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A shapely, stable-molecule

Glucose is the major sugar found in mammals. Its ability to form
the polymers starch and cellulose, both major constituents of
plants, makes it the most prevalent sugar unit on the planet.
Understanding its chemical and physical properties reveals
why this particular hexose is such a universal metabolite.

reatures living on Earth are composed mainly
of only a few elements, principally carbon,
hydrogen, oxygen and nitrogen (C, H, O, N).
These elements are important to life because
of their strong tendencies to form covalent bonds. The
stability of carbon—carbon bonds and the possibility of
forming single, double or triple bonds are the reasons
carbon is part of an enormous diversity of molecules.
The biological molecules fall into four major classes:
carbohydrates, lipids, proteins and nucleic acids. Under-
standing the chemistry and properties of the basic
subunits of the molecules in these classes allows us to
appreciate their importance as parts of macromolec-
ular complexes in cells and tissues.
In this article the focus is on carbohydrates and in
particular glucose (C¢H,,0¢), for this molecule is at the
centre of energy and life (see Figure 1). To appreciate the
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Figure 1 Energy and life. In photosynthesis, plants use the
energy of sunlight to combine CO, and H,0 into sugars,
releasing O, in the process. In respiration, animals and
plants oxidise the sugars to CO, and H,0, releasing energy in
the form of ATP in the process.
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structure of this simple hexose, we must first under-
stand the role of carbon atoms in defining the struc-
ture of organic molecules.

Central position of the carbon atom

Most of the molecules in living systems are built with
carbon atoms. Other atoms are fitted onto the carbon
skeletons. The key feature of the carbon atom, and the
one that is crucial in the chemistry of living systems, is
the property of sharing one or more electrons with
another carbon atom. This is why carbon atoms can
form covalent bonds with one another to generate
extended chains of any required size and of myriad
structural patterns. The fact that the carbon atom has a
valency of four is of profound significance too. Three of
the valencies can be used to build a three-dimensional
structure or network, and one valency is still available
to combine with a functional group (e.g. -OH or
—COOH) which will influence the chemical properties of
the resultant molecule.

Also of great importance, and a critical determinant
of the shape of organic molecules, is the fact that the
four atoms bonded to any individual carbon atom
occupy the apices of a regular tetrahedron. This is a
three-dimensional figure, shaped like the pyramids of
Egypt. However, instead of a square base, like the
Egyptian pyramids, a regular tetrahedron can be
thought of as standing on an equilateral triangular base
with three equilateral triangular faces, as shown here.
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Properties of biological molecules
Living systems need specific molecules with distinct
properties to allow them to fulfil their special function.
For example, sugars, such as glucose, are small, soluble
molecules, easily absorbed in digestion and metabolised
to provide energy. Individual sugars can also be poly-
merised in different ways. For example, glucose can
give rise to cellulose (found in the insoluble fibres
surrounding plant cell walls), starch (the compact gran-
ules of energy store plant cells) and glycogen (a form of
animal starch found mainly in liver and muscle cells).
Understanding the basic structure and chemistry of
small building blocks, such as glucose, is a prelude to
appreciating how polysaccharides are assembled and
function.
You probably already know that the physical and
chemical properties of any organic molecule result from:
© the carbon skeleton (number and arrangement of
C atoms)

» the nature and position of atoms or functional groups
attached to the carbon skeleton

© the nature of the bonds between the various atoms of
the molecules

© the three-dimensional arrangement of the atoms in
the molecule

We will eventually consider the structure of glucose,
the six-carbon sugar (hexose) which is the most impor-
tant fuel for most animals. However, initially it is helpful
to focus on simpler six-carbon compounds with only
hydrogen atoms attached and consider their physical
and chemical properties. Hexane and cyclohexane both
contain six carbon atoms, but the arrangements of the
carbon atoms in the skeleton are different.
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The properties of these two compounds are influenced
by the carbon atoms being in either a straight chain or
a ring form. They differ significantly in boiling point,
melting point and density.

