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Chapter 13
Option B - Biochemistry
B.1 Introduction to biochemistry
Essential idea

Nature of science

OPTION

“for contributions to the
developments of methods within DNA-based chemistry” and the one in 2002 for “for his development of nuclear magnetic
resonance spectroscopy for determining the three-dimensional structure of biological macromolecules in solution”.

It is often said that structure determines function. This applies in
biochemistry where the diverse functions of biological molecules
depend on their unique structures and shapes. These allow
them to carry out specific tasks in living organisms. Metabolism
refers to all the enzyme catalyzed chemical processes that take
place in highly controlled aqueous environments within cells
of living organisms and involves two processes, anabolism and
catabolism.

Anabolism
Anabolism involves life-sustaining metabolic reaction
pathways that bio-synthesize a very large variety of complex
molecules from a few small units and some energy. Anabolism
produces chemicals essential for growth and maintenance of

tissues in the body. Examples include, lipids, polysaccharides,
nucleic acids and proteins. Anabolic hormones include
insulin, produced and secreted by the pancreas which assists
in converting food into energy and also helps to store excess
energy for later use while anabolic steroids assist in the
formation of proteins and muscles.

Catabolism
Metabolic reaction pathways that break down biological
chemicals into small units and produce energy available
to the body are called catabolism; this is the reverse of
anabolism. Catabolism makes it possible for anabolism to
take place. Examples of catabolism include the breakdown
of the bio-polymers such as proteins, polysaccharides, lipids
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Biochemistry
and nucleic acids to form the respective monomers amino
acids, monosaccharides, fatty acids and nucleotides.
Catabolic reactions;
energy produced

Biopolymers
• Proteins
• Lipids
• Carbohydrates
• Nucleic acids

Energy stored
Monomer Building Blocks
• Amino acids
• Fatty acids
• Monosaccharides
• Nucleotides

ATP

Condensation reactions
A condensation reaction involves two functional groups
which combine to form a larger molecule, with the loss of a
small molecule such as H2O in biological systems. Examples
such as the formation of polypeptide chains of proteins from
amino acids are discussed in greater detail in the relevant
sections of this option.

Energy released
Anabolic reactions;
energy consumed
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Figure 13-01 Metabolic processess involving catabolic
and anabolic reactions

In a world where weight gain and obesity are becoming
an issue, while famines produced emaciated (very skinny
or wasted) bodies, it is important to understand the role
of metabolism. If anabolism requires more energy than is
produced by catabolism through the food we consume, then
the body is forced to make up the difference through the
breakdown of muscle. This can lead to extreme weight loss as
is commonly seem during famines. However, if we consume
more calories than is required, then anabolic pathways lead
to weight gain through storage of the excess energy into fat
in the body.

Formation and break down of biopolymers
Biopolymers are polymers synthesized by living organisms
and are differentiated according to their structure and shape.
Biopolymers form by condensation reactions of the respective
monomers and are broken down by hydrolysis reactions.
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Figure 13-02 Condensation and hydrolysis reactions

Hydrolysis reaction
A biopolymer chain undergoes hydrolysis reaction, the
reverse of condensation, to form the small units and water.
Enzymes catalyse most biological systems, which are very
common in living organisms that take place in aqueous
environments. Digestion of food we eat is one such example.
It is the hydrolysis of the pyrophosphate linkage that uses
energy from adenosine triphosphate, ATP, considered the
energy currency of life.

Explanation of the difference between condensation and hydrolysis reactions
Condensation is the reverse of hydrolysis:
Hydrolysis reaction

Biopolymers made from small monomer units.

Break down biopolymers into small units.

Involves formation of covalent bonds between
monomer units to produce the polymer chain.

Involves breakdown of covalent linkages in the
biopolymer to produce smaller units.

Water molecules are formed from H+ from one
functional group and OH− from the other functional
group.

Water molecules, H2O split into H+ and OH− are added
to parts of the polymer chain where chemical linkages
are present.

OPTION

Condensation reaction
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Photosynthesis
Photosynthesis is the synthesis of energy-rich molecules from
carbon dioxide and water using light energy in the presence of
chlorophylls, the green pigments in plants. Photosynthesis is
used by plants (and some microscopic organisms) to convert
light energy, typically from the sun, into chemical energy
that is stored in sugars. Carbohydrates, obtained mainly
from plants, are the main energy source for the body and are
produced from carbon dioxide and water in the atmosphere
via photosynthesis.

N

N
Mg

N

N

Chlorophylls absorb in the blue and red portion of the visible
spectrum but very little in the green range which is reflected.
Plants thus appear green.
The key central structure of chlorophyll
Chlorophylls have a planar structure with magnesium at the
centre of the porphyrin ring containing four groups. Each five
membered ring includes a nitrogen atom.

Figure 13-03 Photosynthesis and chlorophyll

The overall thermochemical equation for photosynthesis, a
redox reaction, is:
6CO2(g) + 6H2O(l)+ sunlight → C6H12O6(aq) + 6O2(g) ΔH+
The process of photosynthesis essentially occurs in two stages:
the light-dependent reactions use sunlight and the light-

independent (‘dark’) reactions which can occur in dark or
light. In the former, energy is used to oxidise water molecules
to oxygen gas. In the process, it generates ATP which carries
energy and an electron carrying species (NADPH) for the
later reactions. The light-independent reaction reduces
carbon dioxide to form carbohydrates, for example, glucose.

Light-dependent oxidation reaction
2H2O → O2 + 4H+ + 4e–
ATP - Energy stored in bonds for
light-independent reaction

NADPH
Electron-carrying species

ADP + NADP+

OPTION

Dark or light-independent reduction reaction
6 CO2 + 24H+ + 24e– → C6H12O6 + 6H2O
				

Figure 13-04 The photosynthesis process

				Oxidation ½-reaction: 12H2O → 6O2 + 24H+ + 24e–
			

Reduction ½-reaction: 6 CO2 + 24H+ + 24e– → C6H12O6 + 6H2O

				Overall reaction: 6CO2 + 6H2O → C6H12O6 + 6O2
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Biochemistry
The above reactions can be summarized as follows:

Respiration provides most of the energy for biological
systems. It involves enzymes that convert energy from
glucose (but occasionally also amino acids and fatty acids)
into chemical energy. Overall, aerobic respiration requires air
in which the carbon atoms in glucose are oxidized to form
CO2 and oxygen is reduced to form water:

C6H12O6, glucose
NAD+
Pyruvate ion

Oxidation ½-reaction:
C6H12O6 + 6H2O → 6CO2 + 24H+ + 24e–
Reduction ½-reaction:
6O2 + 24H+ + 24e– → 12H2O
Energy is produced by the oxidation reaction since glucose
(and also amino acids and fatty acids) contain a larger
number of C–C and C–H bonds which are not as strong
(bond enthalpies respectively of 346 and 414 kJ mol–1 in the
gaseous state) compared with C=O and O–H bonds (804 and
463 kJ mol–1 respectively) in the products. Thus less energy is
required to break the weaker reactant bonds and more energy
is produced in making stronger product bonds; the net result
is an exothermic reaction.
In the first stage in cellular respiration, sugars undergo
glycolysis (breakdown of glucose) in which a glucose
molecule, C6H12O6 splits into two pyruvate ions each with
three carbon atoms under anaerobic (absence of oxygen)
conditions. Glucose catabolism involves removal of hydrogen
atoms from glucose and is achieved by hydrogen carrier
species such as the coenzyme NAD+. Then aerobic oxidation
takes place in which oxygen converts pyruvate ions to carbon
dioxide and water, reforming the NAD+.
When the supply of oxygen is insufficient, aerobic respiration
cannot occur and, under such circumstances, the pyruvate
ion is reduced (across the C=O bond) to the lactate ion.
During strenuous exercise, which requires oxygen faster than
it can be delivered by the blood stream, anaerobic respiration
occurs, causing the build-up of lactic acid in muscle cells.
This happens for a limited time only in the human body, as
the increase in lactic acid decreases the pH in the muscles
causing pain. If oxygen is again available, lactic acid, C3H6O3
can be oxidized to carbon dioxide and water:

C

2

C6H12O6 + 6O2 → 6CO2 + 6H2O + energy
The two redox half equations for the reactions are:

O

C H3
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oxidation
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Figure 13-05

How oxygen, or oxygen deprivation,
affects the human body

Note that respiration uses oxygen from the atmosphere and
releases carbon dioxide to it.
C6H12O6 + 6O2 → 6CO2 + 6H2O + energy
On the other hand, photosynthesis uses carbon dioxide from
the air and releases oxygen:
6CO2(g) + 6H2O(l) + sunlight → C6H12O6(aq) + 6O2(g)
In the atmosphere, the main cycles are respiration and
photosynthesis and the two maintain the levels of oxygen in
the atmosphere since one overall process is the reverse of the
other.

OPTION

Respiration

C3H6O3 + 3O2 → 3CO2 + 3H2O + energy
In fermentation zymase (from yeast) as a catalyst converts
pyruvate ions to ethanol and carbon dioxide.
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B2 Proteins and enzymes
Essential idea

Nature of science

Proteins
Proteins are polymers of 2-amino acids, joined by amide
links (also known as peptide bonds). The primary function
of proteins is to provide amino acids which are the building
blocks of new proteins in the body for growth and repair of
body tissues as well as to make hormones, enzymes and
antibodies. These can also be used as an energy source in the
event of starvation.

