + glutamate
(2-0G) OAA

Figures 6.2a and b illustrate important examples of transamination reactions.

(@) alanine + 2-oxoglutarate 2 N pyruvate + glutamate

(amino group (amino group (oxoacid,) (amino acid,)
donor) acceptor)
Cl:OO_ Cl:OO_
CHj CH, CHj CH,
| ALT | |
CH.NH, CH, « 5 C=0 CH,
Vit Bg |
COO™ | =0 COO™ H.NH,
COO~ COO™

(b) In effect, glutamate has been synthesised at the expense of alanine. Similarly, the interconversion
of aspartate and glutamate catalysed by the enzyme aspartate transaminase, AST:

aspartate + 2-oxoglutarate <——>  oxaloacetate + glutamate
(2-0G) (OAA)
COO™ (|ZOO‘ (fOO‘ lCOO_
CH, CH, CH, CH,
| AST | |
CH.NH, CH, <> cC=0 CH,
Vit B |
CoO™ | =0 (elelol CH.NH,
COO™ COO~

Figure 6.2 Transaminase reactions
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Although aspartate and alanine have been identifited in the description above as the
‘amino group donor’, the K, for transaminase reactions is close to 1.0 so both reactions
are, as indicated by the double-headed arrows, are easily reversible. Glutamate could
just as easily act as the amino group donor if either reaction proceeds from right to left,
resulting in the formation of alanine or aspartate respectively.

The role of pyridoxal phosphate (vitamin Bg), which is enzyme bound, is to ‘hold’
the amino group once it leaves the donor and before being incorporated into the
acceptor (Figure 6.3).

NH, donor Bg glutamate

oxoacid Bg-NH, 2-0G
(NH, acceptor)

Figure 6.3 Role of vitamin Bg in transaminase reactions

6.3.1.2 Phenylketonuria (PKU)
An example of an amino acid interconversion that has pathological significance is the
hydroxylation of phenylalanine to form tyrosine in the liver (Figure 6.4).
Phenylalanine hydroxylase (PH) which requires tetrahydrobiopterin (BH,) as a
cofactor, is defective in cases of phenylketonuria (PKU). This is a rare (prevalence ~1/
15000 in the United Kingdom) genetic condition characterized by fair complexion,
learning difficulties and mental impairment. If PH is either not present in the
hepatocytes or is unable to bind BH, and is therefore non-functional, phenylalanine
accumulates within the cells. Enzymes in ‘minor pathways’ which are normally not very
active metabolize phenylalanine ultimately to phenylpyruvate (i.e. a phenylketone). To
use the ‘traffic flow’ analogy introduced in Chapter 1, the main road is blocked so
vehicles are forced along side roads. Phenylpyruvate is excreted in the urine (phenyl-
ketone-uria), where it may be detected but a confirmatory blood test is required for a
reliable diagnosis of PKU to be made.

OH
Phenylalanine
hydroxylase
CH, CH,
CH.NH, CH.NH,
COO™ COoO™
phenylalanine tyrosine

Figure 6.4 Phenylalanine hydroxylase
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6.3.1.3 Protein synthesis

With the notable exceptions of the immunoglobulins and various proteins released
from necrotic cells, all of the main plasma proteins are synthesized in the liver. The most
abundant of the plasma proteins is albumin, accounting for just over half of the plasma
total protein concentration of about 75 g/l. All of the remaining plasma proteins are
classed as globulins. This very heterogeneous group is subdivided into the o, B and 7y
globulin fractions, a distinction based on the mobility of the proteins in an electric field
(electrophoresis) rather than any useful functional classification. Examples of specific
globulins are shown in Table 6.1.

Albumin has a molecular mass of approximately 66 000 and is synthesized at a rate
of about 12 g, equal to 3% of total body albumin, per day to replace that which is
degraded or lost. Impaired albumin synthesis and therefore a low plasma albumin
concentration, is a hallmark of chronic liver disease. Several functions can be
ascribed to albumin including osmotic (oncotic) pressure regulation of the plasma
and a non-specific transport protein for ligands such as calcium, fatty acids, drugs
and bilirubin.

Many of the globulins act as transport proteins. Of particular interest are those
proteins which are combined with lipids, themselves synthesized in the liver, to
form lipoprotein complexes. High density lipoprotein (HDL), which contains pre-
dominantly apoproteins A and C combined with mainly phospholipids (most of the
cholesterol found in mature HDL is added later) and very low density lipoprotein

Table 6.1 Some plasma proteins

Protein fraction Examples Function

Transport of thyroid hormones

Transport of vitamin A

Osmotic regulation of plasma

Non-specific carrier

Carrier of cholesterol and phospholipids (HDL)
Protease inhibitor

Pre-albumin
Retinol binding protein
Albumin

Pre-albumin region
Albumin

o, globulins o lipoprotein (apoA)

oL -antitrypsin

o, globulins

B, globulins

B3, globulins

vy globulins

Alpha fetoprotein

o acid glycoprotein
Haptoglobin
o,-macroglobulin
Caeruloplasmin
Transferrin
Haemopexin
B-lipoprotein (apoB)
Complement C4
Fibrinogen
Complement C3
f,-microglobulin
IgA, 1gD,IgE,IgG,IgM

?osmotic regulator in fetus
Unknown

Binds free haemoglobin
Unknown

Binds and transports copper
Transports iron

Binds free haem groups
Component of cholesterol-rich lipoproteins
Immune defence

Clotting

Immune defence

Component of surface antigen
Immunoglobulins
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(VLDL) comprising apolipoproteins B and E, combined mainly with triglycerides are
secreted from the liver. Apo A is an o globulin and apo B is found in the [ fraction,
thus HDL and LDL are sometimes referred to as oo and B lipoprotein respectively and
VLDL because in separation by electrophoresis at pH 8.6, it runs ahead of LDL is
called pre- lipoprotein.

6.3.1.4 Urea synthesis

Urea ((NH,),CO), a small and highly water soluble molecule, is an end product of
amine and ammonia nitrogen metabolism and as such represents an example of
biodetoxification (Section 6.4). The process is discussed in this section because it
illustrates a genuine de novo biosynthetic pathway rather than detoxification involving
chemical modification, via phase I and phase II reactions, of a pre-existing molecule as
is the case for haem or steroid hormones.

Urea synthesis occurs in three stages:

1. liberation of ammonia from amino acids;
2. formation of carbamoyl phosphate from NHj;
3. the reactions of the urea cycle as described by Krebs and Henseleit.
The whole process exemplifies the concept of compartmentalization, occurring
partly within mitochondria and partly in the cytosol.

Stage 1. Oxidative deamination.

Glutamate dehydrogenase, the enzyme responsible for the liberation of ammonia
from amino acids, occurs in two forms; one (cytosolic) is nicotinamide adenine
dinucleotide (NAD™ ) dependent whilst the other (mitochondrial) requires NADP™
as coenzyme.

The mitochondrial glutamate dehydrogenase (GLDH) reaction is shown in
Figure 6.5.

The mitochondrial glutamate dehydrogenase (GLDH) reaction is:

Glutamate + H,O 2-oxoglutarate + NH3

NADP* NADPH + H*

Figure 6.5 Oxidative deamination

This shows that glutamate is the ammonia donor. Glutamate itself may be
formed from other amino acids by transamination reactions, thus allowing
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the amino groups from a range of molecules to contribute to urea synthesis.
Before continuing, take a moment to look back to Figure 6.2, which shows the
principle of transamination. Glutamate, produced by transamination reactions
should be viewed as a metabolic ‘focal point’ or ‘reservoir’ of amino groups
(Figure 6.6a).

For example, coupling alanine transamination (via ALT) with GLDH is shown in
Figure 6.6b. A similar scheme can be drawn using, for example, aspartate transami-
nase in place of alanine transaminase.

(@) 9glycine alanine aspartate serine

I/

transamination
reactions

GLUTAMATE

oxidative
deamination

2-oxoglutarate + NHj
(2-0G)

NAD(P)*

NAD(P)H + H*

urea

ALT
(b) Alanine + 2-OG —— > pyruvate + glutamate

NAD(P)" GLDH

NAD(P)H + H"

(re-cycle
2-0G)
2-0G NH3----> urea

Figure 6.6 (a) Coupling transamination with deamination, the NH, groups of many amino acids can
be used for urea synthesis. For example, coupling alanine transamination (via ALT) with GLDH;
(b). Coupling of alanine transaminase with glutamate dehydrogenase
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Stage 2. Carbamoyl phosphate (P-CO-NH,) synthesis

The ammonia liberated by GLDH does not itself enter the urea cycle; it must first be
combined with carbon dioxide to form carbamoyl phosphate. This is an energy
(ATP) consuming reaction;

NH; + CO, + 2ATP —> carbamoyl phosphate + 2ADP + Pi

P-C-NH,
o}

The enzyme carbamoyl phosphate synthase (CPS) is a control point in the process.

Stage 3. The urea cycle (Figure 6.7)

This is a relatively simple cyclical pathway consisting of only four intermediates.
However, to complete the structure of urea ((NH,),CO) a second NH, group must
be introduced and this is achieved by aspartate acting as the donor.

The first enzyme is ornithine transcarbamylase. This enzyme combines ornithine

with carbamoyl phosphate to form citrulline. Argininiosuccinate (argininiosuccinic
acid, ASA) is formed when argininosuccinate synthetase (ASS) combines citrulline with
aspartate. The third step cleaves ASA, releasing succinate and arginine. Finally, urea is
produced as arginine is converted to ornithine by arginase and so the cycle is ready to
begin again.

mitochondrial matrix cytosol

phosphate Citrulline

V ASA

T
UREA

Figure 6.7 Krebs-Henseleit urea cycle

Carbamoyl Aspartate
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6.3.2 Lipid synthesis in the liver

Lipids are an essential part of our diet and of our biochemical constitution. Cell
membranes need phosphoacylglycerides and cholesterol to maintain their structure
and function; fat provides thermal and electrical insulation while fatty acids are an
important fuel, especially for muscles like the heart. However, have you ever wondered
why eating too much carbohydrate causes weight gain? How do jam doughnuts and
sweet desserts cause unwanted changes in body shape? The answer, of course, lies in
biochemistry.

6.3.2.1 Fatty acid and triglyceride (triacylglycerol) synthesis: acetyl-CoA carboxylase

and fatty acid synthase multi-enzyme complex
In common with cholesterol synthesis described in the next section, fatty acids are
derived from glucose-derived acetyl-CoA. In the fed state when glucose is plentiful
and more than sufficient acetyl-CoA is available to supply the TCA cycle, carbon
atoms are transported out of the mitochondrion as citrate (Figure 6.8). Once in the
cytosol, citrate lyase forms acetyl-CoA and oxaloacetate (OAA) from the citrate.
The OAA cannot re-enter the mitochondrion but is converted into malate by
cytosolic malate dehydrogenase (cMDH) and then back into OAA by mitochondrial
MDH (mMDH) Acetyl-CoA remains in the cytosol and is available for fatty acid
synthesis.

The fatty acid synthesis pathway can be seen to occur in two parts. An initial
‘priming’ stage in which acetyl-CoA is converted to malonyl-CoA by a carboxylation
reaction (Figure 6.9) is followed by a series of reactions which occur on a multi-enzyme
complex (MEC), which achieves chain elongation forming C16 palmitoyl-CoA. The
whole process occurs in the cytosol.

The acetyl-CoA carboxylase reaction may be seen to occur in two steps:

1. acarboxyl group derived from HCOj; binds to biotin attached to the enzyme, ATP
is used at this step;

2. acetyl-CoA binds to the enzyme and accepts the CO, as it is transferred from the
biotin coenzyme. Malonyl-CoA is released.

This is the key control point of fatty acid synthesis, the enzyme being subject to both
allosteric regulation (activated by citrate; inhibited by long chain fatty acid) and
covalent modification (dephosphorylated when active, compare with glycogen
synthase described in Section 6.3.3). During periods of fasting, glucagon-stimulated
phosphorylation of acetyl-CoA carboxylase causes its dissociation into inactive sub-
units preventing fatty acid synthesis, whilst at the same time stimulating fatty acid
release from adipose tissue. However, in the fed state when insulin concentration is
high, acetyl-CoA carboxylase is stimulated and the rise in the cytosolic concentration of
citrate becomes a critical ‘switch’ because in addition to stimulating fatty acid synthesis
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glucose — > pyruvate

181

mitochondrion

acetyl -CoA
mMDH
citrate
malate
malate ﬂ OAA
Citrate lyase citrate
acetyl CoA
ADP + Pi
ADP + Pi
HCO,
Key to symbols

malonyl- COA @ Citrate carrier

Fatty acid synthase
complex MEC

A Dicarboxylate carrier

Figure 6.8 Export of acetyl-CoA carbon atoms from mitochondria for fatty acid synthesis

it also inhibits phosphofructokinase-1 (PFK-1).This has the effect of slowing glycolysis
and so allowing more glucose-6-phosphate to be diverted through the pentose
phosphate pathway and/or glycogen synthesis. To return to the traffic-flow analogy
we introduced in Chapter 1, citrate thus acts as a traffic signal at a crossroad, directing
the activity of key enzymes and so diverting substrates into preferred pathways.
Furthermore, and as we will discover in the next section, fatty acid synthesis requires
NADPH at two steps and the major source of this reduced coenzyme is the pentose

phosphate pathway.
acetyl-CoA + HCO, malonyl-CoA
CH5.CO-SCoA CH,.CO-SCoA
COO™
ATP ADP + Pi

Figure 6.9 Acetyl-CoA carboxylase
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(a) acetyl-CoA + malonyl-CoA + 2NADPH + 2H"
(C2) (C3)

one cycle of FAS complex reactions

butyryl-CoA + CO, + 2NADP" + CoA
(C4)

(b) acetyl-CoA + 7 malonyl-CoA + 14 NADPH + 14 H"

seven cycles of FAS complex

palmitate + 7CO, + 14 NADP® + 8CoA

Figure 6.10 (a) FAS reaction outline (b) Palmitate synthesis by FAS complex the individual
reactions of the FAS complex are;

Binding of acetyl-CoA to the FAS; CoA released

Binding of malonyl-CoA to the FAS; CoA released

Combination of acetate and malonate units and decarboxylation;

first Reduction with NADPH

Dehydration

second Reduction with NADPH

(hint: remember the sequence BB-CRDR and compare this with the sequence of steps in
B-oxidation of fatty acids described in Section 7.4).

U NN W N

The second phase of fatty acid synthesis is mediated by fatty acid synthase (FAS)
complex, a large aggregate of six functionally different enzymes which work together in
sequence, rather like a production line in a manufacturing process, to extend acetate by
adding a 2-carbon unit derived from malonyl-CoA (Figure 6.10). Each 2-carbon
addition requires 2 molecules of NADPH to provide reducing power. The synthesis
terminates with the synthesis of C16 palmitoyl-CoA, thus seven consecutive cycles are
required to complete the process but the growing acyl chain remains firmly attached to
the fatty acid synthase multi-enzyme complex throughout. The whole process is
outlined in Figure 6.11.

