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on the simple and complex atoms,
ions and molecules that play
important roles in biology or
medicine.

Adcnosine triphosphate (ATP) is often referred to as
the ‘energy currency of life’, and with good reason.
All the cells in every living organism require a supply
of energy, and ATP acts as an immediate source of this
energy.

The ATP molecule consists of an organic base,
adenine, attached to a pentose sugar called ribose, and
attached to the sugar are three phosphate groups (see
Figure 1). These phosphate groups are the feature that
gives ATP its vital energy-releasing ability. Negative!
charged oxygen atoms are bonded to the phosphate
groups. These repel each other and this repulsion causes
a great amount of potential energy to be stored in the
molecule. When energy is needed, the third phosphate
bond can be broken by a hydrolysis reaction catalysed by
the enzyme ATPase.

ATPase
ATP —> ADP + P, + usable energy

The result is the formation of adenosine diphosphate
(ADP) and a free inorganic phosphate group (P;). Just
over 30kJ of energy is released per mole of ATP hydro-
lysed. Some of this energy is lost as heat, but most is
used for energy-requiring reactions in the cell. It is
important to note that the figure of 30 kJmol! is calcu-
lated for standard laboratory conditions (25°C and
1.0 mol dm= substrate concentrations), which do not
exist in the cell. Under typical cellular conditions, the
yield may be as much as 50 kJmol~!.

It has been estimated that in an adult human, 1kg of
ATP is broken down every hour, even when the person
is asleep, yet at any one moment, the total ATP present
in the body’s cells is estimated at only 5 g. These figures
show that ATP is recycled rapidly within cells — that is,
ATP is constantly being resynthesised. For this to happen
the cell must obtain energy in another form to convert
to potential energy in the ATP molecule.

Thus, it is important to distinguish the role of ATP as
an immediate source of energy for the cell, rather than
as an energy store (such as that provided by glucose or
fatty acid). Only a single bond needs to be broken to
release energy from ATP, whereas a series of reaction
steps is needed to release energy from glucose or fatty
acids during their oxidation.

Synthesising ATP

There are two main ways by which energy can become
available inside a cell to allow the synthesis of ATP (see
Figure 2). One is the direct transfer of some of the chem-
ical potential energy from molecules such as glucose
during respiration into ATP molecules. This happens
during glycolysis and in the Krebs cycle stages of respi-
ration. The second (indirect) method of ATP produc-
tion involves the process of chemiosmosis. This process
occurs during aerobic respiration in mitochondria of
eukaryotic cells and in the light-dependent stage of
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Figure 1 The complete structural formula of a molecule of
ATP. Adenine is shown in brown, ribose in blue and the
triphosphate grouping in green.
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[image: image2.jpg]photosynthesis in plant chloroplasts and photosynthetic
bacteria (see Figure 3 and Box 1 on p. 32).

A third pathway of ATP production is found in verte-
brate muscle where the compound creatine phosphate
acts as a small reservoir of biological energy easily
converted to ATP. The amount of ATP in muscle is suffi-
cient to sustain contractile activity for less than a second
and it is the enzyme creatine kinase that plays a key role
in maintaining a supply of ATP during periods of
muscular exertion.

creatine

kinase
creatine phosphate + ADP —> creatine + ATP

Muscle contraction

When asked the question ‘What do we use energy for?”,
muscle contraction is often the first process that springs
to mind. Personal experience recognises the energy
demands of physical movement and exercise, especially
on heart and skeletal muscle. These energy demands are
clear from the increased demand for oxygen, which
enhances aerobic respiration, achieves oxidation of
energy-rich molecules (glucose, fatty acids) and thereby
generates ATP needed for muscle contraction. The
molecular details of muscle contraction are well under-
stood and the interactions between actin ahd myosin
filaments, which are major constituents of muscle fibres,
depend on calcium ions and ATP for their function.
Myosins are essentially motor proteins that use the
energy of ATP hydrolysis to move along the actin fila-
ments.

Active transport

Molecules and ions can move from one area where their
concentration is relatively high to an area of low
concentration. This process is known as diffusion, and
occurs because of the kinetic energy of the particles.
Diffusion is therefore described as a passive process of
molecules and ions moving down their concentration
gradients. Many substances can enter cells in this way,
for example oxygen entering red blood cells in the lungs.
However, cells cannot rely solely on diffusion and
frequently find themselves needing a transport system
that can move substances against a concentration
gradient. To do this requires energy and so the process
is known as active transport.