OPTION

2-amino acids
The protein variety is made of an assortment of some 20
α-amino acids. Amino acids are molecules that contain both
a carboxyl group (–COOH) and an amino group (–NH2)
attached to the same (2- or α-carbon atom).
H
H 2N

C

H

O
C

R
carbon #2
General structure of
2-amino acids

H 2N
OH

C

H

O
C

H 2N
OH

H
Glycine
2-aminoethanoic acid

C

O

In all amino acids except glycine where R = H, the 2–carbon
atom has a chiral centre. It gives rise to two non-superimposable mirror images that exist as a pair of enantiomers (the D
or L forms) and exhibit optical activity.

CH3
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C*
COOH
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CH3

C

OH
C H3
Alanine
2-aminopropanoic acid

Figure 13-06 2-amino acid, glycine and alanine

The R group, called the side chain, can be hydrogen, an alkyl
group or a complex substituent. In the simplest amino acid,
R = H; it is glycine, 2-aminoethanoic acid. If R is –CH3 it
is alanine, 2-aminopropanoic acid. Names and formulas of
amino acids are given in section 33 of the data booklet.

mirror

Figure 13-07

Enantiomers of alanine,
2-aminopropanoic acid
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Characteristic properties of 2-amino acids
Amino acids can exist as dipolar zwitterions containing both
cations and anions. As a result of the strong electrostatic forces
between zwitterions, amino acids form crystalline solids with
relatively high melting points (glycine has a melting range
of 232 – 236°C). The presence of the ions allows bonding
with polar water molecules. Thus, amino acids are much
more soluble in water than in non-polar organic solvents,
properties typical of ionic substances. As the non-polar R
group becomes larger, amino acids become less soluble in
water.
–

+

H3NCH2C

O

O
Zwitterion with net
charge = ((+1) + (–1)) = 0

Condensation reaction to form polypeptides and
hydrolysis reaction of peptides
A condensation reaction involves two functional groups
which combine to form a larger molecule, with the loss of
a small molecule such as H2O, NH3 or HCl. Since all amino
acids have both a carboxyl group and an amino group,
they are able to undergo condensation reactions to form
substituted amides. This involves the formation of the
peptide bond or peptide linkage between the carboxylic acid
of one amino acid molecule and the amino group of another
amino acid molecule. Glycine, 2-aminoethanoic acid, is the
simplest amino acid. Two glycine molecules can undergo a
condensation reaction to form a glycine dimer, a dipeptide
and water.
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Figure 13-08 Characteristic properties of 2-amino
acids
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Figure 13-10 The structures of some common 		
amino acids

The condensation of two different amino acids can happen
in one of two different ways to form two different dipeptides.
For example, glycine and alanine can combine to form two
possible dipeptides Gly−Ala and Ala−Gly. By convention,
the terminal amino group is on the right hand side and the
terminal carboxylic acid on the left.
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Figure 13-09 The structures of some common animo
acids

Called glycine-alanine or gly-ala
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H

COOH + H 2O

Called alanine-glycine or ala-gly

Figure 13-11 The formation of dipeptides Gly-Ala and Ala-Gly
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Asparagine, Asn

The two amino acids give two different products depending
on which has the free amino and which the free carboxyl end.
Similarly, six different tripeptides can be formed using three
different amino acids, if each amino acid is used only once
(3 × 2 × 1). Thus for the three amino acids: alanine (Ala),
glycine (Gly) and cysteine (Cys), if the first amino acid listed
in the tripeptide contains the -NH2 group, and the last listed
contains the –COOH, group, then the six tripeptides are:

H 2N

H
C

H

COOH

H 2C

Asparagine, Asn

Valine, Val

H

H
H
C

N

H2 C

NH2

C

Ala-Gly-Cys; Ala-Cys-Gly; Cys-Gly-Ala; Cys-Ala-Gly;
			
Gly-Cys-Ala and Gly-Ala-Cys

O

H

H3C

C
H

CH3

H
C

C

N

H 2C

C

NH2

H

H
C

C

N

H
C

COOH

H2C

C

NH2 H3C

C
H

CH3

O

+ 2H2O

For the tripeptide given:
(i)

Identify the amide links.

Hydrolysis reaction

(ii)

Deduce the names of the three amino acids

A peptide chain undergoes a hydrolysis reaction, the reverse
of condensation, in the presence of a strong acid, a strong
base or some enzymes. Hydrolysis of polypeptide linkages
produces individual amino acids. Thus, if the structure of the
dipeptide is given, it is possible to deduce the amino acids

(iii)

Name the tripeptide.

O
C
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group

C OH + H
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H
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Figure 13-12 Hydrolysis of a peptide linkage

Example 1
Use section 33 of the data booklet to deduce the structure of the
tripeptide, Asn-Asn-Val, in which Asn contains the –NH2 group
and Val, the –COOH group.

OPTION

2.

COOH

O

O

If a compound contains many of these peptide bonds it is
considered to be a polypeptide which, after folding, becomes
a protein. The 20 naturally occurring amino acids can hence
undergo condensation reactions to produce a huge variety of
proteins.

H
C

O

O

H 2N

NH2

C

N

H

COOH

Solution
1. Draw the structures of the three amino acids in the order:
Asn, Leu and Val. Then draw a rectangle around the OH of
acid of Asn and the H atom of the H2N of Leu. This is the
elimination of H2O to form the amide link. Repeat this for the
OH of acid of Leu and the H atom of the H2N of Val as shown
in the next column:

Solution
(i)
H 2N

H

O

H

H

O

H

H

C

C

N

C

C

N

C

H

CH3

Amide linkages

C H2

COOH
CH

CH3

CH3

(ii)				(iii)
Glycine, Gly			
Gly-Ala-Leu

Alanine, Ala
Leucine, Leu
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Biochemistry
Structure of proteins

β-pleated sheet

Since amino acids can undergo condensation reactions
in any sequence (order) it is possible to form an extremely
large number of proteins. The structure of proteins can be
broken down to four levels: primary, secondary, tertiary and
quaternary structure.

In the β-pleated sheet arrangement, the polypeptide chains
and the amino acid residues, containing rather small sidechains, are bound together by hydrogen bonds. This creates an
orderly alignment of polypeptide chains which are arranged
side by side. The direction of the inter-chain (between chains)
H–bonding is perpendicular to the chains. It gives rise to a
repeating, pleated pattern. Silk, another example of a fibrous
protein has this arrangement, making it flexible, but strong
and resistant to stretching.

Primary structure
The primary structure is simply the number and sequence
of amino acid residues joined by peptide covalent bonds that
form the protein’s polypeptide chain as determined by the
genetic code. Each type of protein in a biological organism has
a fixed number of its own unique primary sequence of amino
acids. It is this sequence that gives the protein its ability to carry
out its characteristic functions. Figure 13-13 shows a primary
structure of a small polypeptide chain with the amino end
group tyrosine and carboxylic acid end group leucine.
H 2N

tyr

lys

cys

tyr

leu

COOH

Figure 13-13 A Primary structure

Secondary Structure
The secondary structure is the manner in which a polypeptide
chain of amino acids folds itself, due to intra-chain (within
each chain) hydrogen bonding. Depending on the R group,
it forms particular patterns that repeat themselves. Two
features commonly found in a protein’s secondary structure
are referred to as an α–helix and a β-pleated sheet.

α–helix structure
In the α–helix, the peptide chain resembles a right handed
spiral staircase or a tightly coiled spring structural
configuration. This is due to regular hydrogen bonds between
the (δ–) oxygen of the –C=O and the (δ+) hydrogen of the
–NH2 groups, four amino acids down the chain that are in
just the right position to interact. This can make the fibrous
protein elastic or sponge, as in as hair and wool. The H–
bonding in the α–helix structure is parallel to the axis of the
helix.

Inter-chain hydrogen
bonding between
polypeptide chains,
perpendicular to
the chain.

Figure 13-15 The beta-pleated sheet is a secondary
structure

Tertiary Structure
This is the overall unique folding of the coiled chain of the
sequence of amino acids that maintains a compact three
dimensional shape due to the interactions of the R groups.
This 3-D shape is called the protein’s conformation. For
example, in myoglobin, about 70% of the amino acid sequence
is α-helical secondary structure. The non-helical regions form
a random coil (containing a particular part of a polypeptide
chain that does not exhibit a repeating pattern) and is a major
factor in determining its tertiary structure. Refer to Figure
13-16.

Intramolecular
H–bonding

OPTION

α–helix

Random coil

α–helix
Figure 13-14 The α-helix is a common secondary
structure

Figure 13-16 The tertiary structure of myoglobin, a
typical protein
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Four ways in which parts of the amino acid chains interact to stabilize their tertiary shapes:
Disulfide bridges – covalent
bonding
Strong interactions between
different parts of the polypeptide chain, for example, when
two cysteine groups link under
enzyme control:
[O]
—S−H + H−S— ª
—S−S— + H2O

Hydrogen bonding

Ionic bonding

Between polar groups on the
side chain, for example, between the δ+ on the H atom
of the hydroxyl group, OH on
serine and the δ− on the O
atom of the carboxylic acid,
COOH, group in leucine:
—CH2−OHδ+ ---- δ−O=C—

Strong electrostatic attractions, for example
between the cation H3N+−
on asparagine, Asn and
the anion, -COO− on
aspartic acid, Asp lead to
formation of ionic bonds.