After each sequence of reactions the acyl group (C4 after one cycle, C6 after two
cycles, C8 after three cycles, etc.) re-enters the process at step 3 and undergoes
condensation with the next malonyl-CoA. When the final C16 palmitate molecule
has been synthesized it is released but needs to be re-activated with CoA, to palmitoyl-
CoA for desaturation, elongation into C18 fatty acid molecule or use for triglyceride
synthesis (see Figures 6.12, 6.13 and 6.17).
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1%cycle begins here
CH3CO-SCoA OOC.CH,.CO-SCoA
acetyl-CoA; C2 malonyl-CoA

transfer and
decarboxylation

COASH + CO,

CH3;COCH,CO-SCoA
acetoacetyl-CoA
NADPH + H"

< reduction
NADP*

CH3;CHOHCH,CO-SCoA
hydroxyacyl-CoA

H,0 T"’J dehydration

CH3;CH=CHCO-SCoA
enoyl-CoA

NADPH + H'
< reduction

NADP*

CH3CH,CH,CO-SCoA
butyryl-CoA; C4
2"cycle begins here :
|
|
|
|
\%

CH,CH,CH,CO-SCoA  +  OOC.CH,CO-SCoA

transfer and
CoASH + CO, decarboxylation

CH3CH,CH,COCH,CO-SCoA

Figure 6.11 Fatty acid synthesis
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palmitoyl-CoA + malonyl-CoA + 2NADPH + 2H"
C16 saturated

stearyl-CoA + CO, + CoA + 2NADP"
C18 saturated

Figure 6.12 Elongation of C16 fatty acid

NADPH +H"  +1%0, NADP*

N
T

Cyt b5 reductase (ox) Cyt b5 reductase (red)

\_/
T

2 Cytochrome b5 (Fe?") 2 Cytochrome b5 (Fe*")

N
/\

saturated acyl-CoA unsaturated acyl-CoA + H,0
e.g. C16 palmitoyl-CoA C16:1 palmitoleyl-CoA
C18 stearyl-CoA C18:1 oleyl-CoA

NB: the 20, shown at the top appears as water at the end of the
sequence. This is typical of mixed function oxidase enzymes.

Figure 6.13 Microsomal desaturation of fatty acids

6.3.2.2 Fatty acid elongation and desaturation

The FAS multi-enzyme complex synthesizes saturated C16 fatty acids, but cells and
tissues need unsaturated and longer chain fatty acids. The palmitoyl-CoA can be
modified by either chain elongation and/or oxidation in order to produce different
fatty acid molecules. Both elongation and desaturation occur within the smooth
endoplasmic reticulum (SER, microsomal fraction) of the cell.

The process of elongation of C16 to C18 (stearyl-CoA) is independent of FAS but is
chemically identical to one cycle of FAS reactions with malonyl-CoA as the C2 donor.
Stearyl-CoA may be further elongated if necessary.

The desaturation process is particularly interesting as it provides an example of a
microsomal (as opposed to mitochondrial) electron transport system. The enzymes
responsible, fatty acyl-CoA desaturases, are examples of mixed function oxidases
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(MFO). Similar MFO microsomal redox systems operate for the metabolic detoxifica-
tion of drugs and some waste products (Section 6.4).

The carbon atoms within fatty acids are identified using two systems, either counting
from the carboxyl carbon as No. 1 (the ‘delta system’) or counting from the methyl end
of the molecules. By convention, the methyl carbon of the fatty acid irrespective of
chain length is always labelled omega (, the last letter of the Greek alphabet). The
terms ‘omega-3’ and ‘omega-6’ mean that the first double bond is positioned 3 or 6
carbons from the methyl end (the ‘omega system’) respectively (Figure 6.14). Such

e AV VAVAVAVAVAVAVA il
Q] -3
C18:1 -3 (n-3) series

e \/\/\_/\/\/\/\/\/COO?

® -6

C18:1 -6 (n-6) series

HaC

AN AAN T

C18:1 w-9 (n-9) series
Oleic acid (oleate)

HaC
= = = = coo~
C20:4 -6 (n-6) series
Arachidonic acid (AA, arachidonate)
coo~
e T = T = ==
C22:6 w-3 (n-3) series
Docosahexaenoic acid (DHA)
Polyunsaturated fatty acids (PUFA)
o-linolenic acid (oLA) C18:3 ®-3,6,9 (= A%1215)
y-linolenic acid (YLA) C18:3 ®-6,9,12 (= A®%12)
arachidonic acid (AA) C20:4 ®-6,9,12,15 (= ABE 1114
docosahexaenoic acid (DHA) C22:6 ®-3,6,9,12,15,18 (= A*710:13:16.19)
eicosapentanoic acid (EPA) C2055 ©-3,6,9,12,15 (= ABIL141T)

Figure 6.14 Unsaturated fatty acid structures
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structures are signified as n-3 or ®-3 and n-6 or ®-6 respectively. Superscript
abbreviations such as A”'? (said as ‘delta 9,12) indicate position of double bonds,
for example between carbons 9 and 10 and 12 and 13.

Arachidonic acid (C20:4 n-6) is the precursor for the synthesis of prostaglandin
molecules (Section 4.4.4), which have a wide range of biochemical effects on for
example, the perception of pain, inflammation, blood clotting and smooth muscle
contraction. Docosahexaenoic acid (DHA, C22:6) and eicosapentaenoic acid (EPA,
C20:5) are both n-3 long-chain polyunsaturated fatty acids (PUFA) which have been
shown to have significantly beneficial effects on intellectual development and inflam-
matory conditions such as asthma and cardiovascular disease.

Humans have only a limited capacity to introduce double bonds into long chain fatty
acids between carbons 4-5, 5-6 and 9-10 from the carboxyl end, reactions catalysed by
A*, A° and A’ desaturases respectively. The rate limiting step in PUFA synthesis in
humans is catalysed by delta-6 (A°®) desaturase which is under the control of sterol
regulatory element binding protein (SREBP). However, humans do not have the
enzymes required to introduce double bonds between the ® carbon and the -9 carbon.
Thus, the requirement for polyunsaturated fatty acids such as EPA and DHA must be
met from the diet, with plant and marine sources being particularly important
(Figure 6.15). Indeed, it was the observation that heart disease is comparatively rare
in populations such as Eskimos and coastal dwelling populations, who consume large
quantities of fish as part of their usual diet that first aroused interest in the effects of
PUFA. Dietary deficiency of ®-3 and w-6 PUFA results in their replacement by ®-9
series molecules (which we can synthesize) leading to abnormalities such as scaly skin
and reproductive problems. The biochemical importance of PUFA is well recognized
and more details of the nutritional implications of PUFA deficiency can be found by
performing an author search for P. Calder or C.H. Ruxton, in a reputable Internet
search engine such as PubMed.

Fatty acids are both stored in and exported from the liver as triglycerides. The
carbon atoms for the glycerol ‘backbone’ of triglycerides are also derived from glucose
by a diversion of dihydroxyacetone phosphate from glycolysis (Figures 6.16 and 6.17).

Endogenously synthesized triglyceride is packed into VLDL particles in the liver
prior to export for long-term storage in adipose tissue (see Section 9.6.1). VLDL is
metabolized by lipoprotein lipase, an enzyme immobilised on the surface of endothelial
cells as it passes through small capillaries which supply adipose tissue. Progressive
removal of triglyceride from VLDL by lipoprotein lipase results in the formation of pro-
atherogenic low-density lipoprotein (LDL), sometimes, and very simplistically, called
‘bad cholesterol’. LDL is removed from the circulation by a receptor-mediated process
and too much circulating LDL, or a functional defect in the LDL receptor, lead to
cholesterol accumulation especially in macrophages within the arterial wall. This is the
process which leads to atherosclerosis.

Very low density lipoprotein is not the only lipoprotein to be secreted by the
liver. HDL is released into the blood as a nascent (immature) discoid particle. As the
HDL circulates within the circulation, it ‘matures’ by exchanging apoproteins and
lipid components with other lipoproteins and cells. Mature spherical HDL is
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Figure 6.15 (a) Metabolic modification of endogenously synthesized fatty acids. (b) Metabolic
modification of essential dietary fatty acids

anti-atherogenic and so sometimes referred to as ‘good cholesterol’. Conventional
wisdom asserts that HDL’s main role is to remove excess cholesterol from tissues and
return it to the liver for disposal. Significant research into HDL since the mid-1990s
suggests that HDL (probably via its apoA component) has additional roles in
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Figure 6.16 Triglyceride synthesis
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Figure 6.17 Glucose-6-phosphate is at the centre of triglyceride synthesis

protecting against premature cardiovascular disease. The interested reader should
consult the research literature for the work of G.W. Cockerill and her colleagues for
further details.

6.3.2.3 Cholesterol synthesis and ketogenesis

Several tissues of the body are able to synthesize cholesterol de novo (i.e. from its raw
materials); the liver is one of these organs. Structurally, cholesterol belongs to the group
of compounds called sterols (steroid alcohols) and is derived metabolically from acetate
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Figure 6.18 Cholesterol biosynthesis: Qutline

(acetyl-CoA). The pathway occurs in the cytosol of the cell; compare this with
ketogenesis described below which is mitochondrial (Figure 6.18).

A typical adult synthesizes approximately 900 mg of cholesterol each day; this figure
compares with only about 400 mg per day coming from the diet. Endogenously
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synthesized cholesterol is transported from the liver in combination with endogenous
triglyceride in VLDL particles, whereas, dietary cholesterol is transported as part of
chylomicrons, which carry dietary, also called exogenous, triglycerides.

The key control enzyme in the biosynthetic pathway of cholesterol is hydroxy
methylglutaryl CoA reductase (HMGCoA reductase). The enzyme is subject to several
control mechanisms including phosphorylation/dephosphorylation initiated by glu-
cagon (inhibits) and insulin (stimulates) and end-product feedback repression.
Control of the enzyme is also exerted at the gene level by cholesterol-binding
transcription factors (known as SREBPs) that regulate the expression of several genes
involved in cholesterol biosynthesis, including genes for HMG CoA synthase and
HMGCoA reductase.

It is SREBPs which coordinate the expression of HMG CoA reductase and cell
surface receptors for LDL. Cholesterol is an essential component of membranes so if
delivery of cholesterol to the cell is limited by low concentrations of LDL-cholesterol,
the expression of the genes for both the LDL receptor and HMG CoA reductase are up-
regulated allowing the cell to extract as much as possible form the circulation and also to
synthesize cholesterol, thus there is an inverse relationship between plasma LDL-
cholesterol concentration and HMG CoA reductase activity.

Experiments with fibroblasts in vitro have shown that even a very high concentration
of LDL in the culture medium does not achieve more than approximately 85%
inhibition of HMG-CoA reductase. Only when mevalonate was also added did the
activity of the enzyme fall to very low levels. These results indicate that cells require at
least two end products of the pathway to bring about repression. This observation
should not be surprising, given the proximity to yet another metabolic crossroad
(pathway branch point).

Because HMG CoA reductase occurs before a branch point in the biosynthetic
pathway, complete inhibition of the enzyme by cholesterol would necessarily deprive
the cell of many other intermediates, some of which are important in cell growth and
division. A group of drugs known as statins are widely used to reduce plasma
cholesterol concentration by inhibiting HMG CoA reductase. Interest is now rising
in the possible use of statins as anticancer drugs due to their impact on reducing the
production of mediators of cell proliferation.

Cholesterol is a non-oxidizable substrate so cannot be utilized for energy generation.
The dangers of elevated cholesterol concentrations as a risk factor for cardiovascular
disease are widely known and are described in detail in Section 5.5. Plasma cholesterol
concentration is reduced by hepatic clearance; in fact, the liver is the only organ which
can eliminate cholesterol from the body, a process achieved by excretion through the
gut, possibly in the form of bile salts. Cholesterol is the starting material for the
synthesis of bile acids from which bile salts are produced. One type of drug known
generically as ‘resins’ for the treatment of hypercholesterolaemia bind to bile salts in the
gut and so prevent cholesterol absorption.

Ketogenesis (Figure 6.19) occurs in the liver at most times but is greatly accelerated
when acetyl-CoA production from B-oxidation of fatty acids exceeds the capacity of the
TCA cycle to form citrate, that is during periods of starvation or in diabetics who have
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2 acety-CoA —— > acetoacetyl-CoA + CoA

acetyl-CoA

> HMG-CoA synthase
CoASH

hydroxy methylglutaryl -CoA (HMG-CoA)

acetoacetate + acetyl-CoA

NADH + H*
CO,

NAD*
acetone hydroxybutyrate

Figure 6.19 Ketogenesis: formation of acetoacetate, hydroxybutyrate and acetone

not taken insulin. In both cases, cells are metabolically glucose-deficient and so
triglycerides stored in adipose tissue are hydrolysed and the fatty acids transported
to tissues to be used as fuel. The details of triglyceride release from adipose tissue are
given in Section 9.6.2 and the process of B-oxidation is described in Section 7.5.

Because of its involvement with many aspects of lipid metabolism so far described, it
will be apparent from the discussion so far that acetyl-CoA is an ‘axle’ around which
hepatic lipid metabolism revolves. Indeed, acetyl-CoA links lipid and carbohydrate
metabolism. Figure 6.20 summarizes the central role of acetyl-CoA in lipid related
pathways in the liver.

Glucose amino acids;

(fed state) fatty acids
(vigorous exercise, fasting,
starvation or insulin lack)

acetyl-CoA

fed state starvation or insulin lack

fatty acid synthesis ketogenesis

cholesterol synthesis
Figure 6.20 Acetyl-CoA as a precursor in lipid-related pathways
6.3.2.4 Glycogen synthesis

Glycogen is a polymer of p-glucose monomers, linked via o0 1-4 glycosidic bonds with
016 links creating branch points (Figure 6.21).
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An overview of the pathway, which is cytosolic, is as follows:

glucose
hexokinase or glucokinase
glucose-6-phosphate

phosphoglucomutase (PGM)

glucose-1-phosphate

UTP
> glucose-1-phosphate uridyl transferase

PPi
UDP-glucose
glycogenin glycogen synthase (forms the a.1-4 glycosidic links)
\l/ amylotransglycosylase (forms the a1-6 branch points)
glycogen

PPi is pyrophosphate, two phosphate groups joined together, P-P.

The introduction of uridyl triphosphate (UTP, a high energy compound similar to
ATP) acts to ‘energize’ the substrate sufficiently to form a new covalent bond.

