Prior knowledge

In this chapter you will need to recall that:
=» carbohydrates contain the chemical elements carbon, hydrogen and oxygen in the ratio Cx(Hzo)y

=} carbohydrates include simple sugars, such as glucose, and complex carbohydrates, such as
cellulose and starch

=» simple sugars are used in respiration; complex carbohydrates might be glucose stores (starch) or
structural components of cells (cellulose)

=» lipids also contain the chemical elements carbon, hydrogen and oxygen, but there is much less
oxygen in lipids than in carbohydrates

= lipids can be useful storage compounds and can also be structural components of cells

=» inorganic ions are present in the cytoplasm of cells and in body fluids; each type of ion has a
specific function

=» water is essential for life and most of the mass of an organism comprises water

=» water is a reactant in many cell reactions; these reactions also occur in solution in water.

Test yourself on prior knowledge |

1 Give one way in which the composition of a carbohydrate molecule is similar to
that of a lipid and one way in which it is different from that of a lipid.

2 Name one type of carbohydrate used for energy storage in an animal and one
used for energy storage in a plant.

3 How do animal lipids differ from plant lipids at room temperature?
4 Give two functions of lipids.

5 Calcium ions are essential for healthy growth in animals and plants. Give one
function of calcium ions in humans and one function of calcium ions in plants.

6 In cells, water is a reactant in hydrolysis reactions and in condensation reactions.
Describe the difference between these two types of reaction.

I Some basic concepts

Chemical elements are the units of pure substance that make up our world. The
Earth is composed of about 92 stable elements; living things are built from some
of them. Table 1.1 shows a comparison between the most common elements in the
Earth’s crust and in us. You can see that the bulk of the Earth is composed of the
elements oxygen, silicon, aluminium and iron. Of these, only oxygen 1is a major

component of our cells.
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Atom The smallest part
of an element that can
take partin a chemical
change.

lons Charged particles
formed when atoms

gain or lose electrons.
Cations are positively
charged, whereas anions
are negatively charged.

Acid A compound that
releases hydrogen
ions in solution. Acidic
solutions have a pH
mlue below 7.

Table 1.1 Most common elements

SoEE

I

Elomont ___ [%ofatoms g %a
Oxygen 47.0 Hydrogen 63.0
Silicon 28.0 Oxygen 25.5
Aluminium 7.9 Carbon 9.5
lron 4.5 Nitrogen 1.4
Calcium 3.5 Calcium 0.3
Sodium 2.5 Phosphorus 0.2

In fact, about 16 elements are required to build up all the molecules of the cell, and are
therefore essential for life. Consequently, the full list of essential elements is a relatively
short one. Furthermore, about 99 per cent of living matter consists of just four elements:
carbon, hydrogen, oxygen and nitrogen.

The elements carbon, hydrogen and oxygen predominate because living things contain
large quantities of water, and also because most other molecules present in cells and
organisms are compounds of carbon combined with hydrogen and oxygen, including
the carbohydrates and lipids. We will examine the structures and roles of carbohydrates
and lipids shortly.

The element nitrogen is combined with carbon, hydrogen and oxygen in compounds
called amino acids, from which proteins are constructed (Chapter 2). First, we will
introduce sonie inorganic ions essential for organisms, and then discuss water.

Atoms, molecules and ions

The fundamental unit of chemical structure is the atom. Atoms group together to form
molecules and molecules are the smallest part of most elements or compounds that can
exist alone under normal conditions. For example, both oxygen and nitrogen naturally
combine with another atom of the same type to form a molecule (O, and N,, respectively).

If an atom gains or loses an electron, an ion is formed. Depending on their charge, ions
migrate to the poles of an electric field. Positively charged ions migrate to the negative
pole (cathode) and so are called cations. In contrast, negatively charged ions migrate to
the positive pole (anode) and so are called anions.

Acids and bases

An acid is a compound that releases hydrogen ions in solution. We are familiar with
the sharp taste that acids such as lemon juice or vinegar give to the tongue. These are
relatively weak acids, weak enough to use on foods. The stronger the acid the more
dangerous and corrosive it is, and the more hydrogen ions it releases. An example of a
strong acid is hydrochloric acid. In water, this acid dissociates completely. The word
dissociate means ‘separates into its constituent ions”

HCI — H* o+ CI”
hydrochloric acid hydrogen chloride
ion (proton) ion
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With organic acids such as citric acid (present in lemon juice) and ethanoic acid (found
in vinegar), which we recognise as weak acids, relatively few molecules dissociate, and
few hydrogen ions are present:

CHC00™ + H*

hydrogen

C,H,COOH  —
ethanoic acid ethanoate

ion ion (proton)

A base is a compound that can take up hydrogen ions in solution. In doing so it can
neutralise an acid, forming a salt and water in the process. Many bases are insoluble in
water. Those that are soluble in water are called alkalis. Examples of strong bases (that
are also alkalis) are sodium hydroxide and potassium hydroxide. Strong alkalis, like
strong acids, are completely dissociated in water:

NaOH — Na* + OH"
sodium hydroxide sodium hydroxide
on ion

pH and buffers

pH is a measure of the acidity or alkalinity of a solution. Strictly, pH is a measure of the
hydrogen ion concentration. Since these concentrations involve a very large range of
numbers, the pH scale uses logarithms:

pH = —log,,H" concentration

The pH value of pure water is 7. A solution with a pH value less than 7 is acidic; strong
acids have a pH value of 0 to 2. A solution with a pH value more than 7 is alkaline;
strong alkalis have a pH value of 12 to 14.