The R group side chain affects the 3–D structure of the
resulting proteins depending on whether it is non-polar
containing mostly C–H bonds and therefore hydrophobic
or polar containing N–H, COOH and O–H bonds and
therefore hydrophilic. Hydrophobic interactions occur
when non–polar, side groups tend to clump together on
the inside, forcing the protein chain into a tertiary shape
with the polar parts of the molecule on the outside.
Hydrophobic interactions involve the exclusion of water
from the non-polar interior of the protein.

Quaternary Structure
This occurs only in proteins that are composed of more
than one polypeptide chain which are held together by nonPrimary
Structure /
bonding
Unique sequence
of amino acid
residues joined in
the peptide chain

Example

OPTION

Type

NA
NA

Secondary
Manner in which a
polypeptide chain
folds due to hydrogen
bonding. α–helix coiled
structure due to intrachain hydrogen bonding.
β-pleated, side by side
sheet with inter-chain
hydrogen bonding
α–helix: Hair, wool
β-pleated sheet: silk
Fibrous proteins

Interactions between R group
side-chains
Weak hydrophobic, van der
Waals’ interactions due to
induced dipoles between nonpolar R groups, for example
between the R groups
—CH(CH3)2 in two leucine,
Leu, amino acid residues.

covalent bonds. These consist of hydrophobic interactions,
hydrogen bonding and ionic bonds. When a protein consists
of more than one polypeptide chain, each is called a subunit.
The quaternary structure is how the polypeptide subunits are
held together in a precise, more complex three-dimensional
globular structural arrangement. An example of globular
protein is haemoglobin, which consists of two slightly
different pairs of polypeptide two alpha and two beta chains
grouped together to form the quaternary structure together
around four haem groups (this binds the oxygen molecules
reversibly).

Summary: Structure of proteins
Tertiary
Overall folding of the coil that
maintains 3-D structural shape;
stabilized by bonding in four
ways:
• Disulfide bridges
• Hydrogen bonding
• Ionic bonding
• R group side-chain interactions

Quaternary
Only in proteins that are
composed of more than
one polypeptide chain
which are held together by
non-covalent bonds:
• hydrophobic interactions

Myoglobin

Haemoglobin

Globular proteins

Globular proteins

• Hydrogen bonding
• Ionic bonds.

Protein denaturation
A protein’s three-dimensional shape determines its role in
structural components or in metabolic processes. Proteins
can be denatured, that is they can lose their three dimensional
structure and hence biological activity, in a number of ways.
Denaturation affects the functioning of a protein because the
exact shape is the key to the function of each of the numerous
proteins in the body. The most common cause of denaturing

is heat, as is the case when an egg is fried or boiled, which
causes the breaking of hydrogen bonds. Other ways in which
denaturing can occur include high energy ionising radiation,
strong acids, bases and concentrated salt solutions (which
can disrupt salt bridges) and, organic solvents and detergents
(which can disrupt hydrophobic interactions).
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The amino acid residues of a protein composition can be
determined by completely hydrolysing the peptide bonds to
produce individual amino acids. With the lone electron pair
on the nitrogen, the peptide linkage is a strong bond and
complete acid hydrolysis usually requires the use of 6 mol dm–3
HCl solution at 110°C (for several hours). In the laboratory,
it is possible to identify individual amino acids using paper
chromatography (or electrophoresis) by comparison with
known samples under identical conditions.
Chromatography is a very useful method for the separation
of mixtures of substances which are otherwise not readily
separated. Paper chromatography is suitable for the
identification of components of a very small sample of
mixture and is particularly suitable for separating hydrophilic
substances such as amino acids. The relative solubility of
different amino acids varies in the stationary phase (water,
which is adsorbed on the cellulose paper), and the mobile
phase (solvent). The principle of paper chromatography is the
partition of solutes (the amino acids) between the stationary
and mobile phases. Amino acids with greater solubility in the
solvent will travel further in the direction of the solvent flow.
Experimentally, a solution of the sample of the mixture of
amino acids to be analyzed is placed as a spot on the surface
of the chromatographic paper a couple of centimetres from
the bottom, marked in pencil, and allowed to dry.

developing tank
with lid
pencil line
for sample
spots

paper
chromatogram

A number of spots will be found corresponding to the
different amino acids in the protein. The amino acids can be
identified by comparing the Rf values of the spots with those
for pure amino acids developed at the same time, under the
same conditions of solvent and temperature. Rf represents the
‘Ratio of fronts’, also called Retention factor and refers to the
ratio of the distance travelled by a compound (dc) divided by
the distance travelled by the solvent (ds):
distance travelled by compound -dc

sample spot

distance travelled by solvent- ds

solvent front

Paper chromatography in amino acid separation

Figure 13-18 Calculating the ‘ratio of fronts’ (Rf )

d distance travelled by compound
 
Rf = __
  c  =  __________________________
   
   
distance travelled by solvent
ds
Different substances have different Rf values under identical
experimental conditions, so comparison of Rf values allows
the components of a mixture to be identified. If several
components of a mixture have similar Rf values using a
particular solvent, leading to incomplete separation, it is
possible to repeat the experiment with a different solvent. One
development of this is two–dimensional chromatography.
The sample spot is placed in one corner of a square piece of
chromatography paper, the chromatogram is developed by
eluting with one solvent system to allow partial separation.
The paper is dried, turned at right angles from its original
position and developed using a second solvent system (such
as basic butan-2-ol/ammonia mixture if acidic butan-1-ol/
ethanoic acid was the first solvent) to achieve a more complete
separation.

solvent

Isoelectric point
One possible experimental arrangement
for chromatography

The paper is placed vertically in a developing tank, the
bottom of which contains about a ½ cm depth of the solvent.
This is then covered and the solvent allowed to rise by
capillary action. The components of the mixture move with
the solvent at different rates depending on their solubility in
the stationary and moving phases. Once the solvent nears the
top of the paper it is removed, the solvent front is marked
and the solvent allowed to evaporate. As the amino acids are
colourless, the paper must be developed by treating it with a
locating agent such as spraying it with a solution of ninhydrin.
Glycine, for example, forms a blue/purple compound with
ninhydrin, as do 19 of the 20 protein-derived α-amino acids
(proline gives an orange colour).

Is an aqueous solution, the amino group behaves as a base
and accepts a proton from water:
H2NCHRCOOH(aq) + H2O(l)
			
H3N+CHRCOOH(aq) + OH–(aq)
In an aqueous solution, the carboxylic acid group behaves as
an acid and donates a proton to water:
H2NCHRCOOH(aq) + H2O(aq)
			
H2NCHRCOO–(aq) + H3O+(aq)

OPTION

Figure 13-17

A specific pH exists for each amino acid when the above two
ionizations are balanced and the amino acid exists only as
dipolar zwitterions: H3N+CHRCOO–. This pH is called the
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sample spot

isoelectric point of the amino acid. Since the positive and
negative charges are balanced at its isoelectric point, it has
no net charge and shows no net migration in an electric field.
The technique of electrophoresis is used to separate amino
acids based on the isoelectric effect.
A majority of the amino acids contain one basic and one
acidic group. If the side chain, R also contains –NH2 group, for
example in lysine, then the number of –NH2 groups is greater
than the number of –COOH groups, and it is a basic amino
acid. If, on the other hand, the R group also contains a –COOH
group, for example in aspartic acid, the number of –COOH
groups is greater than the number of –NH2 groups, then it is
an acidic amino acid. The presence of the basic side chains
produces additional positively charged ions (NH3+) and the
presence of acidic side chains produces additional negatively
charged (COO–) ions in the amino acids. Thus, how an amino
acid behaves in the presence of an electric field depends on the
relative numbers of these charged groups. This is affected by
the acidity or basicity of the solution, that is, its pH.