The first step in de novo glycogen synthesis involves the enzyme glycogenin, which
autocatalytically attaches to itself six or seven glucose units, all derived from UDP-
glucose, to form a short chain of o0 1-4 glucosyl links. In this way, glycogenin acts as a
‘primer’ for the enzyme glycogen synthase which then elongates the primer forming the
main o.1-4 backbone of mature glycogen.

Glycogen synthase forms o1—4 links thus:

UDP-glucose + glycogen — UDP+  glycogen

(n glucose units) (n+ 1 glucose units)

The branch points are introduced by amylotransglycosylase which breaks an o 1-4 link
approximately 6 residues from the end of the growing chain and re-attaches the
removed oligosaccharide as an o 1-6 link. Figure 6.22 illustrates the process.

The key control enzyme in the pathway is glycogen synthase (GS) which occurs in
either a ‘high activity’ state (GS-a) or a ‘low activity’ state (GS-b); the switch from one to
the other is brought about partly by covalent modification of the enzyme in response to
stimulation by glucagon and partly by allosteric effects of key metabolites. Glycogen
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Figure 6.21 Structure of glycogen. Reproduced with permission from Boyer, R, Concepts in
Biochemistry, John Wiley & Sons, 2006.

metabolism also occurs in skeletal muscle, but there are one or two key differences
between the pathways in muscle and liver.

Glycogen synthase (GS) is a dimeric enzyme; each of the two subunits has three
‘target’ serine residues close to the N- and C- terminals of the protein. These serines are
all subject to reversible covalent phosphorylation by the action of a number of protein
kinases, notably glycogen synthase kinase-3 (GSK3), an AMP-stimulated kinase, a
reaction which is countered by dephosphorylation (and thereby activation of GS) by
protein phosphatase 1 (PP1). Phosphorylation of liver glycogen synthase (GS-a to GS-b
transition) causes inhibition of glycogen synthesis due to a reduction in V. whilst
inhibition of muscle GS activity is by an increase in K, for UDP-glucose.

Glycogen synthase kinase-3 is itself subject to control by reversible phosphorylation.
Stimulation of the liver cell by insulin, the key hormone of the postprandial state,
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a1-4 glycosidic bonds
glycogenin 7? glycogenin

7 UDP-glc 7 UDP

@ =glucose

(a) glycogenin acts as the base for the assembly of 6-7 glucose residues

glycogenin a0z 0000

(b) glycogen synthase extends the a1-4 linear chain using UDP-glc as glucose donor.

0.1-6 branch

glycogenin

(c) amylotransglycosylase removes 6 or 7 glucose residues from the al-4 chain and re-
attaches them as an a1-6 link

Figure 6.22 Glycogen synthase and amylotransglycosylase

activates protein kinases, which phosphorylate and inactivate GSK, promoting forma-
tion of GS-a so glycogen synthesis is favoured in the fed state. Additionally, covalent
control of GS is enhanced by allosteric effects mediated on GS by high hepatocellular
concentrations of glucose. Glucose-6-phosphate probably promotes glycogen synthesis
by allosterically enhancing the action of protein phosphatase-1, which mediates
the transition from GS-b to GS-a. Importantly therefore, feeding has two effects:
(1) glucose intake and availability are increased, and (2) there is an insulin surge to
mediate covalent control and increases in the concentration of the raw materials
(glucose and glucose-6-phosphate) for glycogen synthesis.

The outline shown in Figure 6.23 contrasts with glycogen degradation (glycogenol-
ysis) in which the major control step is mediated by glycogen phosphorylase (usually
known simply as phosphorylase). It is phosphorylase which breaks the oo 1-4 links
within glycogen to release glucose-1-phosphate (Figure 6.24 and see Section 6.5 for
more details).
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Protein phosphatase 1(covalent control).
Glucose and glucose-6-phosphate (allosteric control)

Glycogen Synthase-b Glycogen Synthase-a
(less active) (more active)
2 ATP
2 ADP

Glycogen synthase
kinase(s)

There are up to 3 serine phosphorylation sites per subunit, but for
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Figure 6.23 Control of glycogen synthase activity

glycogen

‘debranching enzyme’ (breaks the o1-6 links)
glycogen phosphorylase (breaks the ca1-4 links)

glucose-1-phosphate

Figure 6.24 First steps in glycogen degradation (compare with Figure 6.39)

Clearly, it would not be advantageous for synthesis and degradation to occur
simultaneously, especially as they occur in the same cell compartment, the cytosol.
Reciprocal control, that is when one enzyme is ‘On’ the other is ‘Off’, is achieved via
reversible phosphorylation of the key controlling enzyme and allosteric control (see
Table 6.2 and Section 3.2.2). However, it is probable that both enzymes retain some
residual activity at most times.

Table 6.2 Control steps in glycogenolysis

Activity when Activity when Allosteric
Enzyme phosphorylated ~ dephosphorylated  activators Allosteric inhibitors
Glycogen Low High Glucose AMP Pi (muscle)
synthase glucose-6-P
Glycogen High Low AMP ATP glucose

phosphorylase glucose-6-P




6.4 DETOXIFICATION AND WASTE DISPOSAL 197

As stated earlier, glycogen metabolism occurs in skeletal muscle (see Chapter 7) as
well as in the liver. Physiologically, the main difference between the two tissues is that
liver glycogen is used to ‘top-up’ blood glucose concentration and thus provide fuel for
all tissues of the body whereas muscle glycogen is for sole use within the muscle. In
addition to subtle differences in the control of glycogen synthase and glycogen
phosphorylase, liver, but not muscle, contains glucose-6-phosphatase. This enzyme
is microsomal with its active site facing the lumen of the endoplasmic reticulum of the
liver cell, indicating the need for a glucose-6-phosphate transporter to move the
substrate from the cytosolic compartment. Here then we see how metabolic differences
are reflected in differing physiological roles.

6.3.3 Haem synthesis

All tissues except mature red blood cells are able to manufacture haem for use in the
respiratory cytochrome proteins of the electron transport chain. However, the liver is
an especially important site of haem synthesis because it (a) is a major organ of
erythropoiesis in utero and (b) haem-containing cytochrome-P450 (CYP-450) en-
zymes play significant roles in hepatic detoxification of drugs, toxins and endogenous
waste products (Section 6.4).

Chemically, haem is a ferro protoporphyrin whose synthesis begins when succinyl-
CoA from the TCA cycle and glycine combine to form aminolevulinic acid (ALA) in a
reaction catalysed by ALA synthase within a mitochondrion. The product of this
reaction is transported to the cytosol where it is converted into porphobilinogen (PBG),
a simple heterocyclic ring structure. Four molecules of PBG are required to form the
first recognizable porphyrin ring, uroporphyrinogen. Successive decarboxylations
initially in the cytosol but then in the mitochondrion, form coproporphyrinogen and
protoporphyrinogen. Haem is formed when the enzyme ferrochelatase inserts an atom
of iron into the centre of the protopophyrin ring. Control of the pathway is exerted by
the inhibitory action of haem on the gene for ALA synthase. Refer to Figure 5.16 for a
diagram of the pathway.

6.4 Detoxification and waste disposal

In addition to some of the synthetic roles played by the liver described in the previous
section, the liver also is the prime organ for the metabolism and excretion of unwanted
compounds. Such compounds may be exogenous (e.g. drugs and poisons) or of
endogenous origin (e.g. steroid or catecholamine hormones and haem groups). The
basic biochemical processes, referred to as phase I and phase II reactions, are similar
regardless of the starting substrate. The overall effects of phase I and phase II reactions
are to (a) increase water solubility of the parent compound, (b) increase the acidity
(lower the pKa) of the parent and (c) to decrease the toxicity (increase the LDs).
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Table 6.3 Typical data for the metabolism of benzoic acid to hippuric acid

Parent compound Metabolite
Property (benzoic acid) (hippuric acid)
Solubility (mg/100 ml water) 185 465
Acidity (pKa) 4.2 3.7
LDs, (g/kg in mice)” 2.0 4.2

“LD50 is the dose required to cause death in 50% of a group of experimental animals.
Data based on information given in Gillham, Papachristodoulou and Thomas, 2001, Arnold.

Table 6.3 gives typical data for the metabolism of benzoic acid to its less toxic metabolite
hippuric acid.

Phase I reactions (Figure 6.25) increase the polarity of the waste compound by
oxidation or hydroxylation in a process which involves an electron transfer and

Parent compound

Phase | reactions
e.g. oxidation, reduction, hydroxylation

intermediate

Phase Il conjugation reactions,
e.g. with glycine, sulphate, glucuronate,
glutathione

final metabolite

<__._..-.-...----_

Urinary excretion |

Figure 6.25 Overview of hepatic detoxification reactions

mediated by members of the family of enzymes known as cytochrome P450. Phase
IT reactions are conjugations: compounds such as glucuronic acid (glucuronate),
sulfate, glycine or glutathione are added to the chemically modified waste compound
in order to allow excretion via the urine.

6.4.1.1 Phase I reactions
CYP is the generic name for a very large number of chemically related haem-containing
enzymes. Many isoenzymes of CYP-450 exist; these are categorized into families
(designated by a number), subfamilies (shown as a capital letter) and as particular
gene products (a number). For example; CYP1 ‘family’, CYP2E family and sub-family,
CYP3A1 a particular gene product.

The CYP enzymes active in phase I reactions are often oxidases or hydroxylases,
sometimes called mixed function oxidase (MFO). An oxidase enzyme introduces into
the substrate (i.e. the unwanted compound) both atoms of an oxygen molecule whilst



6.4 DETOXIFICATION AND WASTE DISPOSAL 199
XH + O, — > XOOH oxidase

XH + O, +2H" ———> XOH + H,0 hydroxylase

Figure 6.26 Mixed function oxygenases

an MFO incorporates only one of the two oxygen atoms to form an hydroxyl group.
This distinction is shown in Figure 6.26.

In order to function, CYP-450 enzymes require a source of reducing power (shown
as 2H™ for the hydroxylase reaction above) in the form of NADPH. This coenzyme is a

NADPH + H+ NADPH-CYP-450 reductase CYP450 toxic
(oxidised form) (reduced) compound
>< Fe3+ + 0,
NADP+ NADPH-CYP-450 reductase CYP450 oxidised
(reduce% +form) (oxidised) metabolite
Fe +H20

Figure 6.27 Passage of reducing power from NADPH to form water. One atom of oxygen is
incorporated into the toxic compound (=oxidation). NADPH-cytochrome P-450 reductase is a
flavin-containing protein

product of the pentose phosphate pathway of glucose oxidation (see Figures 5.19
and 6.17), pathway which is also very active in the liver. A carrier molecule, called
NADPH-cytochrome P450 reductase is required to transport the electrons from
NADPH to CYP450 (Figure 6.27).

Both the CYP and the reductase are firmly embedded within the membrane of the
smooth endoplasmic reticulum (SER), which forms microsomes when cells are broken
for experimental purposes. Figure 6.28 illustrates the whole process of a generalized
phase I hydroxylation.

Many of the specific enzymes involved with phase I reactions are subject to induction
(see Section 3.3.3), that is increased synthesis by activation of the particular genes. Two
clinical consequences arise from this:

1. physicians may need to increase the dose of a therapeutic drug to compensate for
its more rapid clearance; for example an anticonvulsant such as carbamazepine or
phenytoin, given to a patient in order to maintain the desired plasma concentra-
tion and therapeutic benefit of that drug, and

2. co-ingestion of two or more drugs may interfere with the usual metabolism of one
or both. The desired therapeutic effect of a drug may be reduced if there is
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induction of the CYP responsible for its metabolism, or the drug may reach toxic
concentrations if its metabolism is inhibited by another xenobiotic (foreign)
compound.

Specific examples of phase I oxidative reactions are shown in Figure 6.29.

(a) hydroxylation reactions

(0] aliphatic compounds
R-H —> R-OH (as shown in Fig 6.28)

R-NH-CHy —> R-NH-CH,OH
R-O-CH; —> R-O-CH,OH

(ii) aromatic compounds

R@ _ R-@OH

(b) demethylation reactions
=N-CH; — > =N-OH
(c) deamination reactions

RNH, —> R=0

Phase | oxidation of paracetamol

OH o
’;‘H NH
- |
?‘O c=0
I
CHs CHs
N-acetyl p-aminophenol N-acetyl p-benzoquinoneimine
(NAPQI)

Figure 6.29 Typical phase I reactions
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Glucose-1-P + UTP —— > UDP-glucose + PPi

+

NAD
NADH + H*
UDP-glucuronate COOH

O-UDP

Figure 6.30 Formation of activated glucuronate

6.4.1.2 Phase II reactions

Conjugation is achieved via specific transferases, which may require the substituent
group or molecule to be in an ‘activated’ form. For example, glucuronic acid
(glucuronate), a derivative of glucose must first be activated by a reaction with
UTP to form uridine diphosphate-glucuronate (UDP-glucuronate) as shown in
Figure 6.30.

Although not entirely specific to the liver, glucuronidation is quantitatively the most
important phase II reaction. The ten hepatic isoenzymes responsible are known
collectively as UDP-glucuronosyl transferases (UGTs) and are found in the SER
alongside the CYP enzymes. Like the CYPs, UDP-glucuronosyl transferase activity
may be induced by increasing substrate load. The UGT's are capable of processing a wide
variety of substrates including alcohols, phenols, amines and acids Typical reactions are
illustrated in Figure 6.31.

Conjugations can also be brought about by sulfotransferases (SULTs) and glutathi-
one-S-transferases (GSTs), both of which exist in a number of isoenzymic forms.
Amines and alcohols are sulfate acceptors and SULTs are important in steroid hormone
and catecholamine metabolism and like the UGTs require the sulfate to be ‘activated’
prior to its incorporation into the target molecule (Figure 6.32). In this case, sulfate is
activated at the expense of two molecules of ATP to form the final sulfate carrier PAPS
(3’-phosphoadenosine-5'-phosphosulfate).

Glutathione is a simple tripeptide of y-glutamate, cysteine and glycine and gluta-
thione-S-transferases) are cytosolic enzymes which utilize the sulfydryl (-SH) func-
tional group carried by the cysteine component of glutathione to form thioesters with
toxic compounds. Because reduced glutathione (GSH) is easily oxidized (oxidized
glutathione is symbolised as GS-SG, or simply GSSG), it provides a degree of protection
from oxidation of molecules such as membrane lipids so serves as more than just a
potential conjugate. GSH is synthesized by glutathione synthase, but adequate cytosolic
concentrations need to be maintained by recycling at the expense of NADPH derived
from the pentose phosphate pathway (Figure 6.33).