pH can be measured experimentally, either using an indicator solution or a pH meter.
For example, universal pH indicator is a mixture of several different indicators, and
changes colour with the pH, as shown in Figure 1.1.

pH strong acid weak acid neutral weak alkali
b
nUmBers 1 2 3 4 5 6 7 8 9 10

Base A compound that
can take up hydrogen
ions in solution. Basic
solutions have a pH
value above 7.

|; S |
|

|

|

Remember when dealing
! with logarithmic values '
| that a value of
| 2 (log,,100) is ten
| times greater than a
| value of 1 (log,, 10),
| not two times greater. |

strong alkali
12 13 14

dilute orange sea water washing soda
; [ o blood :
hydrochloric emon juice (sodium carbonate)
acid juice ‘clean’ milk concentrated
(citric acid) . ) sodium
ain water )
Eogcenﬁat_ed Gl E;‘?g’eat‘c hydroxide
ag‘droc oric vinegar pgre ,
: (ethanoic acid) water |saliva

-

‘acid rain’

Figure 1.1 The pH scale of universal pH indicator solution
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Buffer solution

A solution that resists
changes in pH; usually a
mixture of a weak acid
and one of its soluble
salts.

Metabolism All the

" chemical reactions
that occur within an

organism.
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pH is very important in living organisms, largely because pH aftects the shape of enzymes,
almost all of which are proteins (page 34). In a mammal’s body there are mechanisms that
stabilise pH at a value just slightly above pH 7.0. If the pH varies much from this value this
lack of stabilisation is quickly fatal. For plants that obtain essential mineral ions from the
soil solution, the pH of the soil affects the availability of the ions for absorption.

A buffer solution is one that will resist pH change when diluted, or if a little acid or
alkali is added. Many bufters used in laboratory experiments contain a weak acid (such
as ethanoic acid and one of its soluble salts, for example sodium ethanoate). In this case,
if acid is added, the excess hydrogen ions are immediately removed by being combined
with ethanoate ions to form undissociated ethanoic acid. Alternatively, if alkali 1s
added, the excess hydroxyl ions immediately combine with hydrogen ions, forming
water. At the same time, more of the ethanoic acid dissociates, adding more hydrogen
ions to the solution. The pH does not change in either case.

In the body of a mammal, the blood is very powerfully buffered by the presence of a
mixture of phosphate ions, hydrogencarbonate ions and blood proteins (page 226).
The blood is held between pH 7.35 and 7.45.

Test yourself

1 Distinguish between a sodium atom and a sodium ion.

2 A pH value is calculated as —log,, hydrogen ion concentration. By how many times
is the concentration of hydrogen ions in a solution with a pH value of 2 greater
than one with a pH value of 87

3 Explain the importance of using buffer solutions during investigations into the rate
of enzyme-controlled reactions.

4 Explain the meaning of the term dissociation.
5 Explain why a positively charged ion is called a cation.

Inorganic ions used by plants

Metabolism involves a range of inorganic ions, in addition to those mentioned above.
Table 1.2 shows four inorganic ions whose roles in plants you are required to know.

Table 1.2 The role of selected ions in plants

Nitrate (NO57) Used to synthesise the nitrogenous bases in DNA and RNA
nucleotides and to synthesise the amino groups of amino acids.
Calcium (Ca?") Used to synthesise calcium pectate, which exists as a layer, called
the middle lamella, between the walls of adjacent plant cells.
Magnesium (Mg?2*) Used to synthesise the photosynthetic pigment, chlorophyll.
Phosphate (PO43‘) Used to synthesise adenosine triphosphate (ATP) from adenosine

diphosphate (ADP) and to synthesise DNA and RNA

| Water

Living things are typically solid, substantial objects, yet water forms the bulk of their
structures — between 65 and 95 per cent by mass of most multicellular plants and
animals (about 80 per cent of a human cell consists of water). Despite this, and the fact
that water has some unusual properties, it is a substance that is often taken for granted.




Water is composed of atoms of the elements hydrogen and oxygen. One atom of
oxygen and two atoms of hydrogen combine by sharing of electrons in an arrangement
known as a covalent bond (see Figure 1.2). The large nucleus of the oxygen atom
draws electrons (negatively charged) away from the smaller hydrogen nuclei (positively
charged) with an interesting consequence. Although overall the water molecule is
electrically neutral, there is a weak negative charge (represented by 8°) on the oxygen
atom and a weak positive charge (represented by 8*) on each hydrogen atom. In other
words, the water molecule carries an unequal distribution of electrical charge within it.
This arrangement is known as a polar molecule.

unshared electrons
{(negative charge)

one oxygen atom combines
with two hydrogen atoms by
sharing electrons (covalent
bond)

nucleus of

oxygen atom
shared electrons

in the water molecule the
oxygen nucleus draws
electrons (negatively
charged) away from the
hydrogen nucleus (positively

\@7: atom (proton -
positive charge)

charged)
P
~ B
gt el
- angle about "
the water molecule carries 105° ~
an unequal distribution of -
electrical charge, even
though overall it is
electrically neutral Note the water molecule is
triangular in shape, not linear.

small

negative —— —

charge
polar water molecule
there is electrostatic small . .
attraction between the positive i
positively charged region of charge . .
one water molecule and the hydrogen bond hydrogen bond
negatively charged region of i \\\\\\& %j/ L
a neighbouring one, giving 2,

rise to weak bonds called
hydrogen bonds

Figure 1.2 A water molecule and the hydrogen bonds it forms

Hydrogen bonds

The positively charged hydrogen atoms of one molecule are attracted to negatively
charged oxygen atoms of nearby water molecules by forces called hydrogen bonds.
These are weak bonds compared with covalent bonds, yet they are strong enough to hold
water molecules together. This is called cohesion; it not only attracts water molecules

to each other but also to another charged particle or charged surface. In fact, hydrogen
bonds largely account for the unique properties of water, which are examined next.

nucleus of hydrogen

Koy torms [

Covalent bond

A relatively strong
chemical link between
two atoms in which
electrons are shared
between them.