Electrophoresis
This is the method of separating amino acids on the basis of
their electric charges. For example, at pH 6.0, its isoelectric
point, glycine exists as the dipolar ion, H3N+–CH2–COO– and
hence will not move if electrophoresis is carried out at this
pH. If electrophoresis is carried out at pH = 7.0, the pH of
the buffer is more basic than the isoelectric point of glycine
(7.0 compared to 6.0), glycine will have a net negative charge
because it largely exists as H2N-CH2-COO– and it will migrate
toward the positive electrode. However, if the electrophoresis is
carried out at pH = 5.0, the pH of the buffer is more acidic than
the isoelectric point of glycine (5.0 compared to 6.0), glycine
will have a net positive charge as it largely exits as H3N+–CH2COOH and it will migrate towards the negative pole.

paper

+

Electrophoresis
bu er solution of known pH

Figure 13-19 Electrophoresis equipment

The sample consisting of a mixture of amino acids is applied
to the centre of the gel. The electrodes and ends of the paper
are placed in the buffered solution and a high electric potential
is applied to the electrodes. Any amino acid at its isoelectric
point does not move in either direction. However, amino acids
with positive charges at that pH move to the negative cathode
and amino acids with negative charges at that pH move to the
positive anode. After sufficient separation is achieved, the gel
strip is dried and sprayed with ninhydrin solution, the locating
agent used to make the components visible. The gel can then
be compared with known samples or by comparison of their
isoelectronic points. By repeating the process at different
pH values, the isoelectric points of the components can be
determined, helping to identify individual amino acids. Figure
13-20 lists the isoelectric points of some amino acids:
Amino acid

Symbol

Isoelectric
point / pH units

Cysteine
Glutamine
Glycine
Histidine
Lysine

Cys
Gln
Gly
His
Lys

5.1
5.7
6.0
7.6
9.7

Figure 13-20 The isoelectric points of some 		
common amino acids

If electrophoresis of a mixture of the five amino acids listed
in figure 13-20 is carried out at a pH of 6.0, glycine will not
move from the point of origin as it has a net charge of zero at
its isoelectric point of 6.0.
+

OPTION

Gel electrophoresis on amino acids and protein
separation and identification
In order to analyse a protein using electrophoresis, the peptide
bonds in the protein must first be hydrolysed using a strong
acid such as HCl, a strong base (NaOH) or an appropriate
enzyme to release the individual amino acids. Each amino acid
in the mixture produced has a different isoelectric point. This
means that they can be separated using electrophoresis. Such
a separation can be carried out using polyacrylamide gel. The
solid support is saturated with a buffer solution of known pH.

Ly s His

Figure 13-21

Gly

Gln Cys

Electrophoresis of a mixture of some
common amino acids

However, cysteine (pI = 5.1) and glutamine (pI = 5.7) will
contain –COO− negative charges because the buffer pH of 6.0
is more basic than their isoelectric point, and so these amino
acid with the negative charges will move to the positive anode.
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On the other hand, histidine (pI = 7.6) and lysine (pI = 9.7)
will contain H3N+− positive charges since the buffer of 6.0 is
more acidic than pI and the amino acid with positive charges
will move to the negative cathode. The greater the difference
between the pI and the pH, the faster the migration of the amino
acids takes place. Also, since both glycine and alanine have the
same isoelectric point since each contains an uncharged R
group. It is not possible to separate a mixture of the two using
electrophoresis.
Unhydrolysed proteins can be separated using electrophoresis
based on their different rates of migration towards the electrodes
and identified by comparison with standard proteins under
identical conditions.

Enzymes

E a uncatalysed

Reactants

The active site is usually a pocket or a grove on the surface
of the protein, formed by only a few of the enzyme’s aminoacid residues. Typically, the substrate molecule does not fit
exactly into the grove; however, the active site is not rigid
and is able to slightly change its shape so as to allow a better
fit for the substrate, thus call an induced-fit. The substrate
molecule binds to an enzyme’s active site by weak attractive
forces to form an enzyme–substrate complex. Once the
reaction is complete, the products leave, the enzyme’s
original conformation is restored and it binds to another
substrate molecule through induced-fit.
Substrate

Enzyme changes shape
slightly as substrate binds

Products

Active site

Substrate entering
active site of enzyme

Enzyme-substrate
complex

Enzyme-products
complex

Products leaving
active site of enzyme

Figure 13-23 Induced fit model

Enzymes are highly efficient. Enzymes operate under fairly
mild conditions of temperature and pH. The efficiency of
an enzyme can be seen from the biological synthesis of
ammonia that requires only the enzyme nitrogenase. The
industrial synthesis of ammonia by the Haber process
requires iron as a catalyst but with pressures of 200 to 1000
atmospheres and a temperature of about 500°C.

Dependence of enzyme activity on substrate
concentration

E a catalysed

Products
Progress of reaction
Figure 13-22 Effect of enzyme on activation
energy

Induced-fit mechanism of enzyme action
Most enzymes are proteins that act as catalysts by binding
specifically to a substrate (the reactant it acts with) at
the active site. The tertiary and quaternary structures of
enzymes determine if the enzyme can act properly and an
enzyme can distinguish its substrate from closely related

This can be summarised in as follows:
• At very low substrate concentrations, the rate generally
increases in a linear fashion with increasing substrate
concentration because the active sites of the enzyme
molecules have not been used up. Increasing substrate
concentration involves more enzyme molecules leading
to greater collisions per unit time and the conversion of
substrate to product proceeds at a faster rate (velocity).

OPTION

Enthalpy

Enzymes are globular proteins with well-defined tertiary
structure that speed up the rate of reactions in aqueous
solutions in biological organisms. Recall that a catalyst
increases the rate of a reaction by providing an alternate
reaction pathway with lower activation energy, Ea,
Figure 13-22, without being used up or chemically changed. A
catalyst does not alter the enthalpy (or free energy) change of
a reaction. Thus it does not change the position of equilibrium
or the equilibrium constant; it only speeds up the reaction so
that the equilibrium is reached faster. Thus, a catalyst cannot
make a reaction take place that would not usually take place
without the catalyst. Rather, the same equilibrium position is
reached, but much faster with an enzyme.

compounds. Hence, enzymes are very specific, each of them
catalysing only one particular reaction. For example, the
enzyme urease catalyses only the hydrolysis of urea, but not
of other amides. The shape of the enzyme allows the substrate
to bind to the active site but will not bind to, or affect, other
parts of the enzymes with different conformations.

• A non-linear dependence is observed at higher substrate
concentrations as there is competition for active sites,
since some of the sites are occupied.
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• Once the concentration reaches a particular point, all the
active sites are engaged, the enzyme active site saturation
point is reached by the substrate and the rate will not
speed up anymore. This is called Vmax, the maximum
rate (or velocity) when the reaction becomes zero order
with respect to the substrate concentration. At this point,
since the enzyme active site is saturated, the rate of the
reaction is dependent on the rate at which the substrate is

No change in rate.
All active sites occupied
Non-linear dependence

Approximately linear
dependence at low
concentrations
[S], substrate concentration

			

Enzyme

Substrate

Rate

Vmax

Rate

converted to the product and leaves the active site Figure
13-24. The only way of increasing the rate further is to
increase the enzyme concentration.

Initial rate
period

Low substrate
concentration

[S], substrate concentration

High substrate
concentration

Figure 13-24 The variation of rate with substrate concentration

Effect of temperature and pH changes and the
presence of heavy metals on enzyme activity

optimum temperature

30

40
37˚C

Figure 13-26
Rate of reaction
versus pH

50
T /°C

Optimum
pH

Like all reactions, as temperature increases, enzymatic
reaction rate increases up to a certain point as the substrates
with energy E ≥ Ea collide with active sites more frequently
because the molecules move faster. However, the speed of the
reaction drops sharply when the temperature reaches a certain
point. Here, the thermal agitation of the enzyme disrupts
the interactions that stabilize its active site. If the threedimensional structure is changed as a result of temperature,
the enzyme activity is affected. All enzymes have an optimum
temperature at which they are not yet denatured. In humans,
enzymes have an optimum temperature of about 37°C,
about the same as the internal body temperature. Above this

20

Figure 13-25
Rate of reaction versus
Temperature

rate

OPTION

Effect of temperature change on enzyme activity

temperature, the change in the enzyme structure affects the
active site (usually irreversibly) and the rate drops sharply as
shown in Figure 13-26.

Rate of reaction

Enzyme activity depends on its conformation. Each enzyme
has conditions under which it works optimally as that
environment favours the most active conformation for the
enzyme. If it changes in any way, the tertiary and quaternary
structures are altered, the substrate is no longer able to bind
to the active site and the enzyme is rendered non-functional.
This denaturation can take place when the surrounding
environment changes even slightly. Thus, enzymes are
sensitive to changes in temperature and pH or by the presence
of heavy metal ions such as Hg2+.

			

4

6

8

10

14

pH
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Effect of pH change on enzyme activity

Nature of science

Enzymes also work optimally in a narrow pH range. Proteins
contain polar groups such as –NH2 and –COOH and are
susceptible to pH changes due to the change in the charges
on the amino acid residues. Large changes in pH values
can denature such ionisable enzymes irreversibly rendering
them ineffective, hence at low or high pH values, the rate
of reaction drops sharply. Within a narrow pH range, the
enzyme structure changes reversibly and each enzyme works
optimally at a particular pH. Thus the maximal rate for the
enzyme chymotrypsin occurs around pH 8 and for pepsin
this occurs at pH 2. If, however, an enzyme is acting on an
electrically neutral substrate molecule such as sucrose, or
where the charge plays no role in the catalysed reaction,
changes in pH have little effect on the rate the enzyme
catalysed reaction. For example the enzyme invertase, which
catalyses the hydrolysis of the sucrose molecule, has a constant
rate in the pH range 3.3 to 7.5.

Effect of presence of heavy metal ions on
enzyme activity
Heavy metal ions can also disrupt the active sites of some
enzymes. When a heavy metal ion is present at the active site,
substitution of a different metal ion for the original ion can
cause the enzyme to malfunction and lose its activity. This
is particularly evident where heavy metal ions can bind, or
chelate, to the –S–H groups in proteins to form a –S–M–S–
type arrangement.