6.4 DETOXIFICATION AND WASTE DISPOSAL 203

Formation of UDP-glucose

2 step reaction

glucose-1-phosphate + UTP ——— > UDP-glucuronate + PPi + Pi

CH,OH COOH

OP O-UDP

(@) generic equation

UDP-glucuronate + R-OH glucuronide product
COOH COOH
+R-OH ——mF——> + UDP
0-UDP O-R
(b) phenols

phenolic  + UDP-glucuronate ———> phenolic glucuronide

OH COOH COOH
+ > + UDP
O-UDP (@)

R

Figure 6.31 Glucuronidation reactions (catalysed by glucuronosyl transferases)

activation steps

0] sulphate + ATP ———> adenosine phosphate

(ii) adenosine phosphate + ATP — > PAPS

CcO jugatio
iii PAPS + R-Ot > R-OSO, + phOSphOadenOSine phOSphate
4

Figure 6.32 Sulphation activation steps
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NADPH + H* NADP”*

Glutathione reductase

various anti-oxidant
reactions

<——— de novo synthesis

Glutathione-S- transferase

GS-R

GSSG = oxidised glutathione

GSH  =reduced glutathione

RX = toxic compound

GS-R = glutathione conjugate (e.g. thioester derivative)

Figure 6.33 Glutathione conjugation

The existence of various isoforms of many of the enzymes involved with phase I and
phase II reactions has been noted above. Key enzymes are also subject to variation by
genetic polymorphisms so there may be considerable difference in the metabolic
efficiency between individuals and between different ethnic groups. Such genetic
differences account for most the variability we see between individuals’ capacity to
metabolise certain drugs. For example, refer to Section 6.4.3.

Occasionally, hepatic metabolism of a compound creates a metabolite which is
more toxic than the parent; this is called a lethal synthesis. An example is given in the
following section.

6.4.2 Examples of phase I and phase II reactions for the metabolism of
exogenous and endogenous compounds

Two examples will be used to illustrate phase I and phase II reactions; paracetamol and
the catabolism of haem groups.

6.4.2.1 Paracetamol metabolism

When taken in therapeutic doses (approximately 4g; ~60mg/kg body weight)
paracetamol (N-acetyl-para-aminophenol, acetaminophen) is a safe and effective
analgesic, but overdosage, possibly with the intent of self-harm, is a major cause of
drug-induced hepatic toxicity. The cellular damage which may not be evident for up to
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Figure 6.34 Paracetamol metabolism

60 h post ingestion is due to the failure to eliminate a toxic metabolic intermediate of
the drug known as N-acetyl-p-benzoquinoneimine (NAPQI).

More than 90% of a paracetamol dose is metabolized by phase II reactions only;
5-10% of the drug is metabolized by CYP2E1 to produce NAPQI which is further
metabolized by conjugation with glutathione. When concentrations of NAPQI exceed
the availability of glutathione, cellular damage leading to cell death occurs (Figures 6.34
and 6.35).

Treatment of paracetamol overdose is based on replenishment of antioxidant
thiols to supplement the role of glutathione; the most commonly used antidote is
N-acetyl cysteine, but is only effective if given within a particular time window after
ingestion.

6.4.2.2 Haem catabolism. The formation of bilirubin

Approximately 80-85% of the haem which undergoes catabolism each day derives from
red blood cells. The remainder is from haem-containing enzymes such as cytochromes,
peroxidases and catalase.

Free haem groups are ferroporphyrins (cyclic tetrapyrroles). The first reaction of
haem catabolism is the release of iron; this is followed by the opening of the ring to
produce a linear tetrapyrrole called biliverdin. A molecule of carbon monoxide is
released as the ring opens. Biliverdin is converted to bilirubin by reduction. These initial
reactions may occur in the liver or in other tissues of the reticuloendothelial system,
notably the spleen.

Because of its very low water solubility, bilirubin formed outside the liver must be
transported through the circulation bound to albumin. This is called unconjugated
bilirubin, indicating that it has not yet passed through the phase II reactions in the
liver.

Unconjugated bilirubin is taken into the hepatocytes by binding to membrane
transport proteins and transported through the liver cells to the SER by proteins called
ligandins. The SER is the location of a specific bilirubin-UDP-glucuronosyl transferase
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Figure 6.35 Biotransformation of paracetamol (N-acetyl p-aminophenol)

whose function is to attach two molecules of glucuronate to the bilirubin (now called
conjugated bilirubin), which is water soluble (Figure 6.36). Most of the conjugated
bilirubin enters the bile canaliculi (very small vessels of the biliary system which drain
the liver lobules) and passes to the gut via the gall bladder and the common bile duct.
A small amount of the conjugated bilirubin leaks into the plasma. In health, only about
10% of the total plasma bilirubin is conjugated and sometimes, for a reason related to its
quantitative estimation in the clinical laboratory, may be referred to as ‘direct reacting’
bilirubin.

Bacterial action in the large gut converts the conjugated bilirubin into bilinogens and
then to yellow-brown coloured bilins which finally leave the body through in the faeces
(as stercobilin) and urine (as urobilin). A small proportion of the bilin produced in the
gut is passively reabsorbed into the portal system and re-excreted as the blood flows
through the liver.
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The over-production of bilirubin to the point at which the liver’s capacity to
metabolize is exceeded or if there is dysfunction of the liver itself due to damage or
metabolic immaturity, can lead to a yellow discolouration of tissues called jaundice.
The accumulation of unconjugated bilirubin in neonates, often as a result of antibody-
mediated destruction of the baby’s red cells is dangerous as serious and irreversible
brain damage can occur. Acute or chronic damage to the adult liver (hepatitis) may
cause jaundice but not brain damage.

@) _ Cytochromes and
Haemoglobin other haemoproteins
85%
AR
globin Haem .
amino acids amino
recycled acids

Fe
Bilirubin

UDPGT

enterohepatic

Bilirubin Diglucuronide . ;
circulation
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bacterial in urine

action in gut

Stercobilin
in faeces

Figure 6.36 (a) Haem catabolism; overview. (b) Haem catabolism; conversion of haem into
bilirubin
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6.4.3 Alcohol metabolism

Alcohol (ethanol) is a commonly used drug many human societies. Although
the consumption of alcohol in moderation has some beneficial physiological effects,
alcohol abuse and over indulgence lead to serious consequences to the individual, to the
fetus during pregnancy and to society as a whole. A study of the metabolism of alcohol is
instructive as the processes act as useful models of enzymology and genetics.

Blood alcohol concentration (BAC), typically in the range 4-20 mmol/l (equivalent to
approximately 20—-100 mg/100 ml) following ‘social’ drinking, is determined by the balance
between the quantity consumed and the rate of absorption on the one hand and, on the
other, its dilution in body fluids and the rate of elimination via metabolism (which
accounts for about 98%) of the ingested load. Metabolism occurs mainly in the liver but
many tissues including the brain and muscle have some catabolic capacity and a little is
excreted unchanged (only about 2% of the load; in exhaled breath, through the skin and in
the urine). Absorption from the stomach and upper small intestine is very rapid, reaching
peak BAC after 30—45 min. This is much more rapid than the rate of ethanol elimination so
BAC rises quickly following intake and may remain elevated for several hours thereafter.

Alcohol metabolism (Figure 6.37) occurs mainly through oxidative pathways involving
the enzymes alcohol dehydrogenase (ADH), acetaldehyde dehydrogenase (ALDH),

Ethanol, CH;.CH,OH
NADPH NAD"
CYP2E1 ADH

NADP* NADH + H*

Ethanal (acetaldehyde), CH3;.CHO

+

NAD

\

NADH + H*

Acetate, CH3;.COO™

\Tlood stream

OTHER TISSUES
Oxidation in TCA cycle

LIVER
Cholesterol or fatty acid synthesis
oxidation in TCA cycle

Figure 6.37 Ethanol metabolism
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CYP-450 isoenzymes, principally CYP2EI, but also to a lesser extent, the CYP1A2 and
CYP3A4, and catalase. The genes encoding ADH, ALDH and CYP2EI all exhibit
polymorphism resulting in enzyme proteins with varying metabolic efficiency as described
later. Non-oxidative metabolism of alcohol is minimal but the formation of fatty acid ethyl
esters or phosphatidyl ethanol may have significant pathological effects such as interference
with cell signalling and proliferation and development of foetal brain cells. A small amount
of ethanol escapes phase I reactions and is excreted as ethyl or glucuronyl conjugates.

ADH is a non-specific enzyme, able to use a wide range of simple alcohols,
hydroxysteroids and retinol as substrates. Clearly therefore, we can conclude that the
evolutionary role of ADH was not simply to metabolize ethanol in alcoholic beverages.
The enzyme requires zinc as a cofactor and is found located in the cytosolic compartment
of cells of several tissue types. At least seven genes encoding ADH have been described
and two of these (ADH2 and ADH3) also exhibit allelic polymorphisms resulting in 10
different proteins, each with a molecular weight of approximately 40 000 Da. Note here
that genes are indicated in italic typeface and enzyme/protein in roman type.

The liver expresses ADHI1, ADH2, ADH3, ADH4 and ADH7; most tissues express
ADHS5, whilst ADH3 and ADH7 are found in the gut. ADH3 in the gut is thought to play
an important role in initial metabolism of ethanol and the lower activity of YADH
isoforms in females may contribute to gender differences in alcohol metabolism.

Gene frequencies and allelic mutations for ADH vary considerably and significant
interpersonal and ethnic variations have been described. Furthermore, functional
ADH isadimer, usually of identical subunits but heterodimers are also possible and to
date approximately 20 ADH isoenzymes are known. There are notable kinetic
differences between the various functional ADH isoenzymes; for example, K, values
differ almost 1000-fold and V., by approximately 40-fold (see Table 6.4). These
differences account, to some extent, for variation in alcohol tolerance between
individuals.

The microsomal ethanol-oxidizing system (MEOS) utilizes CYP2E1 and accounts
for approximately 10% of the metabolism when small quantities of ethanol are
ingested. However, although CYP2E1 has a higher K, for ethanol (approximately
12 mmol/l), compared with most ADH isoenzymes, CYP2E1,like many cytochrome
P450 enzymes, is inducible and long-term consumption of alcohol will increase enzyme
production and decrease its degradation. This has potentially significant consequences
on the CYP-mediated metabolism of other drugs, whose clearance may be affected.
CYP2E1 but not ADH is expressed in the central nervous system. Excessive maternal
alcohol intake in pregnancy leads to induction of CYP2EI in the fetal brain at a critical
time of organogenesis (around 55 days gestation). This has been associated with a range
of physical and mental abnormalities known as fetal alcohol syndrome (FAS) or fetal
alcohol effects (FAE). Individuals exposed to alcohol in utero but without obvious signs
of FAS may be prone to mental health and behavioural problems later in life.

Ethanal (acetaldehyde), the product of ADH and CYP action on ethanol is the
substrate for isoforms of ALDH. Like ADH, ALDH isoenzymes are not entirely substrate
specific and will act on aliphatic and aromatic aldehydes to generate the corresponding
carboxylic acid. There are nine genes encoding ALDH isoforms and all are subject to
polymorphism and the enzyme products of ALDH gene expression are found widely in
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Table 6.4 ADH isoenzymes

Approx K, Approx. K,  Vinax
Protein Sequence Enzyme for ethanol For NAD'  (U/mg

Gene subunit variation structure (mmol/l)  (mmol/l) protein) Notes

ADHI1 o oo 4 13 0.5

ADH2/1 Bl Arg" Arg®® BIB1  0.05 7.5 0.25 Common in

(= wild type) Caucasians

and ethnic
Africans

ADH2/2 B2  HisY Arg®® B2B2 1 180 10  Common in
Oriental
races and
Jews

ADH2/3 B3 Arg" Cys®® B3B3 37 700 8 Common in
ethnic
Africans

ADH3/1 vl ylyl non MM* 8 2.5  Common in
Asians

ADH3/2 y2  GIn*”' val** v2y2  non MM* 8.5 0.9

ADH4 T R 34 14 0.5  Liver only

ADH5 X XX [ 25 11 Most tissues

“Non MM = non Michaelis—Menten kinetics. Note also that the kinetic differences between y1 and y2
containing ADH are functionally negligible. Alterations in the § and y subunits are seen primarily to
affect binding of NAD™. ?? = not certain.

many human tissues. In particular, two main isoforms (ALDH-1 and ALDH-2) enzymes
are located in the cytosol and mitochondria of hepatocytes respectively.

ALDH-2 is of prime importance as its K, for acetaldehyde is very low (about 2 pmol/l),
well below the expected cellular concentration during the metabolism of even moderate
quantities of ethanol. Two allelic variants of the ALDH-2 gene exist; wild type ALHD2/1 and
ALDH?2/2, which carries a point mutation (guanine to adenine transition) resulting in
substitution of lysine for glutamate at position 487. Here we have an excellent example of how
crucial primary structure is to enzyme action. The substitution is close to the presumed active
site and individuals homozygous for the ALDH-2/2 variant are completely lacking acetalde-
hyde dehydrogenase activity whereas heterozygotes have typically 30-50% of normal enzyme
activity. Any individuals who are homozygous for ALDH-2/2 experience discomforting side
effects of drinking even quite small volumes of alcohol and so are deterred from over
indulgence. Heterozygotes however seem to have a higher risk of developing alcoholism.

An estimated 50% of oriental people have the ALDH-2/2 variant and thus the
inactive isoenzyme, which probably accounts for the far lower incidence of heavy
drinkers found amongst Chinese and Japanese than, say, Caucasians. Disulfiram is a
drug used to treat alcoholics; its action is to inhibit ALDH thus creating in heavy or
compulsive drinkers an unpleasant and hopefully deterrent reaction.

As implied above, acetaldehyde is toxic; the accumulation of this metabolite leads to
many of the deleterious consequences of alcohol intoxication because it is able to alter
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the function of many proteins by binding to certain amino acids such lysine, cysteine
and those with aromatic side chains. Apolipoproteins, haemoglobin, collagen, cyto-
chromes and albumin are all subject to chemical modification by acetaldehyde; so too
are proteins found associated with the cell membrane and cytoskeleton. A characteristic
laboratory finding in alcoholics is macrocytosis, that is a high number of enlarged red
cells in the circulation, a result of damage to the erythrocyte membrane. In experi-
mental rats, similar acetaldehyde-induced damage to proteins in hepatocyte cell
membranes led to an auto-immune antibody response; evidence of comparable events
has been found in humans with alcoholic liver disease (ALD).

Oxidative metabolism of ethanol in the cytosol, mitochondria, microsomes and
peroxisomes carries with it an increased risk for the generation of reactive oxygen species
(ROS) as by-products. These short-lived but very reactive chemicals such as hydrogen
peroxide (H,O,), and oxygen-containing free radicals (superoxide, hydroxyethyl and
hydroxyl radicals) damage DNA, proteins and lipids resulting in cell death and generate
compounds derived from lipid peroxidation which like acetaldehyde form protein
adducts that initiate an inflammatory response. Liver pathology associated with excessive
alcohol intake is due in part to the production of ROS and is often exacerbated by the
poor diet (especially the low intake of antioxidant vitamins and minerals) of alcoholics.