Polar molecule

A molecule that contains
weak positive charges
(represented by &) and
weak negative charges
(represented by 87)

Key terms |

Hydrogen bond A
relatively weak link
between two atoms in
which a weakly negative
atom attracts another
weakly positive atom.

Cohesion The force by
which hydrogen bonds
hold polar molecules
together, or to a charged
surface.
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Hydrophilic Refers to
substances that will mix
with water.

Hydrophobic Refers to
substances that will not
mix with water,

Tip |

S

| The specific heat :
! capacity of water I
i given in the text is

| 4.184kJkg™1°C2. You
| need to be confident

| in using compound

| units. In this case,

| the unit means that

it takes 4.184kJ of

| heat to increase the

l temperature of 1 kg

| of water by 1 degree ,
' Celsius. |

Solvent properties of water

Because water molecules are polar, water is a powerful solvent for other polar substances
(Figure 1.3). These include:

@ ionic substances like sodium chloride (Na* and CI). All ions become surrounded by
a shell of orientated water molecules (Figure 1.3)

@ carbon-containing (organic) molecules with ionised groups, such as the carboxyl
group (~COO7) and amino group (-NH,"). Soluble organic molecules like sugars
dissolve in water due to the formation of hydrogen bonds with their slightly charged
hydroxyl groups (-OH™).

Once they have dissolved, the solute molecules are free to move around in water (the
solvent) and, as a result, are more chemically reactive than when in the undissolved
solid state.

Polar substances that can dissolve in, or mix in, water are termed hydrophilic (water-
loving). On the other hand, non-polar substances are repelled by water, as in the case of
oil on the surface of water. Non-polar substances are hydrophobic (water-hating).

lonic compounds like
NaCl dissolve in water:

NaCl ==Na* + CI @ 08 :
€ & D Ve
with a group of orientated (f)
water molecules & = (@ Q)
around each ion. ‘ C(ﬁ)

Sugars and alcohols

dissolve due to hydrogen CH,OH (:53
bonding between polar 2 ) B
groups in their molecules H i —0

(e.g. —~OH) and the polar \ /H \C/
water molecules. AN i d N

Figure 1.3 Water as universal solvent

High specific heat capacity of water

A lot of heat is required to raise the temperature of water. This is because heat is
needed to break the hydrogen bonds between water molecules. This property of
water 1s its specific heat capacity. The specific heat capacity of water is extremely
high (4.184kJ kg™ °C™"). Consequently, the temperature of aquatic environments like
streams and rivers, ponds, lakes and seas is very slow to change when the surrounding
air temperature changes. Aquatic environments have much more stable temperatures
than do terrestrial (land) environments.

Another consequence is that the temperature of cells and the bodies of organisms
does not change readily. Bulky organisms, particularly, tend to have a stable
temperature in the face of a fluctuating surrounding temperature, whether in
extremes of heat or cold.
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Surface tension of water

Compared with other liquids, water has extremely strong adhesive and cohesive
properties.

As we saw earlier, cohesion is the force by which charged molecules stick together.
Water molecules are held together by hydrogen bonding. In practice, these bonds
continually break and reform with other surrounding water molecules but, at any one
motment, a large number are held together by their hydrogen bonds.

At an air—water interface, cohesion between water molecules results in surface tension.
The outermost molecules of water form hydrogen bonds with water molecules below ;
them. This gives a very high surface tension to water, which you can see being exploited  Figure 1.4 A pond skater
by the pond skater in Figure 1.4. This insect has a waxy cuticle that prevents wetting of ~ moving over the water

its body and its mass 1s not great enough to break the surface tension of the water. surface

Incompressibility of water

Water is essentially incompressible. Incompressibility is a commeon property of liquids
but water is especially so. There is much less distance between the molecules in a liquid
than in a gas, and the intermolecular force of the hydrogen bonds aids this property.
Because of this incompressibility, a water-filled cavity within an organism can act as a
hydrostatic skeleton.

Maximum density of water at 4°C

Most liquids contract on cooling, reaching maximum density at their freezing point. Water
is unusual in reaching its maximum density at 4 °C (Figure 1.5). So as water freezes, the

ice formed is less dense than the cold water around it. As a consequence, ice floats on top

of very cold water. The floating layer of ice insulates the water below. The consequence is
that lakes rarely freeze solid; aquatic life can generally survive freezing temperatures.

ice forms at surface (because ice is ice acts as an insulator (reducing the
less dense than water) chance of water freezing below)

Because ice freezes from
below, it is difficult to judge
its depth. It can therefore be
very dangerous to walk on!

can survive
below the ice

In water the molecules are
arranged more irregularly
than in ice and are closer
together, but with almost

S
\\\\\@m\\\m\m{g

W &
/u\ hydragen =)

The angle between the
covalent bonds in the water

molecule is very close to the 2, as many hydrogen bonds
i =/
angles of a pe#ect outline of a \ bonds = % as in ice.
tetrahedron. In ice the regular \ =1 2, o
molecules form a regular tetrahedron N\ = \\\\\\\\\
tetrahedral arrangement, and Q}, S
il i ) i
are spaced more widely %/}, @ ‘y{gj\ g:b
apart than they are in liquid i =
water.
molecular structure of ice molecular structure of water

Figure 1.5 Ice forms on the surface of water




6 Suggest what symptoms would be shown by a plant growing in magnesium-
deficient soil. Explain your answer.

7 What is meant by the term metabolism?

8 The text includes five properties of water that make it essential in biology. Use
your knowledge of metabolism to suggest a sixth property.