An important example is the ATP-driven active trans-
port system for sodium and potassium ions found in
most animal cells. Such cells have a high intracellular
concentration of potassium ions (K*) and a low concen-
tration of sodium ions (Na*), whereas the reverse is true
of the fluids surrounding the cells. To maintain these
ionic gradients, Na* needs to be pumped out of the cells
and K* pumped in against their gradients, using the so-
called Na*-K* pump (see Figure 4). More than a third
of the ATP consumed by a resting animal is used to
pump these ions. The great physiological importance of
the active transport of Na* and K* lies in their gradients
controlling cell volume, nerve and muscle cell electrical
excitability, and also the active transport of sugars and
amino acids, especially in gut epithelial cells.
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Figure 2 A summary of the major methods of making and using ATP

Figure 3 Light micrograph of Anabaena, a photosynthetic bacterium. x240
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Figure 4 The Na*-K* pump. This carrier protein uses the

energy of ATP hydrolysis to pump Na* out of the cell and K*
in, both against their electrochemical gradients.
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Box 1 The chemiosmotic theory of ATP production

The main site of ATP synthesis in
the cell is the mitochondrion. This
organelle has a distinctive structure
when seen in the electron micro-
scope. It is a sausage-shaped

~ compartment enclosed by two
membranes. The inner membrane
is thrown into folds called cristae
that project into the interior of
the mitochondrion and are studded
with closely packed stalked
particles.

The main reactions of respiration (i.e. Krebs cycle) take
place in the matrix, while the electron transfer chain
reactions and ATP production take place on the inner
membrane of the mitochondria. Electron transfer

Outer
mitochondrial
membrane

Inner
mitochondrial
membrane

Biosynthetic reactions
One of the critical properties of living things is their
ability to create and maintain order in a universe that is
tending always to greater disorder. To create order, cells
must act as tiny chemical factories, performing many
thousand of reactions per second. To carry out these
reactions needed to sustain a living organism, a source of
energy is essential, along with the atoms and molecules
derived from food. Cellular control of the reactions is
achieved through enzymes which catalyse the reactions
at physiological temperatures. When energy is needed to
achieve order, the key provider is invariably ATP.

A simple example of such a reaction is the synthesis
of sucrose — the disaccharide comprising glucose and
fructose.

® - - ® 00
glucose fructose sucrose
AGO = +23.1kJ mol™!

AGY is the free energy change. A reaction that is
unfavourable has a positive AG. In other words, energy
must be put in to make the reaction happen, even in the
presence of enzyme(s). The reaction will not occur
without additional energy input.

However, reactions can be coupled together if they
share one or more intermediates, and the free energy
change is simply the sum of the individual AG® values.
By creating a reaction pathway that couples an
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through the respiratory chain leads to the pumping of
protons (H*) from the matrix to the cytosolic side of the
inner mitochondrial membrane. The pH gradient and
membrane potential constitute the force used to drive
ATP synthesis. Because the inner mitochon-
drial membrane is impermeable to protons,
the only way they can move back into the
matrix is via special pores in the stalked parti-
cles where the electron transfer chain is
found. The movement of protons along their
electrical, concentration and pH gradients is
linked to an ATP synthase, and the energy
from the gradient drives the synthesis of ATR

Proton gradients are an interconvertible ]
currency of free energy in biological systems
and also drive ATP synthesis in bacteria and
chloroplasts.

energetically favourable reaction to an energetically
unfavourable one, enzymes cause otherwise impossible
reactions to occur.

glucose + fructose — sucrose + H,0

AGO = +23.1kJ mol~" (unfavourable)

H,0 + ATP —> ADP + P,
AGP =-30.5kJmol™! (favourable)

Overall AG? = -74kJ mol™'

Coupled reaction
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glucose

+ ADP
glucose-1-phosphate
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glucose-1-phosphate  fructose sucrose

glucose + fructose + ATP  —> sucrose + ADP + P
AGP = -7.4kJ mol™! (favourable)

The result is that sucrose is made in a reaction driven by
the hydrolysis of ATP.

More complex reactions involving the synthesis of
biological polymers (proteins, polysaccharides, nucleic
acids) all require huge energy inputs to generate order
through the activation of the monomers and their
assembly into polymers. In all these instances, the polymer
synthesis is a multistep process driven by ATP hydrolysis.
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gives more detail on the discovery of ATP and its
role in cells. It also shows some interesting three-
dimensional images of ATP and its breakdown
products.

gives details of the anatomy of the firefly and shows
how light flashes are produced.

Unusual uses of ATP
Sexual attraction and predation are not topics that
immediately spring to mind in the context of ATP as an
energy source, but in the bioluminescent world of the
firefly, ATP is a key molecule (see BIOLOGICAL SCIENCES
ReviEw, Vol. 16, No. 4, pp. 12-15). These nocturnal
luminous beetles emit flashes of light from a special
abdominal organ to attract mates in order to reproduce.
Special cells, called photocytes, contain a group of
substances collectively known as luciferin. Light is
produced by the oxidation of the luciferin pigment catal-
ysed by the enzyme luciferase. The reaction requires
the presence of oxygen and the enzyme reaction is
coupled to the hydrolysis of ATP such that nearly all the
energy released is transformed into light (see Figure 4).
Many fireflies, especially of the genus Photinus, are
distinguished by the unique courtship flash pattern
emitted by the flying males as they search for females.

‘A major new textbook

Photinus females generally do not fly, but give a flash
response to males of their own species. There is evidence
that female fireflies of the genus Photuris can mimic the
mating flashes of other fireflies. Using this false signal,
these predatory females are able to lure unsuspecting
Photinus males, then eat them.

Tessa Worgan is reading zoology at the University of
Aberystwyth.
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