Investigation
This topic can lead to a good planning investigation to compare
the effect of inorganic catalysts such as MnO2, FeCl3 or Zn
with enzyme catalysis from pieces of apple, banana, beef liver
or potato on the decomposition of hydrogen peroxide. This
can be done by observing the rate of production of oxygen gas
compared with a standard where no catalyst is added.

OPTION

B.3 Lipids
Essential idea
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Lipids

Structures of EFAs linoleic acid and linolenic acid

Lipids form the building blocks of cell structure and are very
important components in metabolism. Lipids contain long
hydrocarbon chains and are soluble in non-polar solvents.
The term lipid does not suggest a particular chemical
structure (unlike, for example, amino acids) but includes
three different structures: triglycerides, phospholipids (lipids
containing phosphorus) and steroids.

The human body is able to synthesize most of the saturated
or unsaturated fatty acids it requires. However, there are two
essential fatty acids (EFAs), linoleic acid, C18H31COOH and
linolenic acid, C18H29COOH our bodies cannot make and
which must be present in our diets (in fish, flexseeds, leafy
vegetables) for the body to function properly. Both contain
18-carbon chains. Linoleic acid contains two C=C double
bonds in which the closest C=C bond to the end methyl group
is 6 carbon atoms away form omega-6 fatty acid. Linolenic acid
contains 3 C=C double bonds with the closest C=C bond to the
end methyl group 3 carbon atoms away is an omega-3 fatty acid.

Condensation reaction to form triglycerides
Triglycerides are un-ionised lipids (unlike phospholids
that are ionised). Esters are formed from the condensation
reaction of an organic acid and an alcohol in which the ester
link connects the two molecules together with the elimination
of water. Triglycerides are esters formed from glycerol,
propan-1,2,3-triol, CH2(OH)CH(OH)CH2OH containing
three –OH groups and three fatty acids. Fatty acids are long
chain carboxylic acids, R–COOH, with an acid group at one
end and an R group at the other end. A simple triglyceride
contains the same fatty acid (R1 = R2 = R3); most are mixed
triglycerides and contain different fatty acids ( R1 ≠ R2 ≠
R3). The structures of some fatty acids are given in the data
booklet in section 34.
Glycerol
Propan-1,2,3-triol

Triglyceride

H

O

O

C
O

H

C

O

C
O

R1

HO
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O
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O

R 2 + 3 H2O

HO
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C
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C
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Figure 13-27

H
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H
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(C H 2) 4
C H3

H
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(C H 2) 7
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Molecular formula: C 17H 31C OOH

Linolenic acid: C #3 from methyl group, thus omega-3 fatty acid
H

H H
C

C H2
C H3

C

H H
C

C

C

H
C

C

H
H
H
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Molecular formula: C 17H 29C OOH

C
(C H 2) 7
C OOH

Figure 13-29 Structures of Linoleic and Linolenic acids

Difference in structure between saturated and
unsaturated fats

R1

H

H

OPTION

H

Linoleic acid: C #6 from methyl group, thus omega-6 fatty acid

ester
link

Condensation reaction to form 		
triglyceride

Although the R group of the acid component varies, fats and
oils have some features in common. The fatty acids are almost
always straight hydrocarbon chains without any branching
present. They contain an even number of carbon atoms
(synthesised from a series of ethanoate ions by an enzyme
catalysed reaction); besides the C=C bonds in unsaturated
fats, no other functional groups are present.

Figure 13-28 Structure of lauric acid,C11H23COOH

Saturated and unsaturated are terms most commonly used
in nutrition. Most naturally occurring fats and oils have
carbon chains containing a mixture of saturated, mono- and
poly-unsaturated acids and are classified according to the
predominant type of unsaturation present. In a saturated fat,
the hydrocarbon chain has no double bonds present between
carbon atoms; it contains the maximum number of H atoms
bonded to the C atoms and R = CnH2n+1. These are common
in most animal fats, such as butter and are usually solids at
room temperature. However, oils such as olive oil contain
at least one C=C and are thus unsaturated. These are called
monounsaturated if there is one C=C and polyunsaturated
if there is more than one C=C bond, which is commonly
the case. The arrangement around the double bonds is cis,
meaning the alkyl groups across the C=C bond are on the
same side.
Unsaturated oils can be partially hydrogenated to solids
or semi-solids by the reaction with hydrogen gas in the
presence of nickel or platinum as a catalyst and heat. This
lowers the degree of unsaturation. However, the side effect of
hydrogenation can be the formation of trans-fats. One often
hears of trans-fats in fried and baked foods which raise LDL,
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the 'bad' cholesterol that increases the risk of cardiovascular
disease (see under negative health effects).
Example: Linoleic acid, C18H30CO2 is one of the essential fatty
acids.
(i)

If its molecular formula is C18H32CO2, deduce its 		
condensed formula showing the carboxylic acid and
the side chain group.

(ii)

Is the fatty acid is saturated or unsaturated? 		
If it is unsaturated, determine the number of double
bonds present in the acid.
Deduce the molecular structure of the triester 		
formed by the condensation of glycerol,
propan-1,2,3-triol with three linoleic acids and
identify the ester link in the structural formula.

Sunflower oil requires more drops of iodine solution for a redviolet colour to remain than peanut oil does. This is because
the sunflower oil is more highly unsaturated (it contains more
C=C bonds per mole of oil) than peanut oil.
Oil or Fat
Butter fat
Olive oil
Peanut oil
Sunflower
oil

Mono
Poly
Saturated
Iodine
Unsaturated Unsaturated
fats
Number*
fats
fats
67%
29%
4%
30-38
15%
75%
10%
79-95
18%
49%
33%
85-100
10%

13%

77%

119-138

Figure 13-30 Iodine numbers and percentage fatty acid
composition of common fats and oil

Solution
(i)

C17H31COOH;

(ii)

Saturated R group would have the formula CnH2n+1.
If n = 17, 2n+1 = 35; thus not a saturated fatty acid.
Since it is short 4 Hs, it must have two C=C double 		
bonds.

(iii)

H

Example: 0.010 mol of linoleic acid reacts with 5.1 g iodine.
Determine the number of double bonds present in the acid.

O

H

C

O

C
O

C17H31

H

C

O

C
O

C17H31

H

C

O

C

C17H31

H

* Iodine numbers are often quoted as ranges because the
fats and oils listed contain variable mixtures of triglycerides,
whose composition varies according to the mixture of fats
and oils in different samples of the foods. Thus, the more
unsaturated oil has a higher iodine number.

Solution
n(I2) = 5.1 g/254 g mol–1 = 0.020 mol I2 which reacts 		
		
with 0.010 mole linoleic acid.
Since one mol of linoleic acid reacts with two moles of I2, it
contains two C=C double bonds.

ester
link

Application of the concept of iodine number to
determine the degree of unsaturation of a fat

Example: Calculate the iodine number of linoleic acid,
C17H31COOH

The iodine number (or index) is the number of grams of iodine
(in solution) that adds to 100 g of a triglyceride. Addition of
iodine solution to an unsaturated molecule will cause the
double bonds to break to form single–bonded carbon atoms.

Solution
M(acid) = 18(12.0) + 32(1.0) + 2(16.0) = 280 g mol–1
M(iodine) = 2 × 126.9 = 253.8 g mol–1

C

C

+ I2

C

C

I

I

Since saturated and unsaturated fats and their products are
colourless and iodine is coloured, the reaction mixture of an
unsaturated fat and iodine will turn from a red–violet to a
colourless solution as the iodine is used up in the addition
reaction. If a fat contains no double bonds and is therefore

Linoleic acid has 2 double bonds because its formula would
require four more hydrogens to be that of the corresponding
saturated fatty acid (C17H35COOH) and hence it reacts with
2 moles of I2.
Therefore: 280 g of fat reacts with 2 × 253.8 g of I2.
Therefore:
100 g of fat reacts with (2 × 253.8/280) × 100 = 181 g I2.
Therefore: Iodine number = 181

OPTION

(iii)

a saturated fat, it will not react with iodine. The number of
moles of iodine reacting with one mole of fat indicates the
number of double bonds present in the fat since each mole of
double bond requires one mole of I2.
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Prediction of the relative melting points of fats
and oils from their structures
Fats are generally solids and have higher melting points than
oils, which tend to be liquids. This depends on the degree
of unsaturation in the fat and its effect on the shape and
arrangement of R groups, how closely it can pack and thus the
strength of the van der Waals’ forces of attraction between the
long chain R groups. The regular tetrahedral arrangement of
carbon atoms with a bond angle of 109½° in a saturated fat
makes it possible for it to pack fairly closely together with
parallel chains in the triglyceride. Although weak van der
Waals’ forces are involved, the large surface area in the long R
groups produces forces strong enough to make these solids at
room temperature.