9 Water that evaporates from the leaves of a flowering plant is replaced when a
water column is pulled up the plant in xylem tissue. This water column is under
negative pressure (tension). Explain why this does not cause the water column to
break. ;

10 Explain why the pond skater shown in Figure 1.4 can walk on water but you
cannot.

Introducing the carbon of organic
compounds

Carbon is a relatively uncommon element of the Earth’s crust but, as Table 1.1 showed,
in cells and organisms it is the third most abundant element. The majority of the
Organic compound carbon compounds found in living organisms are relatively large molecules in which

A compound in which many carbon atoms are linked together and to hydrogen and oxygen atoms by covalent

carbon atoms are linked | 1,4, They are known as organic compounds,
by covalent bonds
to each other and to Some carbon-containing compounds are not like this — for example, the gas carbon

hydrogen molecules. dioxide (CO,) and hydrogencarbonate ions (HCOy") are not organic forms of carbon.
The molecules of organic

compounds canbe very | The properties of carbon
large and can exist as . ) i
chains or rings of carbon Carbon has remarkable properties. It has a relatively small acom, but it is able to form

atoms. four strong, stable, covalent bonds. As you can see in Figure 1.6, these bonds point to the

—  corners of a regular tetrahedron (a pyramid with a triangular base). This is because the four
pairs of electrons that form the covalent bonds repel each other and so position themselves
as far away from each other as possible.

Carbon atoms are able to react with each other to form extended chains. The resulting
carbon ‘skeletons’ can be straight chains, branched chains or rings. Carbon also bonds
covalently with other atoms, such as oxygen, hydrogen, nitrogen and sulfur, forming
different groups of organic molecules with distinctive properties.
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Covalent bonds are formed by sharing of electrons, one from the carbon atom and one from the neighbouring atom it reacts with:

shared electrons

electron yet to be shared

Carbon atoms bond with other carbon atoms to form carbon skeletons’:

F straight | branched
short long
H H ¢ H HHHHHEHHH g H5C H o
1 [ | [ V| I [ (A o Lt
e H—C—C—C—C—(C—C—C—C—C—C CH=—C—C
[ N e A [N
H NH, OH H H H H H H H H H OH HsC NH, OH
short chain (in the long chain (in a fatty acid) branched chain (in the
amino acid alanine) amino acid valine)
The carbon atom is at the centre of the tetrahedron,
a three-dimensional structure, e.g. methane;
‘ball and spring” model space-filling model

A :
? ;

H)
H P L v J

You may be able to see models of these types
in your school or college chemistry laboratory.

H

Figure 1.6 A tetrahedral carbon atom, its covalent bonds and the carbon ‘skeletons’ it can form

One inevitable outcome of these features is that there are vast numbers of organic
compounds — more than the total of known compounds made from other elements,

in fact. Biologists think the diversity of organic compounds has made possible the
diversity of life. Fortunately, very many of the organic chemicals of living things

fall into one of four discrete groups or ‘families’ of chemicals with many common
properties, one of which is the carbohydrates. We will consider this family of molecules

first before looking at a second family, the lipids.

| Carbohydrates

Carbohydrates include sugars, starch, glycogen and cellulose. They contain only three
elements: carbon, hydrogen and oxygen, in the ratio C (H,0),. Table 1.3 summarises
features of the three types of carbohydrates you should recognise.

or ring forms
CH,OH

(£
H H
safle Nt
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[
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(of a-glucose)

perspective formula

G
Hd H
H
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molecular
formula

CeHiaCe

structural
formula

CH,OH
H sc—o_ H
/) N
“Cl\B'H H /‘Cl
| |
OH'C mmmm " OH
H  OH

in skeletal
form

CH,0H

——0,
N

)
OH ‘o
OH
OH
OH

this is c-glucose

Figure 1.7 The structure of
alpha glucose

Key terms [

Molecular formula
Shows the nature and
number of atoms in a
molecule, for example
C5Hyo0s.

Structural formula
Shows the way in which
the atoms within a
molecule are arranged in
space.

Isomers Two or more
different structural
formulae of the same
molecular formula.

Table 1.3 Carbohydrates of cells and organisms.

sugars, including:

Sl.n-'iple
e trioses (C5Hg05), which you will learn more about in Year 2

» pentoses (C5H,40g), e.8. ribose and deoxyribose (see Chapter 3)
» hexoses (C;H;,0,), .8. glucose, fructose, galactose.

Two simple sugars chemically linked by a glycosidic bond during a
condensation reaction, e.g.

Disaccharides

e sucrose = glucose + fructose
* lactose = glucose + galactose
e maltose = glucose + glucose.

Polysaccharides Very many simple sugars chemically linked by glycosidic bonds, e.g.

e starch (a fuel store in plants)
e glycogen (a fuel store in animals)
e cellulose (a major component of plant cell walls).

Monosaccharides — the simple sugars
Monosaccharides are carbohydrates with relatively small molecules. They are soluble
in water and taste sweet. In biology, glucose is an especially important monosaccharide

because:

@ all green leaves manufacture glucose using light
@ all cells use glucose in respiration — we call it one of the respiratory substrates.