6.5 Maintenance of blood glucose concentration

Although many tissues can utilize fat as a source of fuel, an adequate supply of glucose is
essential for normal metabolism in some tissues. The total amount of glucose in body
fluids and that which is stored as glycogen in the liver equates to about 180 g, that is only
a little more than 1 day’s supply in the fasting state, as each day, approximately 160 g of
glucose are oxidized by the typical 70 kg adult male. Of that quantity, approximately
75% is consumed by the brain alone. Not surprisingly therefore, hypoglycaemia
(usually defined as a blood glucose concentration of less than 2.2 mmol/l compared
with a typical minimum fasting value of approximately 3.5 mmol/l) has serious effects
on the brain in particular. Rapid and dramatic falls in blood glucose concentration lead
to acute neuroglycopaenia (= low neurocellular glucose concentration).

Because glucose is the preferred fuel for the brain, an individual who experiences a
rapid fall in glucose concentration leading to acute neuroglycopenia will initially feel
confusion and may progress to coma and even death. In the event that the person
survives 3—4 days, the brain can adapt its metabolism to utilize ketone bodies,
metabolically derived from acetyl-CoA (see Figure 6.17), as a source of energy.

The CNS is not the only vulnerable tissue as red cells also rely upon a constant supply
of glucose to maintain structure and function. Because they lack mitochondria, and
therefore the mechanism to produce ATP via oxidative phosphorylation, RBCs are
entirely dependent upon anaerobic glucose metabolism to synthesize ATP through
substrate level phosphorylation.

The liver not only extracts glucose from the blood in the postprandial state and stores
it as glycogen, but is also able to synthesize glucose from non-carbohydrate sources via
gluconeogenesis, therefore the liver is crucial in regulating glucose homeostasis.
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Figure 6.38 Glycogenolysis (compare with Figure 6.24)

6.5.1 Glycogenolysis

The catabolism of glycogen is not simply the reversal of its synthesis. The process is
outlined in Figure 6.38.

As indicated in Section 6.3.3 and Table 6.2 the key control step is mediated by
glycogen phosphorylase, a homodimeric enzyme which requires vitamin B¢ (pyridoxal
phosphate) for maximum activity, and like glycogen synthase (Section 6.2) is subject to
both allosteric modulation and covalent modification.

Glycogen phosphorylase isoenzymes have been isolated from liver, brain and skeletal
muscle. All forms are subject to covalent control with conversion of the inactive forms
(GP-b) to the active forms (GP-a) by phosphorylation on specific serine residues. This
phosphorylation step, mediated by the enzyme phosphorylase kinase, is initiated by
glucagon stimulation of the hepatocyte. Indeed, the same cAMP cascade which inhibits
glycogen synthesis simultaneously stimulates glycogenolysis, giving us an excellent
example of reciprocal control.

Phosphorylase kinase is a very large multi-subunit protein and is tightly regulated by
covalent and non-covalent mechanisms. The conversion of inactive phosphorylase
kinase-b (PK-b) in to active PK-a is brought about by cAMP dependent protein kinase
A (PKA) and requires calcium for full activity. Phosphorylase kinase is rendered
inactive by phosphatases including protein PP1; this is the same protein phosphatase
which converts active glycogen phosphorylase-a to inactive glycogen phosphorylase-b
and glycogen synthase-b (low activity form) to glycogen synthase-a (highly active
form). Refer to Figures 6.39 and 6.40.

Reversible phosphorylation is the main control mechanism of liver phosphorylase;
allosteric effects being much less pronounced. This is in contrast with muscle phos-
phorylase, which is also controlled by phosphorylation, stimulated by an adrenaline-
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glucagon stimulation
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Figure 6.39 Interconversion of liver glycogen phosphorylase

induced cAMP cascade, and by allosteric effects mediated by the key metabolic
intermediates, AMP and glucose-6-phosphate. In muscle, a rise in the cellular
concentration of AMP as would occur for example during exercise, indicates a fall
in ATP concentration, so glycogen phosphorylase activity is stimulated by AMP to
provide more fuel. Given that adrenaline is involved with the ‘“fight or flight reaction’,
increased supply of fuel in the form of glucose-6-phosphate to active muscles allows the
flight (running away) from a potential danger. The regulatory effects of AMP and
glucose-6-phospahte on liver phosphorylase are much less significant. In short, the
muscle isoenzyme meets local intracellular metabolic needs, whereas liver phosphory-
lase is adapted to respond to ‘whole body’ changes in fuel metabolism, largely
determined by the feeding/fasting pattern of the individual. Physiologically, feeding
(the postprandial state) is associated with insulin which promotes glycogen synthesis,
whilst the body’s fasting signal, glucagon, promotes glycogenolysis.

6.5.2 Gluconeogenesis (GNG)

Literally, gluconeogenesis (GNG) means the ‘synthesis of new glucose’. A more exact
metabolic description would be that GNG synthesizes glucose from carbon atoms
derived from non-carbohydrate precursors, that is certain so-called glucogenic amino
acids, oxaloacetate (a substrate of the TCA cycle), from glyceroland also lactate. Theliver
and the kidney are the only tissues which undertake GNG and the contribution of the
liver is approximately 10 times greater than that of the kidney. Gluconeogenesis
(Figure 6.41) is accelerated when carbohydrate stores are diminished and fat is utilized
as fuel, during fasting or vigorous exercise, and glucose generated by GNG can be used to
supply the central nervous system. Fat is far more calorific than carbohydrate and its use
asthe primary fuel generates large amounts of substrates such as acetyl-CoA, NADH and
ATP, which stimulate GNG and suppress glycolysis. Acetyl-CoA, NADH and ATP signal
that the cell has sufficient ‘energy’, or the materials from which to generate energy, so
catabolism of glucose is not required. This is a glucose-sparing effect. During fasting and
starvation, muscle provides significant quantities of amino acids for GNG.
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Figure 6.40 Reciprocal control of glycogen phosphorylase and glycogen synthase

GNG exploits the fact that most of the reactions of glycolysis are reversible so the
enzymes are shared between the two pathways. There are three kinase reactions
(glucokinase/hexokinase, PFK and pyruvate kinase), which are not physiologically
reversible are therefore the problem steps in the synthesis of glucose; these three steps
are overcome using alternative enzymes (Table 6.5, see also Section 1.7.1).

As can be seen in Figure 6.42, pyruvate is very much a focal point in GNG. Normally,
once pyruvate has entered a mitochondrion, it is converted into acetyl-CoA by pyruvate
dehydrogenase complex, but for GNG the pyruvate is ‘diverted’ in to oxaloacetate
(OAA) by pyruvate carboxylase (see Figure 6.43).
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Figure 6.41 Gluconeogenesis: outline

Pyruvate carboxylase is a mitochondrial enzyme and like other carboxylase or
decarboxylase enzymes requires biotin as coenzyme. The biotin is firmly attached to
the enzyme protein (i.e. a prosthetic group) via a lysine residue. The role of biotin is to
‘hold’ the CO, in the correct orientation to allow its incorporation into the pyruvate.
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Table 6.5 Irreversible reactions of glycolysis and the enzymes needed in gluconeogenesis to
overcome them

Enzymes
Reaction Glycolysis GNG
PEP to pyruvate Pyruvate kinase (PK) Pyruvate carboxylase (PC) and

Phosphoenolpyruvate carboxykinase
(PEP CK) [‘bypass’ route]
Fructose-6-phosphate to phosphofructokinase (PFK) Fructose-1,6 bisphosphatase

fructose-1,6 bisphosphate (FBP’ase)
Glucose to hexokinase (HK) and Glucose-6-phosphatase
glucose-6-phosphate glucokinase (GK) (Glc-6-Pase)

Pyruvate dehydrogenase is a MEC consisting of three separate catalytic proteins; (i) a
component with combined pyruvate decarboxylase/dehydrogenase activity; (ii) a
dihydrolipoyl transacetylase (also called acetyl transferase) unit and (iii) linked dihy-
drolipoyl dehydrogenase. This is clearly a very big protein; the pyruvate decarboxylase/

Pyruvate, 3C

Pyruvate
dehydrogenase

Pyruvate (PDH complex)
carboxylase +
NAD
NADH + H*
co,
v~ CO,

Acetyl-CoA, 2C

l

Citrate, 6C

Figure 6.42 PDH complex and pyruvate carboxylase both act on pyruvate
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Figure 6.43 Regulation of PDH complex activity by covalent modification

dehydrogenase component alone is a tetrameric protein of 200 (M, 35000) and 2
(M, 40 000) protomers. The enzyme requires thiamine, FAD and biotin as coenzymes.
Control of pyruvate dehydrogenase activity is via covalent modification; a specific kinase
causes inactivation of the PDH by phosphorylation of three serine residues located in the
pyruvate decarboxylase/dehydrogenase component whilst a phosphatase activates PDH by
removing the phosphates. The kinase and phosphatase enzymes are non-covalently associ-
ated with the transacetylase unit of the complex. Here again we have an example of
simultaneous but opposite control of enzyme activity, that is, reciprocal regulation.
There are many examples of phosphorylation/dephosphorylation control of enzymes
found in carbohydrate, fat and amino acid metabolism and most are ultimately under the
control of a hormone induced second messenger usually, cytosolic cyclic AMP (cAMP).
PDH is one of the relatively few mitochondrial enzymes to show covalent modification
control, but PDH kinase and PDH phosphatase are controlled primarily by allosteric
effects of NADH, acetyl-CoA and calcium ions rather than cAMP (see Table 6.6).
Where two enzymes compete for the same substrate, we expect to see some form of
metabolic control and in this case the concentrations of NADH and acetyl-CoA are the
key controlling factors (Figure 6.44). When glucose is not available as a fuel, metabolism
switches to -oxidation of fatty acids, which generates more than sufficient quantities
of both NADH and acetyl-CoA to drive the TCA cycle and to maintain oxidative
phosphorylation. Pyruvate dehydrogenase activity is suppressed and pyruvate
carboxylase is stimulated by ATP, NADH and acetyl-CoA (strictly speaking by low
mitochondrial ratios of ADP/ATP, NAD" /NADH and coenzyme A/acetyl-CoA), so
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Table 6.6 Control of PDH kinase and PDH phosphatase
Activated by Inhibited by
PDH kinase (inhibits PDH activity) NADH NAD™
acetyl-CoA CoA
ATP ADP
Pyruvate
NADH

PDH phosphatase (activates PDH) NAD™ calcium ions
Note the complementary effects of NAD and NADH
channelling carbon atoms as pyruvate, but derived from lactate or some amino acids,

into OAA and then to glucose synthesis (Figure 6.45).
Pyruvate carboxylase plays another important role in regulating metabolism by

ensuring an adequate supply of OAA for the TCA cycle. Take a moment to stop and
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Pyruvate derived from glucose is converted to acetyl-CoA by PDH;
PC activity is low but helps to ensure adequate OAA to combine with acetyl-CoA for entry into the

TCA cycle.
Figure 6.44 Relative activities of PDH and PC during the fed and fasting states
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acetyl-CoA AN
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Acetyl-CoA is derived from the oxidation of fatty acids and pyruvate carbons are diverted to OAA.

Dotted lines indicate low activity; heavy lines represent accelerated activity.

Figure 6.44 (Continued)

think about the dynamics of this process. Acetyl-CoA can only enter the TCA cycle if
there is sufficient oxaloacetate to combine with it to form citrate (catalysed by citrate
synthase). An increase in pyruvate carboxylase activity when acetyl-CoA concentration
is high will ensure that OAA availability keeps pace with acetyl-CoA production; this is
an example of a ‘topping-up’ or anaplerotic reaction.

Following the conversion of pyruvate into oxaloacetate, phosphoenolpyruvate
carboxykinase (PEP CK) catalyses a decarboxylation to form PEP (Figure 6.42). This
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PEP CK PEP
Cytosol
Y\:MDH —
CAST

Mitochondrial
matrix

MAST

mMSD = mitochondrial malate dehydrogenase
mAST = mitochondrial aspartate transaminase

cMDH = cytsolic malate dehydrogenase
cAST = cytosolic aspartate transaminase

Translocase

Figure 6.45 Malate-OAA-aspartate loop

by-pass reaction is complicated by the fact that OAA, the product of the PC reaction, is
mitochondrial but PEP and PEP-CK are cytosolic so there has to be a translocation
between compartments. Oxaloacetate is converted into either malate or aspartate to
allow transport of the carbon atoms across the inner mitochondrial membrane
(Figure 6.46). Before PEP CK can complete the sequence either malate or aspartate
must be reconverted into OAA. This by-pass route is ‘expensive’ as it requires the
hydrolysis of both ATP and GTP. Figure 6.47 shows the PC and PEP-CK reactions.

The GNG pathway from PEP to fructose-1,6-bisphosphate is a reversal of the
glycolytic enzyme reactions (Figure 6.42, compare with Figure 1.20). The final two
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(a) pyruvate carboxylase

coo~ cCoo
Cc=0 PC C=0
| + CO,
CH, /\ CH,
ATP ADP + Pi CoO™
pyruvate oxaloacetate (OAA)
(b) PEPCK
COO™ COO~
PEP CK |
Cc=0 C—OP + CO,
CH, CH,
coo GTP GDP
PEP
OAA
Overall,
Pyruvate \ PEP
ATP ADP + Pi
GTP GDP

Figure 6.46 Pyruvate carboxylase (PC) and phosphoenolpyruvate carboxykinase (PEP CK) bypass
reactions

kinase reactions of glycolysis, PFK and HK/GK are reversed by specific phosphatases:
fructose-1,6 bisphosphatase (FBPase) and glucose-6-phosphatase. Note that the phos-
phatases release inorganic phosphate (Pi) and do not generate ATP when the substrates
are dephosphorylated. This combination of an ATP consuming kinase coupled with a
phosphatase has been called a futile cycle.

The first phosphatase step is very important: FBPase converts fructose,1-6-bisphos-
phate into fructose-6-phosphate under allosteric control of several factors but during
fasting, glucagon-induced regulation is crucial. One effect of glucagon stimulation of liver
cells is to reduce the concentration of fructose-2,6-bisphosphate, an isomer that activates
PFK-1 and is itself synthesized by PFK-2 when fructose-6-phosphate concentration rises
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Glucose

HK Glucose-6-phosphatase (liver only)

Glucose-6-phosphate

Phosphohexoisomerase (reversible)

Fructose-6-phosphate

PFK-1 Fructose-1,6 bisphosphatase

Fructose-1,6 bisphosphate

Key: HK = hexokinase
PFK-1 = phosphofructokinase-1

Figure 6.47 Two phosphatase reactions to overcome kinase reactions

(see Figure 3.4). Therefore, if the concentration of fructose-2,6-bisphosphate falls, its
stimulatory effect on PFK-1 also falls and not only is less fructose-6-phosphate converted
into fructose-1,6-bisphosphate, but the activity of fructose bisphosphatase increases and
so fructose-6-phosphate concentration rises. Glucagon therefore suppresses glycolysis
and permits gluconeogenesis to proceed.