An unsaturated fatty acid has one or more double bonds
formed by the removal of hydrogen atoms. These include
vegetable fats that are oils at room temperature. Most C=C
double bonds in biological systems tend to have the cis
arrangement. This contains the H on each carbon across the
double bond on the same side. The change in the bond angle
to 120° at the C=C double bonds from 109½° in tetrahedral
C and the cis configuration prevents the oil molecules from
packing closely together to solidify as in the case of essential
fatty acids, figure 13-29. The greater the number of C=C
double bonds, the more difficult the close packing and the
lower the melting points.

Figure 13-31 Closely packed, parallel chains of 		
tetrahedral carbon atoms in a saturated
fat

Number of Number of C=C bonds Melting
C atoms (degree of saturation) Point (°C)

Name

Formula

Structural Formula

Lauric acid
Myristic acid
Palmitic acid
Stearic acid
Oleic acid
Linoleic acid

C11H23COOH
C13H27COOH
C15H31COOH
C17H35COOH
C17H33COOH
C17H31COOH

CH3(CH2)10COOH
CH3(CH2)12COOH
CH3(CH2)14COOH
CH3(CH2)16COOH
CH3(CH2)7CH=CH(CH2)7COOH
CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH

12
14
16
18
18
18

0 saturated
0 saturated
0 saturated
0 saturated
1 mono-unsaturated
2 poly-unsaturated

44
58
63
70
16
5

Figure 13-32 Some fatty acids found in dietary fats and oils

OPTION

Phospholipids
Note the trend in the melting point of the first four acids
listed, namely an increase with an increase in the length of
the hydrocarbon chain (thus experiencing greater van der
Waals’ forces). The last three fatty acids each contain 18
carbon atoms. However, the presence of one C=C double
bond in oleic acid and two double bonds in linoleic acid,
correspondingly decreases the melting points of these fatty
acids due to the prevention of the close packing possible in
the saturated fatty acids.

Phospholipids are a major part of all biomembranes. These
act as barriers around and inside a cell. Phospholipids are
derivatives of triglycerides, also formed by a condensation
reaction, but contain one phosphate group. Phospholipids
are formed from a glycerol backbone, esterified with two fatty
acids. The third −OH of glycerol is esterified with a phosphate
group bonded to an alcohol derived from different polar
groups such as choline, (CH3)3N+CH2CH2OH as the side
chain. Thus, phospholipids are similar to triglycerides in their
structure except that one fatty acid is replaced by a phosphate
that contains a polar group. The R groups of the fatty acids
are non-polar tails whereas the phosphate group is the polar
head. See Figure 13-33.
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Two fatty
acids
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phosphatidylcholine

Figure 13-33

+ 3 H2O

H

O–
Phosphate

Phosphate
group

O

H

CH2 CH CH2OH

CH2 CH N+H3

OH

COO–
phosphatidylserine

phosphatidylglycerol

Condensation reaction to form phospholipid

In water, phospholipids form a bilayer with the polar,
hydrophilic, heads facing the aqueous layer and the nonpolar hydrocarbon tails lining up with each other. Differences
in the polar group and hydrocarbon tail (length of carbon
chain and degree of unsaturation) determine the function
and shape of the phospholipid.
Non-polar hydrocarbon tails

O
O

H 2C

C

R

HC

O

C

OH

HC

OH

H 2C

OH

O
R

+ 3 H 2O

+3
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H

C

R

O
O

H 2C

C

R

Fatty acid

Glycerol

Simple triglyceride

Aqueous
layer

H 2C

O

Figure 13-36 Overall hydrolysis of a simple 		
triglyceride

Aqueous
layer
Polar heads

Hydrolysis of triglycerides and phospholipids
using enzymes, alkaline or acidic conditions
Since triglycerides and phospholipids are formed by
condensation reactions, these can undergo hydrolysis which
is the reverse of the condensation reaction. Hydrolysis is
the splitting of a covalent ester bond by reaction with water.
Hydrolysis of triglycerides during digestion involves splitting
the fats into their carboxylic acids and propan-1,2,3-triol
catalysed by the enzyme lipase (since the uncatalysed reaction
is too slow). The reaction tends to take place in steps, via the
formation of diglyceride and monoglyceride.
O
H 2C

O

H

H

O

H

C

O

C
O

R1

H

C

OH
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COO–Na+
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O
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OH + R 2

COO–Na+

H
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O

C
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H
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OH

COO–Na+

H

C
O

C 17H 35

H 2C

OH
O

HC

O

C
O

C 17H 35

H 2C

O

C

C 17H 35

Tristearin

Besides enzymes, hydrolysis can also be carried out by
using alkaline or acidic conditions and the products vary
slightly. For example, in alkaline conditions, the fatty acid
formed reacts with the base to form the salt. It is possible to
deduce the structural formulas of reactants and products
in condensation and hydrolysis reactions between glycerol
and fatty acids and phospholipids. The hydrolysis of
triglycerides in alkaline conditions produces glycerol and
soaps, the salts of fatty acids.

+ H 2O

O

HC

O

C
O

C 17H 35

H 2C

O

C

C 17H 35

Distearin

Triglyceride
(fat or oil)

+

H

O

C

C 17H 35

Stearic acid

Figure 13-37

R3

H
Sodium
+
hydroxide

Glycerol

+

Soap

Saponification – hydrolysis of fat with
base to form soap

OPTION

Figure 13-34 Phospholipid bilayer structure

Figure 13-35 The hydrolysis of one ester link in
tristearin
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Hydrolysis of a phospholipid can occur at four places. In the
presence of H+, the products would be the two fatty acids,
R1COOH and R2COOH, glycerol (propan-1,2,3-triol) and the
products of hydrolysis of the phostphate group, H3PO4 and
X-OH. Thus if X in the phospholipid is –CH2CH2N+(CH3)3,
then the corresponding alcohol, HO–CH2CH2N+(CH3)3. In
basic solution, the corresponding salts of the acids would be
formed.
H

O
R1

C

O

C

H

R

C

O

C

H

H

C

O

2

O

O
P

O

Solubility of lipids and carbohydrates
Lipids are found in living organisms and are defined in terms
of their solubility. Lipid molecules are non-polar or of low
polarity and thus, in general, these are poorly soluble in
water, but soluble in organic solvents. The very low solubility
of lipids in water is due to large non–polar, hydrocarbon
sections present with only a few hydrophilic polar groups. For
this reason, lipids cannot dissolve in the bulk fluids of animal
bodies whose chemistry is based upon water (the human
body is around 70% water). On the other hand, soluble
carbohydrates and sugars are highly soluble in polar water
because of the many hydroxyl groups that can form hydrogen
bonds with water molecules.

X

C

O

H

Figure 13-38 Hydrolysis of a phospholipid

Steroids
Cholesterol is an example of a steroid. It does not contain
fatty acids and its structure is not related to the those of
triglycerides or phospholipids. The steroidal skeleton or
backbone contains 17 carbon atoms and is a characteristic
molecular tetracyclic (four-ring) fused carbon ring structure
consisting of three cyclohexane rings (labelled A, B and C)
and a cyclopentane ring (labelled D), The steroid skeleton can
be modified in a large number of ways by attaching functional
groups to it, one important example being cholesterol.
C
A

D

B

Four fused carbon skeleton
ring structure of steroids
C H3

C H3
CH
C H3

C H2

C H2
C H2

C H3
CH
C H3

Cholesterol

OPTION

OH

Figure 13-39 The steroid structure showing cholsterol
as a typical example

Cholesterol, C27H45OH, is the most abundant and important
steroid in the body. The steroid ring skeleton and hydrocarbon
tail region are hydrophobic and hence fat-soluble, whilst the
presence of the –OH group means it contains hydrophilic
component. Cholesterol is produced primarily in the liver, is
transported by lipoproteins and is found in the bloodstream
and body cells. It is present in foods like dairy products, eggs
and meats but not in foods from plants.

Hydrogen
bonds

Figure 13-40 H- bonding between water and hydroxyl
group in soluble carbohydrates and sugars

Energy storage and energy density of lipids and
carbohydrates
The role of carbohydrates is to provide a quick source of
energy from sugars which are water soluble and used readily
for cellular respiration. Sugars are obtained by release
from polymer carbohydrates or from digestion in animals.
Carbohydrates are also used for the storage of energy as the
polysaccharide glycogen. Lipids supply energy as well as store
it as triglycerides (fats) and most energy is stored as lipids.
Lipids are not polymer units made from small subunits and
are not water soluble. Thus, lipids do not metabolise as easily as
glycogen and do not release energy as readily as carbohydrates.
When carbohydrate supply runs out in the body, it starts to
burn the stored fats for energy.
Fats are high calorie foods. They release about 38 kJ g−1and are
the most concentrated form of metabolic energy compared
with about 18 kJ g−1 for sugar (or 29 kJ g−1for ethanol and
23 kJ g−1for proteins), Thus lipids have over twice the energy
density of carbohydrates and do not require an aqueous
environment for storage compared with carbohydrates that
require water.
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Fat molecules have a lower proportion of oxygen atoms than
carbohydrate molecules. These are less oxidized (or more
reduced) and more oxidation can take place. Therefore, more
energy is released from the oxidation of fats compared with
carbohydrates. Hence fats are much better biological fuels.
Consider the oxidation of C18H32O2 which has a lower
proportion of oxygen compared with C18H32O16:
C18H32O2 + 25O2 → 18CO2 + 16H2O
C18H32O16 + 18O2 → 18CO2 + 16H2O

Polarity/Solubility
Largely non-polar;

The two reactions form the same products in the same
amounts meaning the same number of bonds are formed
(bond formation is exothermic). The difference in the change
in energy for the two reactions must then depend on the
energy required to break the bonds in the two reactants.
Although fewer oxygen molecules are being broken in
the second reaction, stronger O–H bonds are present in
C18H32O16 (requiring more energy to break) compared with
C18H32O2 that has many weaker C–H bonds (requiring less
energy to break) compared with O–H. The net result is that
fats produce more energy than carbohydrates.