The structure of glucose

Glucose is a hexose, i.e. it has a molecular formula of C;H,,O,. This type of
formula tells us what the component atoms are, and the niiinbers of each in the
molecule. But the molecular formula does not tell us how these atoms are arranged
within a molecule. You can see in Figure 1.7 that glucose can be written on paper as
a linear molecule. It does not exist in this form because, as you saw in Figure 1.6, the
four bonds in each of its carbon atoms are arranged into a tetrahedron; the molecule
cannot be ‘flat’. Rather, glucose is folded, taking a ring or cyclic form. Figure 1.7 also
shows the structural formula of glucose.

The carbon atoms of an organic molecule can be numbered. This allows us to identify
which atoms are affected when the molecule reacts and changes shape. For example, as
the glucose ring forms, the oxygen on carbon atom 5 (carbon-5) becomes linked to that
on carbon atom 1 (carbon-1). As a result, the glucose ring contains five carbon atoms
and an oxygen atom; again, you can see this in Figure 1.7.

Isomers of glucose

Molecules with the same molecular formula but different structural formulae are
known as isomers. Many organic compounds exist in isomeric forms, and so it
is often important to know the structure of an organic compound as well as its
composition.

In the ring structure of glucose the positions of —H and —OH that are attached to
carbon-1 can lie in one of two directions, giving rise to two isomers, known as
alpha-glucose (a-glucose) and beta-glucose (B-glucose). You can see these isomers
in Figure 1.8. The significance of the differences between them will become apparent
when we compare the structures of starch, glycogen and cellulose (pages 13-16).
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Figure 1.8 Alpha and beta glucose

A test for the presence of glucose, a ‘reducing sugar’

Glucose and some other sugars are known as ‘reducing sugars’. This is because, when
they are heated with an alkaline solution of copper(1) sulfate (a blue solution, called
Benedict’s solution), the carboxyl group (-COOH) that their molecule contains
(known as an aldehyde group) reduces Cu”" ions of copper(11) sulfate to Cu® ions,
which then form a brick-red precipitate of copper(1) oxide. In the process, the aldehyde
group is oxidised to a carbonyl group (—C=0).

This reaction is used to test for reducing sugar, and is known as Benedict’s test
(Figure 1.9). If no reducing sugar is present the solution remains blue after heating. The

colour change observed depends on the concentration of reducing sugar. The greater
the concentration the more precipitate is formed, and the more the colour changes:

blue — green — yellow — brown — red

3 g i
5 cm* of Benedict's solution test tubes were placed in a boiling tubes were transferred to a rack and the

3 ,
(blue) was added to 10 cm water bath for 5 minutes colours compared
of solution to be tested

boiling
water bath with distilled with:sucrase
water solution
(control)
with 0.1% with 1.0% with 10%
glucose solution  glucose solution glucose solution

Figure 1.9 The test for reducing sugar. Wear eye protection when performing this test
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Condensation reaction
A reaction in which two
molecules are chemically
linked together with

the elimination of a
molecule of water.

Glycosidic bond
A covalent bond between
two monosaccharides.

Hydrolysis reaction

A reaction in which

a molecule of water

is used in breaking

a chemical bond

(the reverse of a
condensation reaction).

Other monosaccharides of importance in living cells

Glucose, fructose and galactose are examples of hexose sugars commonly occurring in
cells and organisms, but it is only the structure of ¢- and B-glucose that you need to
know. Other monosaccharide sugars produced by cells and used in metabolism include
a 3-carbon sugar (Table 1.4), and two 5-carbon sugars (pentoses), namely ribose and
deoxyribose. These pentoses are components of the nucleic acids and you will learn
about their structure in Chapter 3.

Table 1.4 Other monosaccharides important in cell chemistry

intermediate in

glyceraldehyde  C,Hg0, H 0
\c// respiration and
| photosynthesis
H—CJ—OH
CH,0H
5C = pentoses  ribose CsH, 004 H\ ) in RNA, ATP and
c/ CH,0OH OH hydrogen acceptors
l 2 NAD and NADP
H—L]—OH
H—Cl—OH
H—C—OH
| HO OH
CH,OH
deoxyribose C5H,0, H 0 in DNA
\(// CH,OH OH
[ 0
H—CI—H
H—Cl—OH
H—C—OH
| HO
CH,OH

Disaccharides

A disaccharide is a carbohydrate made of two monosaccharides linked together, For

example, sucrose is formed from a molecule of glucose and a molecule of fructose
chemically linked together.

Condensation and hydrolysis reactions

When two monosaccharide molecules are combined to form a disaccharide, a molecule
of water is also formed as a product, and so this type of reaction is known as a
condensation reaction. The bond between monosaccharide residues, after the removal
of H-O—-H between them, is called a glycosidic bond (Figure 1.10). This is a strong,
covalent bond. The condensation reaction is catalysed by an enzyme (Chapter 2).

In the reverse process, disaccharides are ‘digested’ to their component monosaccharides
in a hydrolysis reaction. Of course this reaction involves adding a molecule of water
(“hydro=") as splitting (‘-lysis’) of the glycosidic bond occurs. It is catalysed by an enzyme,
too, but it is a different enzyme from the one that brings about the condensation reaction.
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Apart from sucrose, other disaccharide sugars produced by cells and used in metabolism

include:

o maltose, formed by a condensation reaction of two molecules of glucose
o lactose, formed by a condensation reaction of galactose and glucose.

sucrose ( way
CH,OH

o glycosidic
linkage CH,0H

&

hydrolysm
glucose + fructose

condensation

OH ) CH,0H . 0 & CH,0H
vei
HO + HO ydrolysis S
water  Condensation OH HO
HO HO OH  HOH,C
HO OH
This structural formula shows us how the glycosidic linkage forms/breaks.
hydrolysis
maltose + water - glucose + glucose
condensation
hydrolysis
lactose + water galactose + glucose

condensation

Figure 1.10 Sucrose, a disaccharide, and the monosaccharides that form it

Polysaccharides

A polysaccharide is built from many monosaccharides linked by glycosidic bonds
formed during condensation reactions. ‘Poly’ means many, and in fact thousands

of saccharide (sugar) units make up a polysaccharide. So a polysaccharide is a giant
molecule, a macromolecule. Normally each polysaccharide contains only one type
of monomer. A chemist calls this a polymer because it is constructed from a huge

number of identical monomers.