Even greater differences, especially in chemical prop-
erties, arise when certain hydrogen atoms of cyclo-
hexane are replaced by hydroxyl groups. The
introduction of a hydroxyl group at each carbon atom
makes hexahydroxycyclohexane soluble in water,
whereas cyclohexane is not. The melting points, boiling
points and densities of the two compounds are very
different, and the hexahydroxy compound is much
more reactive chemically. This shows that the hydroxyl
groups found in glucose contribute greatly to its solu-
bility and reactivity.
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Three-dimensional ring structures

The stable compound cyclohexane bears a close struc-,
tural resemblance to glucose, which exists in solution as
a six-membered ring compound.
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This two-dimensional representation of cyclohexane
demonstrates its cyclic nature and the bonding of the
atoms but fails to reveal the three-dimensional structure
of the molecule. It might seem logical to assume that all
six carbon atoms lie in the same plane, as shown here.
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[image: image3.jpg]However, the ring is not flat but takes on a puckered
structure because the carbon atom dictates that its bonds
assume their tetrahedral character:

This is why the carbon atoms (represented by the blue
balls) cannot all lie on a single plane. The orientation of
the hydrogen atoms is also important. The figure shows
that there are two different types of hydrogen atoms in
the cyclohexane molecule. There are six hydrogen
atoms that form an equatorial belt surrounding the six-
membered carbon ring, and lie within a central plane of
the ring. These are the ‘equatorial hydrogen atoms’.
Then, there are six hydrogen atoms with bonds parallel
to an axis perpendicular to the plane of the ring. These
are the ‘axial hydrogen atoms’.

Axial

Equatorial

An important feature of this spatial distinction is the
big difference in the stability of the two orientations of
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the hydrogen atoms. The figure shows that the distance
between the axial hydrogens is less than the distance
between the equatorial hydrogens, and therefore the
axial hydrogens interact and repel each other more.
These effects are more significant in molecules where a
large group (e.g. —OH or —COOH) replaces an axial
hydrogen. Consequently, introduction of a large bulky
group at an axial position is more likely to lead to an
unstable compound than substitution at an equatorial
position.

We can now consider the structure of the glucose
molecule which, like cyclohexane, can exist as a cyclic,
six-membered ring compound:

Three-dimensional formulation of b-glucose

This ring contains an oxygen atom as one of its
members. As in cyclohexane, the ring is puckered so
that it has axial and equatorial groups bonded to the
carbon ring. An important structural feature of glucose
is now apparent — all the large, bulky groups are equa-
torial. This arrangement, with all the small hydrogens in
axial positions and the larger groups (-OH, -CH,0H) in
equatorial positions, means that glucose is the most
stable six-carbon sugar (hexose) possible. No other
hexose has this three-dimensional structure.

There is a further distinction that can be made about
the conformation of hexoses. Because an oxygen atom
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Figure 2 Formation of the two cyclic forms of p-glucopyra-
nose. When the aldehyde at C, and the hydroxyl group at Cs
react to form a pyranose ring structure, two different
stereoisomers, designated o and B, may be formed at C;.
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Figure 3 (A) Oxidation of glucose and other sugars is the
basis for the Benedict’s reaction in which a red precipitate of
cuprous (Cu*) oxide is produced. The oxidation reaction
depends on the reducing properties of the free aldehyde of
the open chain form — the ring form cannot be oxidised by
Cu?*. However, because all the ring and the straight-chain
forms are in equilibrium, the reaction goes to completion
and all the glucose is oxidised. (B) Blood glucose concentra- -
tion is commonly determined by measuring the amount of
hydrogen peroxide (H,0,) produced in the reaction catalysed
by glucose oxidase. The H,0, reacts with certain dyes to
produce an easily detected colour change.

contributes to the six-membered ring structure, the
structures resemble the molecule pyran, and the sugar
conformation is often referred to as a pyranose struc-
ture.
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When dissolved in water, p-glucose forms an equilib-
rium mixture of o-p-glucose and B-p-glucose in the
ratio of approximately 1:2 with a small percentage (less
than 0.5%) of the sugar in the linear, straight-chain
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[image: image5.jpg]form (see Figure 2). The presence of the aldehyde group
(-CHO) on the straight-chain form of the glucose
confers reducing properties on the sugar. This means
that glucose can be oxidised by relatively mild oxidising
agents such as ferric (Fe**) or cupric (Cu?*) ions. The
carbonyl carbon is oxidised to a carboxylic acid. This
property is the basis of the Benedict’s reaction (see
Figure 3A), a qualitative test for the presence of reducing
sugar. Thus, it is possible to estimate the concentration
of the sugar by measuring the amount of oxidising agent
that is reduced by a solution of the sugar. For many
years the glucose content of urine and blood was
measured in this way in the diagnosis of diabetes
mellitus — a disease characterised by high blood glucose
levels and excessive urinary excretion of glucose (see
BIOLOGICAL SCIENCES REVIEW Vol. 15, No. 2, pp. 30-35).
Nowadays, more sensitive methods for measuring blood
glucose employ an enzyme, glucose oxidase (see
Figure 3B).