Energy density
Lower proportion of oxygen atoms;

Less oxidised (more reduced); 38 kJ g−1; over
Soluble in non-polar
twice the energy density of carbohydrates
solvents; not soluble in water.
released on combustion.

Lipids

Carbohydrates

Polar; capable of hydrogen
bonding and thus water
soluble.

Energy storage
Slow release of energy;
energy stored as
triglycerides (fats).

Higher proportion of oxygen atoms;

Quick source of energy;

More oxidised (less reduced);

energy stored as the
polysaccharide glycogen
in animals or starch in
plants.

18 kJ g−1; about half the energy density of lipids
released on combustion.

Figure 13-41 Comparison of carbohydrates and lipids as energy storage molecules with respect to their 		
solubility and energy density

Comparison of the processes of hydrolytic and
oxidative rancidity in fats

Hydrolytic rancidity
In hydrolytic rancidity, the ester bond is broken down in the
presence of lipase and moisture to yield free fatty acids. Butter
contains a small amount (about 3%) of triglyceride of butanoic
acid. Hydrolysis of lipids in butter by water produces butanoic
acid which is volatile with low odour threshold which gives a
sweaty rancid smell and unpleasant taste to milk and butter
that have been stored too long. Longer chain acids are less
volatile, so the smell is less noticeable, but the presence of
the free fatty acids such as palmitic, stearic and oleic acids or
lauric acid affects the texture to give a fatty or soapy feel to
the product, for example in old samples of chocolate or cocoa
butter. The rate of hydrolysis is significantly increased by the
presence of enzymes, such as lipase, produced by micro-

organisms. Deep frying, can produce a hydrolytic reaction
between the cooking oil and moisture in food.

Oxidative rancidity (auto-oxidation)
A second way in which rancidity occurs is oxidative rancidity
which involves the reaction of the carbon-carbon double bond
in unsaturated lipids, which undergoes oxidation with oxygen
from the air. This results in complex (free radical) reactions
to produce a wide variety of products such as aldehydes and
ketones, many of which have unpleasant odours or tastes.
The presence of light and of enzymes produced by microorganisms accelerates the rate at which oxidative rancidity
occurs. In highly unsaturated lipids, such as fish oils, oxidative
rancidity can be a major problem.

OPTION

One common form of food degradation is rancidity in lipids.
Rancidity is the development of unpleasant smells in fats and
oils, which are often accompanied by changes in their texture
and appearance. Rancidity can develop in two distinct ways;
hydrolytic rancidity and oxidative rancidity.
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Hydrolytic rancidity

Oxidative rancidity

Site of reaction

Saturated fatty acids
Hydrolysis
Water; rate increases in presence of enzyme lipase or
strong acid or base
Ester link is broken

Products formed

Form fatty acids and glycerol

Method of storage to
reduce rancidity

Refrigeration; Ultra heat treatment (UHT) destroys
lipase in milk

Examples of food
samples

Milk, butter

Tuna, salmon

Effect on food due to
reaction

Unpleasant, rancid order due to butanoic acid present
in butter; soapy taste due to base hydrolysis

Undesirable smell, taste and texture

Type of lipid
Type of reaction
Reaction conditions

Unsaturated fatty acids
Oxidation
Exposure to oxygen/air
Addition across C=C bond

Form aldehydes and ketones (via free
radicals)
Exclude air; use of antioxidants like
vitamin C and E and BHA (a synthetic
antioxidant)

Figure 13-41 Comparison of the processes of hydrolytic and oxidative rancidity in fats

Roles of lipids in the body and the negative
effects that they can have on health

Transporter of lipid soluble vitamins and
hormones

Lipids act as structural components of cell membranes,
in energy storage, thermal and electrical insulation, as
transporters of lipid soluble vitamins and as hormones.

The fat-soluble vitamins (A, D, E and K) and hormones
(steroids hormones and thyroid) are lipid soluble and are
transported by lipids.

Structural components of cell membranes

Impact of lipids on health, including the roles
of saturated, unsaturated and trans-fat, polyunsaturated fats and the use and abuse of
steroids

Phospholipids arranged in a bilayer form a stable boundary
between two aqueous components, such that the hydrophilic
parts face water molecules and protect the hydrophobic
parts that face towards each other and away from the
aqueous environment. Cell membranes are made mostly of
phospholipids.

Energy storage

OPTION

Lipids, such as fats are a very efficient way for the body to
store energy. Hydrolysis of a fat produces glycerol plus the
corresponding fatty acids present in the fat. The fatty acids are
oxidized to produce large amounts of energy. Lipids provide
energy storage primarily in the form of triglycerides in which
fatty acids are the major components.

Thermal and electrical insulation and
protection of organs
Fats are stored in adipose tissue which provides insulation
that is important for regulating the internal temperature of
the body as well as providing a protective covering for parts
of the body such as the kidneys.

Atherosclerosis
Atherosclerosis arises from the deposition of cholesterol
in the blood vessels due to a diet rich in fats. This can lead
to the narrowing of arteries and cardiovascular diseases.
When we eat a diet rich in fats, not all of it is metabolised.
This leads to fat being deposited on the abdomen, hips and
buttocks, eventually leading to obesity. This can lead to
health complications including diabetes and cancers seen
more often in the first world.

Role of dietary HDL and LDL cholesterol
Lipoproteins contain both lipid and protein. HDL, highdensity 'good' lipoprotein and LDL, low-density 'bad'
lipoprotein differ in composition of lipid and protein and
in their function. Lipoproteins are not different types of
cholesterol but rather contain different proportions of
cholesterol and proteins which transport cholesterol through
the blood around the body. The protein part of a lipoprotein
is water soluble, whereas lipids such as cholesterol are not
soluble in water. Since blood is mostly water, it is the protein
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part of a lipoprotein that forms an outer layer around
cholesterol, allowing it to be transported in the blood.
The density of lipoproteins is determined by the amount of
proteins present in the molecule. Thus, HDLs have a higher
percentage of proteins compared with LDLs. As a result,
HDLs prevent the build-up of cholesterol in the arteries. The
lower percentage of lipids in HDLs means these can absorb
more cholesterol and hence carry it away from the arteries,
where it can build up narrowing the artery, to the liver where
it is broken down for recycling and elimination.

etc. In women, steroids affect secondary sex characteristics,
build up of muscles and the growth of facial hair. Both men
and women can also develop violent tempers, increased
aggressive behaviour as well as an increased risk of diseases
such as liver tumors, high blood pressure and heart attacks. As
a result, anabolic steroids are strictly forbidden at international
athletic competitions. Competitors are given random urine
tests (to detect steroids and other banned drugs) and winners
are often required to undergo compulsory urine tests for such
banned substances.

LDLs carry cholesterol through the blood to the body to
build and repair damaged tissues. However, LDLs from
saturated fats such as lauric and palmitic acids and transfats contain a higher percentage of lipid cholesterol which
tends to accumulate around damaged tissues. LDLs are thus
associated with depositing cholesterol in arteries which leads
to the formation of cholesterol plaque, a hard, thick substance
on artery walls. With time, the plaque leads to thickening of
the arterial walls which narrow, leading to cardiovascular
diseases. Trans-fats also have a harmful effect on the brain
and nervous system.
The unsaturated fatty acids are present in fish oil and many
nuts lower the levels of LDL. The essential fatty acid, omega3-fatty acid is a polyusaturated fatty acid found in salmon,
fish oil, flaxseeds and leafy vegetables is known to reduce
blood pressure and the risk of heart disease.

Use and abuse of steroids
Steriods are very useful in their anti-infammatory properties
and are used in several anflammatory diseases including
rheumatoid arthritis an asthma flareups. Besides the
development of male secondary sexual characteristics,
testosterone promotes muscle growth. Such anabolic
(meaning ‘building up’) steroids are effective ways to
increase muscle mass. Thus, for patients suffering from long,
debilitating illnesses such as cancer, testosterone-like steroids,
which cause few side effects, can be used to stimulate muscle
growth and increase muscle mass and help such patients
recover their body weight.