Some polysaccharides function as fuel stores. Both glycogen and starch are examples,

as we shall shortly see. On the other hand, some polysaccharides, such as cellulose,

have a structural role. Cellulose has huge molecules that are not so easily hydrolysed by

cnzyme action,

Starch

Starch is a mixture of two polysaccharides, both of which are polymers of a-glucose:

e amylose — an unbranched chain of a-glucose residues
e amylopectin — branched chains of a-glucose residues.

The glycosidic bonds between a-glucose residues in starch bring the molecules together

in such a way that a helix forms. The whole starch molecule is then stabilised by
countlcss hydrogen bonds between parts of the component glucose residues.

Key terms [

Polymer A large
molecule comprising
repeated, identical
smaller molecules
(monomers) linked
together by chemical
bonds.

Residues When
monomers are linked
together in a polymer,
we can no longer refer
to them as molecules.
Instead, we can call
them residues.

Carbohydrates




Starch is the major storage carbol hydrate of “most plants. It is laid down as compact

grains. It is useful because its molecules are both compact and insoluble, but are readily
hydrolysed to form sugar when required. Of course, enzymes are involved in this
reaction, too.

We sometimes see ‘soluble starch’ as an ingredient of manufactured foods. Here the
starch molecules have been broken down into short lengths, making them dissolve
more easily.

A test for the presence of starch

We test for starch by adding a solution of iodine i 1n_potassium iodide. Iodine molecules
fit neatly into the centre of a starch helix, creating a blue-black colour (Figure 1.11).

CH, DH CH20H CH,OH CHZDH

amylose
(a straight-chain
polymer of o-glucose)
== Oe

a- 1 4- glycoﬂdlt Iinkages

CH,OH CH,OH
o] o]
OH OH
---0 0]
amylopectin
(a branched- OH HO
chain polymer o-1,6-glycosidic
of a-glucose) Imkage
CH,0H CH,OH CH,0H

g

In the test for starch with iodine in potassium iodide solution, the blue-black colour comes from a starchfiodine complex:

=
o
i
=
2
1
=
[
©
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o
=
=}

L 0.01% starch solution

b) on starch solutions of a range of concentrations

starch chain

iodine molecules

Figure 1.11 Starch
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Glycogen

Glycogen is also a polymer of a-glucose. It is chemically very similar to amylopectin,
although larger and more highly branched. Granules of glycogen are seen in liver
cells and muscle fibres when observed by the electron microscope, but they occur
t]n'oughout the human body, except in the brain cells (where there are virtually

no carbohydrate reserves). During prolonged and vigorous exercise we draw on

our glycogen reserves first. Only when these are exhausted does the body start to

metabolise stored fat.

structural formula residue at
. branch point
HOC HOCH, HOCH, 6V I Wik
H H H H H between two
Q 8] :
glucose residues
H H
OH H OH- H
residues at the — HO 0 0 o}
end of chains
H OH OH H OH
HOCH, HOCH, HOCH, HOCH2 HOCHZ HOCH,
H o) H H
OH H
0] 0

H OH

a-1,4 linkage
between two
glucose residues

Diagram to show the branching pattern
of a glycogen molecule

TEM of a liver cell (x7000)

Glycogen and amylopectin compared

glycogen amylopectin
mitochondria  glycogen branch point every branch point every
10 glucose residues 30 glucose residues

granules

Figure 1.12 Glycogen
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Cellulose
Cellulose is a polymer of around 2000 to 3000 units of beta-glucose (B-glucose). Look
back to Figure 1.8, which shows the difference in structure between a-glucose and

B-glucose.
Can you spot what it is?

The only difference between the two molecules is the way in which the —H and -OH
groups are bonded to carbon-1. In a-glucose the ~H group is uppermost whereas in
B-glucose the ~OH group is uppermost. Although this might seem trivial, it has a big
effect when molecules of B-glucose become linked together. As Figure 1.13 shows,
the way glycosidic bonds form causes adjacent f-glucose units to be upside down with
respect to each other. These glycosidic bonds are referred to as -1,4 glycosidic bonds.
This arrangement leads to cellulose molecules being long, straight-chains.

About 200 of these chains naturally become packed into fibres, held together by
hydrogen bonds (Figure 1.13). The strength of plant cell walls results from the
combined effect of the bonds between B-glucose monomers, the hydrogen bonds
within and between these chains of B-glucose and the way in which the fibres are
arranged in different directions.

alternate glucose units the strands are held straight by bonds between glucose the strands are held together
are rotated by 180° units, and by hydrogen bonds within the strand by hydrogen bonds

CH,0H HO, OH
0

HO OH CH,OH

the cellulose fibre is
strengthened by all  ——0
these bonds o

fibres of cellulose
laid down at cellulose
different angles strands

packed
together

glucose molecules
form straight,
unbranched chains

electron micrograph
of cellulose'in a plant cell
wall (x1500)

Figure 1.13 The chemistry and structure of cellulose
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Test yourself

11 Explain the difference between a molecular 16 Both starch and glycogen can be broken down
formula and a structural formula. to provide glucose, used in respiration. Name

12 a-glucose and B-glucose are isomers. Explain the type of reaction by which both are broken

what this means. down.
13 What is the difference between a pentose and a 17 The reaction by which amylose and amylopectin
hexose sugar? are hydrolysed produces disaccharides.