In addition to the hormonal control of FBP, allosteric activation of the enzyme is
mediated by ATP and citrate, two of the modulators which along with long-chain fatty
acids inhibit PFK. When concentrations of citrate and ATP rise glycolysis is slowed and
GNG is simultaneously accelerated. A high concentration of ATP is clearly a signal that
the cell has sufficient energy currency; long chain fatty acids are a fuel and an important
potential source of ATP. The cytosolic concentration of citrate will rise when fatty acids
are being metabolized because a product of B-oxidation is acetyl-CoA, which along
with oxaloacetate forms citrate in the mitochondria; recall that ready availability of fat
as a fuel effectively accelerates gluconeogenesis. Recent dietary intake of fatty acids will
slow the metabolism of glucose through glycolysis (‘glucose sparing effect’, Figure 6.48)
and furthermore, by regulating glycolysis at a point after the formation of glucose-
6-phosphate, a larger amount of glucose may be diverted to glycogen synthesis
(Section 6.2.3). If, on the other hand, fat metabolism has been initiated by glucose
deficiency, that is hormone-stimulated mobilization of stored triglyceride in fasting or
exercise, glucose is not only synthesized from lactate, glycerol or amino acids (described
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Export from liver, mainly for CNS and

RBC
glucose

HK/GK net flux is towards glucose

glycogen
glucose-6-phosphate /

net flux is towards glc-6-P as F-6-P concentration rises

fructose-6-phosphate (F-6-P)

PFK-1 FBP
(=) ATP, citrate, LCFA (+) ATP and citrate
(+) fructose-2,6-bisP and F-6-P N
fructose-1,6-bisphosphate N

‘citrate derived from acetyl-CoA
activates FBP but inhibits PFK-1

Figure 6.48 Glucose sparing effect and net glucose synthesis when fatty acids are primary fuel

below) but whatever glucose may be available is routed to the CNS and red blood cells
whose metabolism relies heavily on this sugar.

6.5.2.1 GNG from the carbon skeletons of glucogenic amino acids and lactate
Following their deamination, several amino acids can be converted into oxaloacetate
via pyruvate or other components of the TCA cycle these are termed glucogenic amino
acids because their carbon atoms may eventually appear in glucose (see Table 6.7). The
carbon skeletons of other amino acids may be converted into acetyl-CoA or acetoacetyl-
CoA and these are ketogenic amino acids. A few amino acids be metabolized through
both glucogenic and ketogenic pathways.

As we have seen, normally pyruvate would be the substrate for pyruvate dehydro-
genase complex to form acetyl-CoA, but during fasting in the absence of glucose, acetyl-
CoA for the TCA cycle is derived from fatty acid B-oxidation (see Section 7.5.2) so
pyruvate is ‘diverted’ into oxaloacetate by the enzyme pyruvate carboxylase. Thus any
amino acids whose carbon skeletons can be converted into pyruvate, OAA or another
substrate of the TCA cycle, can be used for glucose synthesis.

The principal source of amino acids for gluconeogenesis is skeletal muscle and it is
significant that two important enzymes ALT (see Figure 6.2) and AST occur in both the
liver and the skeletal muscle as it is these enzymes that are responsible for re-cycling
carbon atoms into glucose. In the liver, alanine may be converted into pyruvate and
then, as shown in Figure 6.2, into oxaloacetate. Refer also to Figure 7.11, which shows
the glucose—alanine cycle.
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Table 6.7 Glucogenic and ketogenic amino acids

Amino acids that are

Glucogenic amino acids Ketogenic amino acids glucogenic and ketogenic
Alanine, arginine Isoleucine Phenylalanine

Aspartate, cysteine Leucine Threonine

Glutamate, glutamine Lysine Tryptophan

Glycine, histidine Tyrosine

Methionine, proline
Serine, valine

Additionally, several amino acids may undergo transamination to produce gluta-
mate which in the liver is oxidatively deaminated to form 2-oxoglutarate (2-OG, see
Figure 6.6), a substrate of the TCA cycle. Alternatively, glutamate may be converted into
glutamine, an important but often overlooked fuel substrate.

The Cori cycle. The production of pyruvate in the liver can also arise from lactate
released from exercising muscle. The anaerobic conditions created in muscles during
strenuous exercise cause much of the pyruvate generated from glucose metabolism in
glycolysis to be converted into lactate rather than acetyl-CoA. This metabolic adapta-
tion has two effects; firstly, generation of NADH from the TCA cycle is slowed to
balance the reduced rate of re-oxidation of coenzyme by the electron transport chain
arising from the relative lack of oxygen, and secondly, NAD™ is recycled in the cytosol
to maintain the activity of glyceraldehyde-3-dehydrogenase in glycolysis, because if the
action of this enzyme becomes jeopardized through lack of NAD™, glycolysis in the
muscle would be severely compromised. Lactate is exported from the muscle and
transported to the liver where it is acted upon by lactate dehydrogenase (LD);

lactate + NAD + —2, pyruvate + NADH +H*

LD occurs in various tissues of the body as five isoenzymes; details are given in Table 6.7.
Hepatic LD has a relatively high K, for lactate so only becomes significantly active when
lactate concentration rises above a typical cellular level.

OAA -----------> glucose
multiple steps

1
1
1
1
1
1
1
1
1
pyruvate carboxylase \
1
1
1
1
1
1
1

Glucose produced by GNG from alanine or lactate may then be recycled to the
tissues, including the muscle which provided the initial alanine and lactate.
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Chapter summary

The liver is metabolically the most complex and diverse organ in the body. Anabolic,
catabolic and interconversion reactions occur extensively within the liver to achieve
provision of important molecules to all tissues of the body. After feeding and prompted
by insulin, glucose is stored as glycogen and converted into fatty acid for export and
long term storage as triglyceride in adipose tissue. During short periods of fasting,
blood glucose concentration is maintained by glycogenolysis, but as the period of
fasting progresses, gluconeogenesis and ketogenesis become more prominent as means
of supplying fuels to tissues, especially the central nervous system. In effect, the liver is
the body’s ‘fuel valve’, helping to regulate the supply of raw materials to other tissues.
Partly as a result of the metabolic complexity we find in the liver, hepatic pathways
illustrate the full range of control mechanisms; substrate inhibition, allosteric effects,
covalent modification and induction.

The liver is the body’s major site of waste processing prior to its disposal via the gut or
kidneys. A wide variety of unwanted molecules, both endogenous in origin and xeno-
biotics, are rendered less harmful by enzyme systems most of which are associated with the
smooth endoplasmic reticulum of the liver cells. The majority of the proteins found in the
plasma are synthesized in the liver, including those known collectively as acute phase
proteins and clotting factors, all of which are involved with the body’s response to trauma
and infection, carrier proteins, albumin which regulates fluid balance, and those many
proteins whose functions are not yet known. Aside from glycogen, the storage functions of
the liver have not been discussed in detail in this chapter but many important micro-
nutrients such as vitamins and trace elements are stored in the liver.

Overall, it should not be surprising that damage to the liver (e.g. viral or toxic
hepatitis) or genetic defects affecting pathways within the tissue often lead to
pathology.

Case notes

1. A 26-year-old male consulted his general practitioner complaining of lethargy and loss of
appetite following a short period of ‘flu-like symptoms. The young man showed no obvious
clinical signs but on questioning, the he informed the GP that he had recently returned from a
prolonged visit to India where, for the last 8 weeks of his stay, he had been doing voluntary work
in a rural community. The GP took a blood sample and asked the patient to return in a week to
discuss the results. Initial blood tests revealed the following results;

reference range:

Bilirubin 22 umol/1 5-17 umol/l
Aspartate transaminase (AST) 6801U/1 10-501U/1
Alanine transaminase (ALT) 5651U/1 10-401U/1
Albumin 42¢/1 35-45g/1

Alkaline phosphatase 120 U/1 <250U/1
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This pattern of results is typical of hepatocellular damage (necrosis). The high activity of AST
and ALT are due to leakage from damaged cells; the normal albumin value indicates that this is
an acute (recent) condition. The modest rise in bilirubin concentration in plasma is not itself
diagnostic at this stage.

At the second consultation, the patient said that he felt better but the GP noticed he was now
clinically jaundiced (yellow discolouration of the skin and the whites of the eyes) which
supported the suspicion of viral hepatitis. To confirm the diagnosis, the GP took another blood
sample for analysis. The results were;

reference range:

Bilirubin 68 pmol/l 5-17 pmol/l
Aspartate transaminase (AST) 350 10/1 10-501U/1
Alanine transaminase (ALT) 21510/1 10-40TU/1
Albumin 44 ¢/1 35-45g/l
Alkaline phosphatase 145U/1 <250U/1
Viral serology Positive for HBsAg (hepatitis B

surface antigen), and anti-HBc
(hepatitis B core antigen)
IgM antibody

The activity of AST and ALT had by this time passed their peak but the bilirubin concentration
was elevated, often good signs that the acute condition is beginning to reside. Viral serology
provided definitive evidence of hepatitis B infection; this is not uncommon in conditions where
sanitation is rudimentary. The patient made a full recovery about 4 months after diagnosis, but
was advised to abstain from alcohol for several more months.

A mother became increasing concerned about the health of her 6-month-old son. Within a few
weeks of birth he developed an enlarged abdomen. The child often appeared pale and had several
episodes of excessive sweating and weakness. The symptoms were relieved by eating. A fasting
blood sample gave, among others, the following results;

reference range
Glucose 1.9 mmol/l 3.2-5.5 mmol/l
Free fatty acids 1.7 mmol/l <1.0 mmol/l

The paediatrician suspected an inborn error of metabolism and further studies showed the
activity of glucose-6-phosphatase to be greatly reduced, confirming a diagnosis of type la
glycogen storage disease (von Gierkes disease). Hepatomegaly (enlarged liver) the cause of the
protuberant abdomen, is characteristic of this autosomal recessive condition.

Fasting hypoglycaemia occurs in a number of genetically determined disorders of
carbohydrate metabolism. In this case, the cause is due to the inability to top-up blood
glucose concentrations. The low glucose concentration initiated adrenalin secretion (the fight or
flight reaction or more accurately in this case in response to hypoglycaemic stress) which
mobilized fatty acids from adipose tissue to provide fuel for metabolism. The only remedy
other than a liver transplant is frequent feeding to maintain blood glucose concentration.

S.A. was a 21-year-old who was surprised to discover that she was approximately 7 weeks
pregnant. Although this pregnancy had occurred somewhat earlier in their marriage than she and
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her husband had anticipated, both were happy with the news even though they realized it meant
that their busy social lives would come to an end.

At her first consultation, S. stated that for the previous 3 years she had been an occasional smoker,
often drank ‘fairly heavily’ at weekends with friends but denied having a ‘drink problem’. She was
informed of the potential dangers of smoking and heavy drinking during pregnancy and strongly
advised to reconsider both habits.

The pregnancy went to term, although the obstetricians grew a little concerned in the last few weeks
S as did not gain weight normally suggesting some fetal growth retardation. At birth, the baby was
indeed underweight for gestational age, had a slightly smaller head than usual and showed mild facial
abnormalities around the mouth and eyes. A diagnosis of fetal alcohol spectrum disorder (FASD) was
made.

FAS is just one, but an extreme, example of FASD in which those affected suffered poor growth
and development during pregnancy and during childhood, congenital abnormalities of the head and
face, behavioural disturbances such as short attention span and hyperactivity often with intellectual
retardation. Some of these early problems were apparent in SA.’s baby, but only to a mild degree. The
incidence of full-blown FAS is quite low, estimates vary from less than 1/1000 in the United Kingdom
and Canada to nearly 10/1000 in the United States. Damage to the developing fetus may be caused by
‘binge drinking’ at around the time of conception until about 10 weeks into the term (was apparently
the case with S.A.) or in chronic alcoholics who drink heavily throughout pregnancy. Confounding
factors such as poor nutrition, smoking and use of other drugs during pregnancy are believed to be
important as not all, even very heavy, drinkers deliver an affected child. The mechanisms involved
with damage are not entirely resolved but toxic effects of acetaldehyde, poor oxygen delivery due to
abnormalities with erythrocytes and disturbance with prostaglandin production have all been
suggested as contributing factors.

Alcohol consumption is very difficult to assess. There is widespread belief that individuals under-
report their intake and there are no reliable laboratory tests available for definitive diagnosis of alcohol
abuse. A combination of abnormalities in the plasma activity of gamma-glutamyl transferase (GGT or
YGT), AST and reduction in erythrocyte mean cell volume (MCV) may be useful and all are ‘routine’
lab. tests. A potential marker of interest is carbohydrate-deficient transferrin (CDT) which is an
abnormal isoform of serum transferrin arising due to defects in the attachment of carbohydrate chains
to the protein core. Unfortunately, CDT is a somewhat specialized test, not performed by most
laboratories. Other markers which have attracted some research interest are ethyl sulphate and ethyl
glucuronide. Excretion in the urine of these metabolites occurs for up to 50 hours after ‘binge’
drinking so they offer a useful index of recent heavy alcohol intake.

For current guidelines and recommendations of alcohol consumption during pregnancy, refer to
the web site of the Royal College of Obstetricians and Gynaecologists.




7

Biochemistry of muscle

Overview of the chapter

This chapter considers the structure of muscles and biochemical processes that operate to
generate energy for contraction and the contribution muscle makes to the supply of substrates
such as amino acids and lactate (which are used by the liver to generate glucose) and ketone
bodies (which act as fuels for other tissues of the body). Histologically, there are three types of
muscle; striated skeletal, striated cardiac and smooth muscle. The mechanism of contraction of
all three types is powered by ATP and is explained by the sliding filament hypothesis of actin
and myosin interaction; the physiological control of contraction varies between striated
and smooth muscle. Metabolically, different types of muscle cells are distinguished by their
reliance on mainly oxidative or non-oxidative pathways of ATP generation. Muscle is a
significant consumer of the body’s fuel, using mainly fatty acids during basal conditions
supplemented by carbohydrate during exercise. Muscle is quantitatively the body’s most
important insulin-sensitive tissue.

Key pathways

Glycogenolysis and glycogen synthesis; B-oxidation of fatty acids; transamination and
deamination of amino acids; Cori cycle and glucose—alanine cycle, which recycles substrates
between muscle and liver.