COS plymers

Although glucose is the most important sugar involved
in energy metabolism, not much of it is present in the
cell as the free sugar. Glucose circulating in the blood-
stream is usually present at concentrations in the range
3.5-5.5mM in humans. However, cells store glucose for
further use in the form of simple glucose polymers, and
thereby reduce the osmotic pressure of the stored sugar.
A polysaccharide consisting of 1000 glucose units exerts
an osmotic pressure that is only 1/1000 of the pressure
that it would be if the glucose units were present as
single molecules.

The reactive aldehyde found in glucose allows it to
react with hydroxyl groups such that glucose molecules
can become linked together by glycosidic bonds as
shown here:
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Most carbohydrates in nature are high-molecular-
weight polymers called polysaccharides. When poly-
mers are made up of a single type of building block they
are called homopolymers. It is a remarkable fact that the
main energy-storage polysaccharides (starch and
glycogen) and the main structural polysaccharide (cellu-
lose) found in nature are homopolymers of glucose with
(1-4) linked glycosidic bonds. The key to their structures
and functions is the simple fact that the storage poly-
saccharides use the o(1-4) linkage and the structural
polysaccharides use the B(1-4) linkage (see BIOLOGICAL
ScIENCEs REVIEW Vol. 5, No. 4, pp. 16-20).

The storage polysaccharides glycogen and starch may
contain up to 5000 glucose units, which form a main
chain linked by o(1-4) bonds with side chains
connected to the main chain by a/(1-6) linkages (see
Figure 4). These chains fold into a coiled helical struc-
ture so that starch in plants and glycogen in animals

Figure 4 The structure of the storage polysaccharides
glycogen and starch. The main chain is 0(1-4) linked. Side
chains are connected to the main chain by o(1-6) linkages.
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ESSENTIAL WORD
DICTIONARIES

form compact granules inside
cells. In contrast, cellulose is a
polymer of glucose units linked
by B(1-4) linkages and this
chemistry dictates that the
polymer forms a fairly rigid
straight chain which is exploited
as a structural element of plant
cell walls. Cellulose is insoluble in water because of the
high affinity of the polymer chains for one another. The
straight-chain polymers form parallel bundles such that
there are around 2000 chains in each microfibril: then
many microfibrils make up a fibril which can be seen by
light microscope. Cellulose is the most abundant of all
biomolecules in the plant or animal kingdom.

P Explain the significance of the p in p-glucose and find
out how it differs from r-glucose.

P Try to obtain three different sugars, for example
glucose, fructose (‘diabetic sugar’) and sucrose, and
test their relative sweetness.

» How many different oligosaccharides can be made by
linking one glucose, one galactose and one mannose?
Assume that each sugar is in its pyranose form.
Compare this number with the number of tripeptides
that can be made from three different amino acids.

» How do starch and cellulose differ in their chemical
structures and how do their structures relate to their
functiops in plants? Explain the different metabolic
fates of starch and cellulose taken in the diet of
humans and in the diet of sheep.

KEYpoinls

* The tetravalency of the carbon atom and its property
of sharing one or more electrons with another
carbon atom underpins organic chemistry and the
chemistry of living systems.

® Glucose is a small, six-carbon (hexose) sugar which
is watersoluble and readily susceptible to oxidative
attack.

* Glucose in solution assumes a stable ring structure
(glucopyranose) but a small fraction (0.5%) of the
sugar remains as a straight-chain structure with a
free aldehyde (~-CHO) group.

The free aldehyde group confers reducing proper-
ties on the sugar which allow the presence of
reducing sugar to be determined by the Benedict's
test.

* Starch and glycogen are polysaccharides comprised
of glucose subunits linked o(1-4) with ¢/(1-6) branch
points. Starch is a source of energy for plants,
whereas glycogen is an energy source found in
mammals.

* Cellulose is the most abundant polysaccharide on
Earth and comprises glucose subunits linked Bl(1-4).
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