14 Lactose is a disaccharide found in milk. Into a) Name the disaccharide formed.

which monosaccharides is it broken down in your b) Which compound, amylase or amylopectin,
intestines? would you expect to be hydrolysed faster?
15 Starch is a polymer. What is meant by a polymer? Explain your answer.

The second ‘family’ of organic molecules to consider here is the lipids. These occur in
mammals as fats and in plants as oils. Fats and oils appear to be rather different substances,

\

but the basic difference beltween them is that, at about 20°C (room temperature), oils are Ester bond The bond
liquid and fats are solid. Like the carbohydrates, lipids also contain the elements carbon, formed during a
hydrogen and oxygen, but in lipids the proportion of oxygen is much less. condensation reaction

- . . . ; o ; _ between a fatty acid and
Lipids are insoluble in water, i.e. are hydrophobic. However, lipids can be dissolved in glycerol Y
organic solvents such as alcohol (for example ethanol). '
Here we will consider only two types of lipid:  Fatty acid -
triglycerides and phospholipids.

v hydrocarbon tail carboxyl group
Triglycerides HOOH MWW W W
g y HI1T HITHITHIHAHTHITHITH Z
Triglycerides are formed during condensation H\C|/C|\C|/C| \C|/C| \CI/CI \CI/CI \CI/CI \CI/CI \CI,C\
et . ) [ H 1l HI]HIHI]IHI]H]H] OH
reactions bet\.veen glycerol (an alcohol) and o i i i | A v H
three fatty acids, The bonds formed are
known as ester bonds. this is palmitic acid, with 16 carbon atoms
Fatty acids are long hydrocarbon chains, molecular formula the carboxyl group ionises to
anything between 14 and 22 carbon F el R AE tan hydrogei e
CHg(CHz)MCOOH Le Itis a weak aci
atoms long.
Glycerol

The structures of a fatty acid commonly T //O Vd
- i 9 e T R +
found in cells and that of glycerol are shown HO (T_ H & = 5 4
in Figure 1.14 and the steps to triglyceride HDEE=H a=H g
formation in Figure 1.15. Enzymes catalyse HO—CI—H
the condensation reactions by which H cleedlar fommuls

o] d P d of glycerol:
triglycerides are formed.

gly C3Hs(OH)3

Figure 1.14 Fatty acids and glycerol, the building blocks of lipids




The hydrophobic properties of triglycerides are caused by the hydrocarbon chains

of the component fatty acids. A molecule of triglyceride is quite large, but relatively
small when compared with macromolecules such as starch. However, because of their
hydrophobic properties, triglyceride molecules clump together {ageregate) into huge
globules in the presence of water, making them appear to be macromolecules.

a bond is formed between the carboxyl group (-COOH} of fatty acid
and one of the hydroxyl groups (—-OH) of glycerol, to produce a monoglyceride

H

| O\\ condensation reaction | | ~
H—E— + C(CHy),CH, =g H——C'—-O—C-—(CHZ)”CHE + [ H,0
H—C—OH H—C—OH \with an

| [ ester linkage
H—Cr—OH e o)) J—

H / H
glycerol + fatty acid monoglyceride +  water

condensation reaction
is repeated to give a diglyceride

l

H 0
H—Tl—o—g—(mz)nm3
H—C—O—(Jil-—(CHz),,CHE + H,0
H_cl——oH

|

l

condensation reaction to form a triglyceride

l

|
H-—C—O—C—(CHZ)HCH3

l ﬁ The three fatty acids in a
H—C—0—C—(CH,),CH; triglyceride may be all the

' (|3| same, or may be different.
H—CI—O—-C—(CH,_),,CH3

H

+
H,0

Figure 1.15 Formation of triglyceride

Saturated and unsaturated lipids

We have seen that the length of the hydrocarbon chains is different from fatty acid to fatty
acid. These chains can differ in another way, too. To understand this latter difference, we
need to note another property of carbon atoms and the ways they can combine together in
chains. This concerns the existence of double covalent bonds (Figure 1.16).
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a double bond is formed when two
pairs of electrons are shared

c=cC
e.g. in ethene
(ethene is a plant growth regulator)
H H
\ /
S
H H

Figure 1.16 A carbon-carbon double covalent bond

A double covalent bond is formed when adjacent carbon atoms share twe pairs of
electrons, rather than the single electron pair shared in a single covalent bond. Carbon carbon atoms in the
compounds that contain double carbon—carbon bonds are known to chemists as
unsaturated compounds. On the other hand, when all the carbon atoms of the
hydrocarbon tail of an organic molecule are combined together by single bonds, the

space-filling model

ey terms [N

Unsaturated fatty acid
A fatty acid in which
one or more pairs of
adjacent carbon atoms
in the hydrocarbon
chain are linked by a
double covalent bond
(represented as C=C).

Saturated fatty
acid One in which all
the bonds between

hydrocarbon chain are
single covalent bonds
(represented as C-C).

compound is described as saturated. This difference is illustrated in Figure 1.17.

palmitic acid, C,5H;;COOH, a saturated fatty acid

Py Ty
A A A B A A
HHHHHHEHHHEHEHH

skeletal formula
\/\/\/\/\/\/\/\Cfo

OH

tristearin, m.p. 72°C

oleic acid, C7H33COOH, an unsaturated fatty acid

H H HH o

[ [
S T

H H HH O—H

skeletal formula

(the double bond causes
a kink in the hydrocarbon
‘tail’)

CHF0—C X

triolein, m.p. —4°C

Figure 1.17 Saturated and unsaturated fatty acids and triglycerides formed from them
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18 State the molecular formula of glyceral.