7.1 Introduction

Contributing up to 40% of the total body mass, muscle is the most abundant tissue in
the human body. Furthermore, it is, along with adipose tissue, one of the few tissues
whose mass may change dramatically during adulthood. Good practices (e.g. regular
exercise) and also bad practices (anabolic steroid abuse) can increase muscle mass,
physique and stamina. On the other hand, chronic illness, especially if an individual is
bed-ridden, and the general aging processes reduce muscle bulk. Muscles require a

Essential Physiological Biochemistry: An organ-based approach ~Stephen Reed
© 2009 John Wiley & Sons, Ltd
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continual supply of energy for contraction but inherent differences in the metabolic
characteristics between myocytes of skeletal and smooth fibres, plus the ability of
muscle cells to adapt to changing circumstances mean that this tissue, like the liver, has
been a valuable one for the study of fuel metabolism.

7.2 Physiology of muscles

The anatomical unit of muscle is an elongated cell called a fibre. Each individual fibre
cell consists of myofibrils which are bundles of contractile protein filaments composed
of actin and myosin (Figure 7.1). Differences in structure indicate that muscles have
evolved to perform particular functions. Although the structure of fibres, myofibrils
and filaments of actin and myosin, is similar in all muscle types, their arrangement,
action and control allow identification of three tissue types:

o striated muscle (skeletal or voluntary),
¢ smooth muscle (involuntary or visceral),

e cardiac muscle.

Skeletal muscle, also known as striated muscle because of the microscopic appear-
ance, is responsible for locomotion and those fine, voluntary movements of the
body which are under conscious control. Smooth muscle exerts automatic, involuntary
control on physiological systems such as controlling tone of the blood vascular system
and peristalsis in the gut. Cardiac muscle, although striated like skeletal muscle,
maintains the automatic regular rhythm of the heart beat and so functions without
conscious or deliberate control rather like smooth muscle. Some important character-
istics of these three tissues are summarized in Table 7.1.

Functional differences are reflected by metabolic characteristics of the skeletal
musculature in particular where specialized cell types have evolved to permit activity
of different intensity and duration to accommodate the wide range of actions for which
skeletal muscle is responsible.

The contractile filaments of smooth muscle run length-wise through the cell but
because they are neither grouped together into fibrils nor of the same length, there is no
regularly arranged pattern and thus no striations as seen in skeletal muscle. Smooth
muscle contracts relatively slowly but is able to maintain an even tension for long
periods of time, a feature which explains its importance in regulating the tone of
blood vessels, peristalsis in the gut, regular contraction/relaxation of the respiratory
muscles and allowing the filling and subsequent emptying of the urinary bladder.
Pain oflabour and childbirth is due to regular and strong contraction of uterine smooth
muscle followed by an expulsive force at parturition.

In contrast, skeletal muscle contraction is more rapid than that of smooth muscle
but skeletal muscle cannot maintain the same tone for long periods of time.
As indicated in Table 7.1, we can distinguish sub-types of muscle fibre within
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(a) actin

O G-actin

N\~ Tropomyosin

Q Troponin complex consisting of
Tnl, TnC and TnT

(b) single myosin molecule consisting of two intertwined chains.

globular head
of heavy chain

fibrous tail region of heavy chain

Light chain

(c) A thick myosin filament is an assembly of many myosin
molecules arranged in a staggered side-by-side and
end-to-end fashion

Tail region

AN /7

ATP’ase ‘heads’

Figure 7.1 Actin and myosin filaments
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skeletal muscles. Type I fibres take approximately 100 ms to contract fully and are
known as ‘slow-twitch’ fibres. Because type I fibres utilize mainly metabolically
efficient oxidative metabolism, that is the TCA cycle and oxidative phosphorylation,
to obtain energy they are also slow to fatigue but cannot produce an energy surge if
suddenly called upon for high power output.

There are two subgroups of type II fibres both of which are known as ‘fast-twitch’
requiring only about 40 ms to reach maximum tension. Type Ila fibres are like type I in
that they are fatigue-resistant but derive their energy from oxidative and glycolytic
metabolism to provide moderate power output. Type IIb fibres rely on glycolytic
metabolism which enables high power generation but over a short period of time before
tiring. The glycolytic activity of type I fibres is low in comparison with type II fibres.
It should not be assumed that a particular whole muscle, say, the biceps of the upper
arm or the gastrocnemius in the lower leg will be composed of only one type of fibre.
All skeletal muscles contain all three types of fibre. Such an organization of fibre types
allows a muscle to exhibit a graded response to physiological demands, and to optimize
and adapt substrate utilization accordingly. The proportion of fast and slow fibres
any individual possess is genetically determined and dictates whether the person is
suited to sporting events which require endurance (marathon, slow type I fibres) or
explosive power (e.g. sprinting, fast type IIb fibres). Athletic training programmes can
optimize the metabolic potential of muscles (see Section 7.7).

7.2.1 Muscle contraction

Contractile proteins which form the myofibrils are of two types: myosin (‘thick’
filaments each approximately 12nm in diameter and 1.5 um long) and actin (‘thin’
filaments 6 nm diameter and 1 wm in length). These two proteins are found not only
in muscle cells but widely throughout tissues being part of the cytoskeleton of all cell
types. Filamentous actin (F-actin) is a polymer composed of two entwined chains
each composed of globular actin (G-actin) monomers. Skeletal muscle F-actin has
associated with it two accessory proteins, tropomyosin and troponin complex which are
not found in smooth muscle, and which act to regulate the contraction cycle (Figure 7.1).

Tropomyosin is a fibrous molecule which twists around the F-actin strands. The
troponin (Tn) complex is composed of three proteins; Tnl (I = inhibitory) which
prevents myosin binding to actin in the resting muscle, TnT which binds tropomyosin
and TnC (C for calcium-binding). Cardiac muscle troponins are different from those of
skeletal muscle and are designated cTnl, cTnT and ¢TnC.

Myosin’s quaternary structure consists of two heavy chains (M, 200kDa), each
with head and a tail, and two pairs of light chains (20kDa). The heavy chain tails
entwine with each other whilst the globular ‘heads’ of the myosin associate with the
light chains and have an F-actin binding domain and inherent ATPase activity. A key
difference between the subtypes (I, ITa and IIb) of fibre is the particular isoforms of
myosin ATPase they posses. Bundles of myosin molecules aggregate together in a
staggered fashion so that the heads form a helical arrangement.
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(a) cross-section through fibre at X on figure b) below
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Figure 7.2 Arrangement of actin and myosin filaments

Our understanding of muscle cell contraction is based on the sliding filament model
proposed in the mid-1950s. In this model, actin and myosin filaments are arranged
in parallel with each thick myosin filament being surrounded by six thin actin filaments
as shown in Figure 7.2. The pattern of striations seen by light microscopy is due to the
regular arrangement of actin and myosin filaments. Contraction requires the two types
of filament to become cross-linked by ‘bridges’” formed by the myosin heads where the
ATPase activity is located. In relaxed skeletal and cardiac muscle, actin-bound
tropomyosin prevents the interaction between the actin and the myosin.

Muscle fibre shortening occurs when the actin filaments slide between the myosin
filaments. The staggered helical arrangement of the myosin heads ensures multiple cross
bridge interactions between the myosin and F-actin at different positions along the
length of the actin filament. To try to visualize the process, imagine that the thick myosin
containing filaments are fixed and immobile and the myosin head attaches to the thin
filament and pulls it along the length of the thick filament in an analogous motion to
collapsing an extendable ladder. The overall length of the fibril shortens but the length of
each filament remains the same as they slide over each other.

Hydrolysis of ATP provides the energy required for each stroke of myosin heads to
pull on the actin filament so shortening the muscle fibre (Figure 7.3). In the resting
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Figure 7.3 Skeletal muscle contraction

state, ATP binds to the head and the ATPase in the myosin head forms ADP and
inorganic phosphate (Pi). In this ‘high energy’ conformation, the head is held in a
‘cocked’ position but tropomyosin prevents contact between the myosin head and actin
filament. However, when the muscle fibre receives a neural stimulus mediated by
acetylcholine released at the neuromuscular junction, the muscle membrane is
electrically depolarized as sodium ions enter the cell. Calcium ions are released from
the sarcoplasmic reticulum; the calcium binds to troponin-C, causing the tropomyosin
to reposition itself on the actin, so relieving the inhibition to myosin binding and
allowing the formation of a cross-bridge.

The power stroke actually occurs when first Pi and then ADP are released causing a
conformational change in the myosin as the cocked head moves to a lower energy
conformation; this movement exerts a pulling action on the actin filament and the
fibre shortens. The binding of another ATP to the myosin weakens the attachment
between the myosin head and the actin filament allowing the repositioning of the
head at another part of the actin; another bridge is made between the myosin head and
actin, providing of course that cytosolic Ca** concentration remains high enough to
prevent tropomyosin blocking the interaction, and the stroke cycle repeats. Each cycle
takes typically about 30us to complete. It is worth just taking a minute to stop
and consider the high degree of physiological coordination required to ensure that
the process described occurs simultaneously at multiple sites in multiple fibres to
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achieve the smooth flexing of a muscle controlling, for example, the movement of an
arm or leg.

ATP is used not only to power muscle contraction, but also to re-establish the resting
state of the cell. At the end of the contraction cycle, calcium must be transported back
into the sarcoplasmic reticulum, a process which is ATP driven by an active pump
mechanism. Additionally, an active sodium-potassium ATPase pump is required to re-
set the membrane potential by extruding sodium from the sarcoplasm after each wave
of depolarization. When cytoplasmic Ca*" falls, tropomyosin takes up its original
position on the actin and prevents myosin binding and the muscle relaxes. Once back in
the sarcoplasmic reticulum, calcium binds with a protein called calsequestrin, where it
remains until the muscle is again stimulated by a neural impulse leading to calcium
release into the cytosol and the cycle repeats.

The calcium mediated contraction of smooth muscle, which unlike striated muscle
does not contain troponin, is quite different and requires a particular calcium-binding
protein called calmodulin. Calmodulin (CM) is a widely distributed regulatory protein
able to bind, with high affinity, four Ca* per protein molecule. The calcium—calmodulin
(CaCM) complex associates with, and activates, regulatory proteins, usually enzymes, in
many different cell types; in smooth muscle the target regulatory proteins are caldesmon
(CDM) and the enzyme myosin light chain kinase (MLCK). As described below, CaCM
impacts on both actin and myosin filaments.

In smooth muscle, caldesmon plays an analogous role to that of troponin in
striated muscle in that it ‘blocks’ the myosin binding sites. The CaCM complex
removes caldesmon from its binding on the thin actin filaments allowing
tropomyosin to reposition in the helical grooves of F-actin leading to myosin ATP’ase
activation.

In addition to the displacement of caldesmon, smooth muscle cell contraction
requires kinase-induced phosphorylation of myosin. Smooth muscle has a unique type
of myosin filament called p-light chains which are the target (substrate) for MLCK,
but MLCK is only active when complexed with CaCM. Myosin light chain phosphatase
reverses the PKA-mediated process and when cytosolic calcium ion concentration falls,
CDM is released from CaCM and re-associates with the actin. The central role of
calcium-calmodulin in smooth muscle contraction is shown in Figure 7.4.

Furthermore, as well as CaCM-induced phosphorylation, MLCK is also subject to
control via a cAMP-dependent protein kinase, PKA. Phosphorylated MLCK binds
CaCM only weakly, thus contraction is impaired. This explains the relaxation of
smooth muscle when challenged with adrenaline (epinephrine), a hormone whose
receptor is functionally linked with adenylyl cyclase (AC), the enzyme that generates
cAMP from ATP.

7.3 Fuel metabolism within muscles

Because of its very active nature, skeletal muscle has long been a favourite tissue for
biochemists to study metabolism and its regulation. Although skeletal muscle uses



7.3 FUEL METABOLISM WITHIN MUSCLES 237

Adr

AC (embedded within cell membrane)

ATP —> cAMP

PKA Actin-CDM
inhibited

MLCK

MLCK-P CaCM
Iow\ N
affinity ~ . 7

MLCK-CaCM CaCM-CDM

Actin

‘active’
ATP ADP

p-light chain _~"~ . p-light chain

myosin-OH myosin-P

>

MLCK phosphatase CONTRACTION

Pi H.0

Key:
Adr
AC
PKA
CaCM
CDM
CaCM-CDM

adrenalin

adenylyl cyclase

protein kinase A

calcium-calmodulin complex

caldesmon
calcium-calmodulin-caldesmon complex

Figure 7.4 Control of smooth muscle contraction

pathways found in tissues such as liver and adipose in particular, the structure and
kinetic properties (i.e. K, and V,,,,) of enzymes within common pathways are often
different reflecting the particular circumstances found in muscles.

All muscle types require ATP to achieve contraction. Glucose, fatty acids and amino
acids may all be used as oxidizable substrates to produce ATP and all three energy
sources may be obtained from stored intracellular sources (glycogen, triglyceride and
protein) or imported from the blood stream. In quantitative terms, skeletal muscle is
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the most important insulin-sensitive tissue in the body. Insulin stimulation promotes
the uptake of amino acids and glucose, the latter mediated by GLUT-4 proteins (type 4
glucose transporters) in the cell surface, for the synthesis of structural protein and
glycogen respectively, providing an excellent example of insulin’s overall anabolic
actions on tissue metabolism.

Asyou sit quietly reading this chapter, your heart and the skeletal muscles you use to
turn the pages are using mostly fatty acid catabolized via the B-oxidation pathway,
described later in this chapter (Section 7.5) to meet their energy requirements, whilst
the smooth muscle controlling your internal organs such as gut and blood vessels are
using glucose as their primary energy source. In the event that you should need to
generate energy to allow a burst of activity, your heart will use glucose to supplement its
energy production and the skeletal muscles in your legs will draw upon their own
internal reserves of glycogen.

Recall from Section 7.2 that type I fibres are slow-twitch and use mainly aerobic
oxidative mechanisms to generate the ATP they need to function. Type I fibres are fast
twitch. The type Ila fibres are also aerobic whereas type IIb fibres have a greater
glycolytic capacity and so can tolerate relatively anaerobic conditions. Because type I
and type Ila fibres utilize oxidative metabolism, that is the Krebs TCA cycle and
oxidative phosphorylation, to generate energy for contraction they require a rich blood
supply and contain a significant amounts of myoglobin, a protein which consists of a
haem prosthetic group bound to a single polypeptide chain to act as an internal oxygen
depot. The haem groups in myoglobin along with those in respiratory cytochromes in
the numerous mitochondria contribute to the red—brown appearance of the tissue.
Because glucose is readily taken up via GLUT proteins, type I fibres require relatively
little glycogen storage capacity, but they do, however, have substantial stores of
triglyceride. This source of energy is augmented by the action of endothelial lipase
in muscle capillaries. This is an enzyme that enables fibres to extract fatty acids from
blood-borne triglyceride-rich very low density lipoproteins from the liver and chylo-
microns synthesized in the gut following a meal.