19 Name the type of bond formed by the condensation of glycerol and a single fatty
acid to produce a monoglyceride.

20 A fatty acid can be represented as CH,—(CH,) —COOH. Would this represent a
saturated or unsaturated fatty acid? Explain your answer.

21 |s a triglyceride a polymer? Explain your answer.
22 What makes a triglyceride hydrophobic?

The roles of lipids in living organisms
You need to be familiar with three ways in which the structure of lipids relates to their
role in living organisms.

Energy storage

When triglycerides are oxidised during respiration, energy is released. Some is lost to
the environment as heat but some is used to make ATP — the energy currency of cells,
introduced in Chapter 9. Mass for mass, when fully respired, lipids release more than
twice as much energy as do carbohydrates (Table 1.5). Lipids, therefore, form a more
‘concentrated’ energy store than do carbohydrates.

A fat store is especially typical of animals that endure long unfavourable seasons in
which they survive on reserves of food stored in the body. Oils are often a major energy
store in the seeds and fruits of plants, and it is common for fruits and seeds to be used
commercially as a source of edible oils for humans, for example maize, olives and

sunflower.

Energy released
on complete
breakdown/kJg1

Ease of breakdown

Solubility

Production of
metabolic water

Waterproofing

Not easily hydrolysed — energy
released slowly

Hydrophobic, so do not cause
osmotic water uptake by cells

A great deal of metabolic water
produced on oxidation

More easily hydrolysed — energy
released quickly

Sugaré are highly soluble in water,
SO can cause osmotic water uptake
by cells

Less metabolic water produced on
oxidation

Since lipids are hydrophobic, they repel water.

Qily secretions from the sebaceous glands, found in the skin of mammals, act as

a water repellent, preventing fur and hair from becoming waterlogged when wet.
Birds have a preen gland that fulfils the same function for feathers. You might have
seen birds preening — they use their beaks to spread lipids from this gland over their

feathers.
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Insulation
Lipids are poor conductors of both heat and hydrophilic ions.

) , . . S:.\‘( . ;
Triglycerides are stored in mammals as adipose tissue, typically
under the skin, where it is known as subcutaneous fat. Fat
reserves like these have a restricted blood supply (Figure 1.18)
so little body heat is distributed to the fat under the skin. In
these circumstances, the subcutaneous fat functions as a heat

insulation layer.

Myelin is a lipid found in the surface membranes of cells that
wrap around the long fibres of nerve cells in animals (Edexcel
A level Biology 2, Chapter 12). Over much of its length, the
many layers of myelin insulate the tibre, preventing the
passage of sodium and potassium ions that are essential for the
conduction of the nerve impulse. As a result, nerve impulses
travel along nerve fibres surrounded by myelin much faster
than along those that are not surrounded by myelin.

Figure 1.18 Adipose tissue

Phospholipids
A phospholipid has a similar chemical structure to a triglyceride, except one of the fatty
acid groups is replaced by a phosphate group.

phosphate group ionised
under conditions in cells .

HZC_COO/\/\/\/\/\/\/ non-polar hydrocarbon

tails of two fatty acids

HE—COO” S S | condensed with glycerol

o
0—P—0—C—H,

%_}

phosphate group has condensed
with the third -OH group of
glycerol

fatty acids

phosphate

Figure 1.19 Phospholipid

You can see from Figure 1.19 that a phospholipid molecule has a *head’ composed of a
glycerol to which is attached an ionised phosphate group. Since hydrogen bonds readily
form between this phosphate group and water molecules, this part of the molecule has
hydrophilic properties. The remainder of a phospholipid consists of two long, fatty
acid residues, comprising hydrocarbon chains. As we have seen above, these ‘tails’ have
hydrophobic properties.

So phospholipid molecules are unusual in being partly hydrophilic and partly
hydrophobic. The effect of this is that a small quantity of phospholipid in contact with
water will float, with the hydrocarbon tails exposed above the water. It forms a single
layer (monolayer) of phospholipids (Figure 1.20).

Lipids
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Bilayer A single
structure made of two
layers of molecules,
usually used to describe
the arrangement of
phospholipids in a cell

membrane.
e ||
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Phosphalipid molecules in contact When mixed with water, phospholipid

with water form a monolayer, with molecules arrange themselves into a
heads dissolved in the water and the bilayer, in which the hydrophobic tails
tails sticking outwards. are attracted to each other.

A phospholipid molecule has ——

a hydrophobic tail - which Watel
repels water — and a
hydrophilic head - which

attracts water.

Figure 1.20 Phospholipid molecules and water

When slightly more phospholipid is added the molecules arrange themselves as a
bilayer, with the hydrocarbon ‘tails’ facing together, away from the water, and

the hydrophilic heads in the water (Figure 1.20). Their hydrophobic/hydrophilic
nature and their ability to form a bilayer are two extremely important properties of
phospholipids, as you will see when we consider cell surface membranes in Chapter 9.

23 Some people believe that a camel stores water in its hump. In fact, the hump is
a lipid store. Use information in Table 1.5 to suggest how this lipid store is an
adaptation to living in desert conditions.

24 Explain how the:structure of triglycerides results in their waterproofing properties.
25 How does a molecule of triglyceride differ from a molecule of phospholipid?

26 When mixed with water, phospholipids often form micelles — small droplets with
the fatty acid ‘tails’ on the inside and the ‘heads’ on the outside. Suggest why.