Type IIb fibres exploit non-oxidative, that is anaerobic glycolysis, to generate ATP.
Because glycolysis is a relatively inefficient mechanism for ATP generation (only 2
moles of ATP per mole of glucose), white muscle (no myoglobin) requires a store of
glycogen if adequate energy is to be provided for contraction during periods of maximal
activity. Conceptually, the processes of glycogenesis and glycogenolysis in muscle are
the same as in the liver (see Figure 7.5 and Chapter 6) but there are important metabolic
differences between the two tissues.

Muscle glycogen phosphorylase is one of the most well studied enzymes and was
also one of the first enzymes discovered to be controlled by reversible phosphorylation
(by E.G. Krebs and E. Fischer in 1956). Phosphorylase is also controlled allosterically
by ATP, AMP, glucose and glucose-6-phosphate. Structurally, muscle glycogen phos-
phorylase is similar to its hepatic isoenzyme counterpart composed of identical
subunits each with a molecular mass of approximately 110 kDa. To achieve full activity,
the enzyme requires the binding of one molecule of pyridoxal phosphate, the active
form of vitamin Bg, to each subunit.
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Figure 7.5 Glycogen metabolism in muscle (compare with Figure 6.22)

The role, and therefore the control of activity of muscle glycogen phosphorylase
(GP) is different to that of the liver isoenzyme described in Section 6.5. Both of
the tissue specific isoenzymes are subject to hormone-induced phosphorylation in
response to systemic physiological conditions. Muscle glycogen phosphorylase
is activated via a signalling cascade mechanism initiated by adrenaline stimulation
(‘fight or flight' response) but the liver is stimulated by glucagon, a hormone
signal indicating that the body is a fasting state. In liver and muscle, phosphorylation
converts the ‘b’ form to the ‘@’ form (GPb and GPa respectively), both of which
are in the T allosteric state and so essentially inactive (Figure 7.6 and refer to
Section 3.2.2 also).

The interconversion of GPa and GPb from the T allosteric state (inactive) to the R
allosteric state (active) is meditated by AMP (high cellular AMP concentration can be
equated with a low concentration of ATP). In contrast, glucose, glucose-6-phosphate
and ATP (signs of an ‘energy-rich’ cell), all suppress glycogen phosphorylase activity
by causing an R to T transition. In short, muscle glycogen phosphorylase is very
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Figure 7.6 Activation of muscle glycogen phosphorylase

sensitive to local intracellular metabolite concentrations, reflecting changes in
physical activity. It should be noted that glycogen stores in muscle are limited and
will support contraction for only a few minutes, after which time glucose supplied by
gluconeogenesis from lactate generated during exercise and fatty acids become more
important fuel sources.

Furthermore, the liver, but not muscle, contains the enzyme glucose-6-phosphatase
which allows glycogen catabolism to continue to glucose, which is exported from the
liver to sustain metabolism in other tissues, especially the central nervous system and the
red blood cells. However, glycogen stored in muscle is intended exclusively for use by
muscle during exercise when glucose-6-phosphate is fed directly into glycolysis to power
contraction, hepatic glycogen is a depot store of glucose potentially for use by all tissues.
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A means of co-ordinating muscle contraction with glycogenolysis is required.
A dramatic 100-fold increase in cytosolic Ca’" concentration from 10”7 to 107>
molar initiates both glycogenolysis and muscle contraction. This increase in cytosolic
calcium concentration is mainly due to release of calcium from the sarcoplasmic
reticulum in response to acetylcholine stimulation of the muscle fibre (Figure 7.7).
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7.4 Maintenance of ATP availability in active muscle

ATP is the only suitable source of energy for the contracting muscle cell; however the
ATP concentration in muscle cells is very limited (e.g. approximately 25 mmol/kg of
dry skeletal muscle tissue). This amount is sufficient to keep muscles contracting at
their maximal capacity for only a few seconds, thus active muscle cells must be able to
recycle ADP to ATP to maintain contraction. If the need for contraction extends
beyond a few seconds, fibres which require glucose as their fuel and energy source will
begin to rely on hepatic gluconeogenesis to top-up their fuel supply and oxidative-type
muscle fibres will increase their use of fatty acid to produce acetyl-coenzyme A for the
TCA cycle. Additionally, myocytes have enzyme-driven mechanisms which efficiently
recycle ADP generated during contraction. These are the reactions we will consider in
the following section.

7.4.1 Gluconeogenesis: an hepatic pathway that uses substrates derived
from muscle to sustain contraction and to provide fuels for other tissues

Fast fibres which rely on anaerobic glycolysis during sudden bursts of activity generate
lactate and tire easily are said to have a low ‘anaerobic threshold’. This situation occurs
especially in a relatively sedentary individual, and one of the important adaptations
induced by athletic training is the reduction in lactate accumulation after exercise.
Slow fibres do not provide a sudden burst of power and have a higher anaerobic
threshold so are able to work effectively for longer periods of time. Some of the lactate
can be usefully recycled via the Cori cycle (Figure 7.8) for the production of glucose
as part of gluconeogenesis or carried by the blood stream to the liver or heart where it
may be oxidized and channelled into the Krebs cycle following conversion into
pyruvate and then to acetyl-CoA.

In the liver, the lactate may be oxidized to pyruvate and the carbon atoms routed to
glucose synthesis in a series of reactions which constitute gluconeogenesis. The details
of this pathway are given in Section 6.5.2 and outlined in Figure 7.9, but in essence
because most of the reactions of glycolysis are reversible, the enzymes are ‘shared’
between glycolysis and gluconeogenesis and carbon atoms of certain amino acids
(notably alanine), glycerol or muscle-derived lactate can be used to generate glucose,
which in turn is released from the liver and may be used by actively contracting
anaerobic muscles to maintain a supply of ATP via substrate level phosphorylation.

A key enzyme in the process of recycling lactate from muscle to liver is lactate
dehydrogenase (LD) which catalyses the reversible interconversion of lactate and
pyruvate. This important reaction is shown in Figure 7.10.

LD occurs in five isoenzymic forms and is widespread in cells around the body. The
five isoenzymes arise due to the quaternary arrangement of the four subunits which
comprise the enzyme. The subunits are of two types, H (heart) and M (muscle) and
arranged as shown in Table 7.2.
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As might be expected, the kinetic properties of the five LD isoenzymes vary widely.
LD1 has a low K, for lactate thus ensuring that lactate does not accumulate in heart
muscle and so cause fatigue. Expressing this in another way, we can say that cardiac
muscle is a net consumer of lactate generated by erythrocytes and skeletal muscle. LD5
hasalow K, for pyruvate to allow rapid reduction to lactate and simultaneous generation
of reduced nicotinamide adenine dinucleotide (NADH), which is required for full
activity of glyceraldehyde-3-phosphate dehydrogenase, a key enzyme in glycolysis.

If food is unavailable for more than approximately 24 h, glycogen reserves in the
liver will become depleted and the individual would enter a state of biochemical
starvation. Progressive loss of muscle protein (wasting) would occur in order to
generate sufficient glucose to maintain the metabolic activity of, in particular, the
central nervous system.

Muscle protein catabolism generates amino acids some of which may be oxidized
within the muscle. Alanine released from muscle protein or which has been synthesized
from pyruvate via transamination, passes into the blood stream and is delivered to the
liver. Transamination in the liver converts alanine back into pyruvate which is in turn
used to synthesise glucose; the glucose is exported to tissues via the blood. This is the
glucose-alanine cycle (Figure 7.11). In effect, muscle protein is sacrificed in order to
maintain blood adequate glucose concentrations to sustain metabolism of red cells and
the central nervous system.

7.4.2 Recycling of ADP

Muscle contraction produces ADP; if this cannot be recycled to ATP contraction will
cease. Rephosphorylation of ADP by mitochondrial oxidative phosphorylation is an
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Figure 7.9 Outline of gluconeogenesis

obvious option for regenerating ATP, but this applies mainly to oxidative type I fibres.
The predominantly non-oxidative type Ila fibres may use glycolysis to generate ATP
from ADP via substrate level phosphorylation but this is quantitatively a relatively
inefficient process. To prevent premature fatigue arising from a lack of energy,
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Table 7.2 Isoenzymic forms of lactate dehydrogenase

245

Approximate % of tissue total LD activity
(values rounded to nearest 5%)

Designation Subunit arrangement Cardiac muscle Erythrocyte Skeletal muscle Hepatocyte

LD1 Hy 60 40 <5 <5
LD2 H;M 30 45 <5 <5
LD3 H,M, <10 10 20 15
LD4 HM; <5 <5 15 15
LD5 M, <5 <5 55 65
Other tissues,
especially CNS and RBC
glucose
%
t
pyruvate glucose
A
alanine Multiple \\sieps, GNG
/]\ alanine ——> pyruvate
protein
Key: CNS central nervous system
RBC red blood cells
GNG gluconeogenesis, see figure 7.9

Figure 7.11 Glucose-alanine cycle
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specialized mechanisms have evolved to supplement oxidative phosphorylation
and glycolysis to ensure an adequate resupply of ATP to actively contracting muscles.
Two enzymes, creatine kinase (CK) and adenylate kinase (AK), are important in this
context: These reactions are summarized in Figure 7.12.

7.4.2.1 Creatine and creatine kinase
Creatine is synthesized from glycine and arginine (Figure 7.13) and requires S-adenosyl
methionine (SAM) as a methyl group donor.

Creatine phosphate (also called phosphocreatine, PCr) is a small compound which is
amore ‘energy rich’ (has a more negative AG®’) and is present in greater concentration
(~75 mmol/kg) than ATP and so is able to rephosphorylate ADP so acts as an ‘energy
buffer’:

ADP+Pi+H"* — ATP AG” ~ +30.5k]/mol
Creatine phosphate — creatine + Pi AG® ~ —45k]/mol
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Adding:

ADP +H™" + creatine phosphate — ATP + creatine AG® ~ —14.5kJ/mol
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Figure 7.13 Creatine synthesis

The enzyme responsible for this ‘topping-up’ ATP in active muscle is CK. CK is
found in high concentration in muscle cells, both free within the sarcoplasm and
also associated with membranes of mitochondria and the sarcoplasmic reticulum.
Structurally, creatine kinase is a dimeric enzyme of B and/or M subunits, each of
about 40 kDa. Three quaternary structure isoenzyme forms arise: CK-MM, CK-BB and
CK-MB. The predominant form in all muscles is CK-MM, but cardiac muscle also
contains a significant amount of CK-MB and this isoenzyme can be used as a specific
marker of myocardial damage (see Case Notes at the end of this chapter).

During periods of recovery following exercise, creatine phosphate is regenerated at
the expense of ATP synthesized from mitochondrial oxidative phosphorylation; energy
‘currency’ is paid into a reserve account, or reservoir, for the next period of sustained

exercise.
creatine + H" ﬁmeaﬂne phosphate

ATP ADP

Under standard conditions, this reaction would be unfavourable but physiological
conditions during recovery phase after exercise are such as to allow creatine phosphate
formation to occur.

The rate of creatine phosphate resynthesis differs between type I and type II fibres
and according to the type and duration of exercise undertaken. A key controlling factor
of the enzyme is pH. Severe exercise reduces cellular pH, due largely to excessive
production oflactate. Only when the pH has been restored to approximately 7.0 can CK
begin to resynthesize PCr. Evidence exists to suggest that dietary supplementation with
creatine leads to an increase in cellular concentrations, which may bring about
improvement in sporting performance, probably by reducing recovery time after
exercise. Creatine is excreted from the body as creatinine, one of the nitrogenous waste
products found in urine.
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7.4.2.2 Adenylate kinase (AK)
Whereas CK rephosphorylates ADP using PCr as the phosphate donor, AK (also called
myokinase or AMP kinase) uses another molecule of ADP as the phosphate donor.

ADP + ADP — ATP 4+ AMP

The AK reaction could lead to significant accumulation of AMP. Ideally repho-
sphorylation of AMP to ATP would occur to maintain ATP concentration but this is
not really an option because the bioenergetics of such a reaction are so unfavourable,
therefore an alternative mechanism of recycling AMP is required. An enzyme called
AMP deaminase (AD) is important in this process. The activity of AMP deaminase
is really one of AMP removal rather than recycling of AMP to ATP.

AMP + H,0 22 IMP + NH;

The enzyme AMP deaminase is inactive in the sarcoplasm in a resting muscle but is
activated by (i) low pH and (ii) a reduction in the [ATP]-to-[AMP] ratio; both of these
changes are consistent with actively working skeletal muscle.

Combining the AK and AMP deaminase reactions:

2ADP — ATP + AMP  (AK reaction)
AMP +H,0 — IMP + NH; (AMP deaminase reaction)
Overall, 2 ADP + H,O — ATP + IMP -+ NH;,

Clearly therefore, some adenosine nucleotides are effectively ‘lost’ from the cell during
normal ATP turnover by conversion into inosine or inosine monophosphate (IMP)
(see Figure 7.14), so although ATP has been regenerated by the AK and AD reactions,
the overall reaction appears to be a wasteful process because a purine nucleotide (IMP)
which has little or no value as a high energy compound has been formed. However,
the production of ammonia which occurs during the deaminase reaction may be
physiologically significant because (a) it is a base and given that cellular pH is likely to
drop during periods of anaerobic metabolism, the NHj3 may help to buffer the
sarcoplasm and (b) in vitro at least NH3 is an activator of phosphofructokinase (PFK),
a key regulatory enzyme in glycolysis.

The loss of AMP especially in active muscles is partly ameliorated by recycling of IMP
via adenylosuccinate. Furthermore, because AMP is an important allosteric activator of
PFK, regeneration of AMP ensures that glycolysis is fully active and able to provide
pyruvate for the TCA cycle and some ATP via substrate level phosphorylation.

7.5 Fatty acid as a fuel in muscle
Fatty acid oxidation occurs in mitochondria and peroxisomes in most tissues but

quantitatively muscle is a major consumer of fat. Although carbohydrates and fatty
acids may both be used as fuels for muscle contraction, fatty acids are more calorific
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Figure 7.14 Adenosine nucleotide loss and recycling of IMP to AMP

(energy producing) yielding approximately 38 kJ/mol compared with approximately
16 kJ/mol for glucose. The reasons for this are:

1. fatty acids are larger molecules, that is have more carbon atoms, and

2. theyare chemically more reduced, that is contain fewer oxygen atoms and are thus
more oxidizable.

These points can be better appreciated by comparing the complete oxidation of
glucose with that of a typical saturated fatty acid, palmitate.
Oxidation of glucose

C6H1206 + 602 — 6C02 + 6H20
the overall change in free energy being sufficient to produce 32 moles' of ATP per mole
of glucose oxidized
32 ADP + 32Pi— 32 ATP + 32 H,0

! Some calculations put this figure as high as 38 moles of ATP depending on assumptions made about the use of
NADH generated in the cytosol to contribute to ATP production in the mitochondria.
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So, adding the above equation