OPTION

However, athletes have been known to abuse such drugs. Both
male and female athletes stand to improve their performances
by using these substances. Testosterone is more prevalent
in men and is principally responsible for muscle build-up.
Women who use anabolic steroids have much to gain because,
initially, there is a low concentration of testosterone present
in their bodies.
Taking large doses of anabolic steroids causes harmful side
effects. In males, the effects of aging are observed including
impotence, baldness, problems in urinating, smaller testes,
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B4 Carbohydrates
Essential idea

Nature of science

Carbohydrates are composed of carbon, hydrogen and oxygen
only and have the general formula Cx(H2O)y. Important
carbohydrates are:
• the monosaccharides glucose and fructose called simple
sugars

OPTION

• the disaccharides lactose and sucrose (made from the
condensation of two simple sugars) and
• the complex polysaccharides starch, cellulose and
glycogen which are large polymeric molecules made of
simple sugars.
Most carbohydrates are changed to glucose as a result of
digestion. Glucose is then carried by the blood to body cells,
where it is oxidised during respiration. The energy available
goes to physical activities, keeps the body warm and is used for
repair and growth of cells.

Structural features of monosaccharides
Monosaccharides are the smallest molecular units of
carbohydrates with the general formula (CH2O)n and
an empirical formula CH2O. Monosaccharides contain
a carbonyl (>C=O) group and at least two hydroxyl (–
OH) groups. Glucose and galactose contain the aldehyde
group and fructose a ketone group. All three are isomers
with the molecular formula C6H12O6. Ribose, C5H10O5 is a
monosaccharide with five carbon atoms. Monosaccharide
structures often differ only in orientation of the hydroxyl
groups.

Haworth Projections
Straight chain forms of sugars cyclize in solution to form ring
structures containing an ether linkage. Haworth projections
represent the cyclic structures of monosaccharides that give
a three-dimensional perspective. Typically the C atoms in the
ring are implied at the intersections of the lines, as shown in
Figures 13-43 and 13-44.
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Figure 13-43 Straight–chain and ring forms of glucose and galactose

In glucose, the carbon atoms are numbered starting with
1 at the carbonyl group. In the Haworth projection, bonds
connecting carbon atoms 2 and 3 in the ring structure are
close to the reader and are drawn with thicker lines. Groups
that appear on the left hand side of the straight chain (Fischer
projections) appear above the plane of the ring and those
on the right hand side appear below the plane of the ring as
shown in the diagram above. The –OH group on C5 becomes
part of the ring and –CH2OH on C6 appears above the ring
plane. The only difference in the galactose structure is the
orientation of the H and OH around C4. (HL Chemistry:
Note that there are four chiral (asymmetric) carbon atoms
1
2
HO
H
H

3
4
5
6

O

C

H

C

OH

C

OH

Fructose, an isomer of glucose, contains the ketone group
C=O in the C2 position. In the straight chain form, it has
the same configuration as straight chain glucose at C3 to C6
and differs only in the arrangement at C1 and C2. Fructose is
capable of forming a six membered ring where the -OH group
on C6 converts to the ether, whereas in the five membered
ring, the –OH on C5 becomes the ether group:

H

CH2OH
C

(C2, C3, C4 and C5) in the glucose and galactose molecules
and thus several stereoisomers exist for each; C1 and C6 are
not chiral in either case.]

ketone
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α-fructose six membered ring
structure

CH2OH

C H 2OH

α−fructose five membered ring structure

Figure 13-44 Isomeric forms of fructose

The straight chain and α-ring forms of glucose and fructose are given in the data booklet in section 34 (the distinction between
α- and β- forms and the structure are not required).

Disaccharides are two simple sugars linked together with a glycosidic bond. When monosaccharides form disaccharides or larger
polysaccharides they do so through condensation reactions by eliminating a water molecule to form a C–O–C glycosidic bond
between the rings. This normally forms between carbon atoms 1 and 4 of neighbouring units and is called a 1,4 or 1→ 4 bond. The
condensation of two glucose molecules produces maltose with the elimination of water:
CH 2OH

CH 2OH
H

			 C

maltose
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H
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Condensation reaction H
OH
of disaccharides
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OPTION

Condensation of monosaccharides to form disaccharides and polysaccharides

+H2O

OH
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Solution

When a person digests a disaccharide, hydrolysis of the
glucosidic linkage takes place, (the reverse of the condensation
reaction) and produces the two monosaccharides, for example
hydrolysis of lactose:

CH2OH
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C
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O
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Properties and functions of monosaccharides
and polysaccharides to their chemical structures
Monosaccharides and disaccharides have low molar masses,
are sweet and readily soluble in water due to hydrogen bonding
between water and the –OH groups and are readily taken up
by cells. They form crystalline solids, due to intramolecular
H bonds between the –OH groups. Since aldehydes are easily
oxidized (to carboxylic acids), monosaccharides with aldehyde
groups such as glucose are called reducing sugars.

CH2OH
CH2OH

C

Starch, cellulose and glycogen are polysaccharides, complex
carbohydrates consisting of numerous monosaccharide
units. These have large molar masses, are not sweet, are non–
reducing and are generally insoluble in water. Hydrolysis of
polysaccharides eventually produces monosaccharides.

		

Given the structure of sucrose below, deduce the structures of
the two monosaccharides and name each one.
H

H

CH2OH

O

Polysaccharides

Example

O

CH2OH

α-Glucose

Thus, it should be possible to deduce the structural
formulas of disaccharides and polysaccharides from given
monosaccharides.

C

C

H

O

ß-glucose

Figure13-46 Hydrolysis of lactose to produce
β-galactose and β-glucose
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Polysaccharides differ in the nature of their recurring
monosaccharide units, the bonds connecting these, the
length of their chains and the degree of branching. There are
two forms of starch; both are polymers of α–glucose.

Portion of an amylose molecule containing α– 1,4 – linkages
CH2OH

CH2OH

O H

H

H

O
H

H

H
OH H

H
OH H
O

CH2OH

OH

OH
H
OH H

O

OH

H

O
H

OH

OH

1,4 linkages
Portion of an amylopectin molecule containing α–1,4 – & α– 1,6–linkages
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H
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Figure 13-47 Portions of amylose and amylopectin molecules
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Cellulose is made up of much longer chains of β-glucose units with all glycosidic
linkages in the 1,4-positions, making it a linear polymer.
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Figure 13-48 Polymeric structure of cellulose
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Figure 13-49
Hydrogen bonding in amylose and
cellulose
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Structure

Properties and function

General formula (CH2O)n; contain a carbonyl
Monosaccharides
(>C=O) group and at least two hydroxyl (–OH)
For example
groups and differ only in the orientation of the –
pentoses and hexoses
OH groups.

Soluble in water due to hydrogen bonding
between water and –OH groups; readily taken
up by cells; easy to digest; function as source of
energy and as carbohydrates building blocks.

Disaccharides
(lactose, maltose,
sucrose)

Made of two monosaccharide units linked by
glycosidic covalent bonds.

Soluble in water due to the presence of hydroxyl
groups; hydrolysed into simple sugars; energy
source for body.

Polysaccharides
(corn, wheat, rice,
potatoes)

Differ in the nature of their recurring
monosaccharide units, the bonds connecting
these, the length of their chains and the degree of
branching.

High molar masses, water insolubility of most
polysaccharides; are common sources of energy
and are stored as energy reserves in the body.

Starch amylose

Straight chain joined by α–1,4 glycosidic bonds;
coiled helix structure is due to intramolecular
hydrogen bonding of some –OH groups on
different glucose units. See figure 13-49

Other –OH groups on the outside form hydrogen
bonding with water, thus making it somewhat
water soluble; can be hydrolysed by enzymes
(amylases); stored as energy reserves.

Starch amylopectin

α–1,4 linkages as well as branches formed by α–1,6
Water insoluble; can be hydrolysed by enzymes
glycosidic linkages on the glucose. Interactions of
(amylases); stored as energy reserves.
water with the polymeric chains are restricted.

Cellulose
(major component
of plant cells)

Made of much longer chains with all glycosidic
linkages in the 1,4-positions, making it a linear
polymer. This allows side by side alignment of
cellulose chains resulting in extensive hydrogen
bonding between chains gives it strength and
rigidity. Cellulose can be hydrolysed to glucose
by the enzyme cellulase, which is absent in most
animals, including mammals. Thus, humans
cannot digest cellulose.

Present as structural component in plants;
insoluble in water due to extensive intermolecular
hydrogen bonding between chains (not enough
water molecules can hydrogen bond with cellulose
to separate the chains). Important dietary fibre.
Cows and many other animals have bacteria in
their alimentary canal that produce cellulase that
digests cellulose produce glucose as energy source.

OPTION

Carbohydrate

Figure 13-50 Summary: Carbohydrates structure, properties and function
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Major Functions of carbohydrates

Energy reserve

Energy source

Starch is the polysaccharide by which plants store glucose for
energy. Animals store starch in the form of glycogen in the
liver. Glycogen can be broken down by enzymes into glucose
which can be transported by the blood to cells. Glucose
and oxygen are the reactants necessary for aerobic cellular
respiration which releases energy (see B9).

Carbohydrates function as quick source of energy from foods
such as milk, fruits, and snack foods such as sweets and soft
drinks.

B5 Vitamins
Essential idea

Nature of science

OPTION

B.5.1 Outline the difference between
micronutrients and macronutrients.
Vitamins are organic micronutrients that are not chemically
related and most differ in their structures and physiological
actions. Micronutrients are substances required in very small
daily amounts (mg or µg) that are essential for proper cell
function. Like water, micronutrients do not produce energy.
Most vitamins except vitamin D cannot be synthesized by
the body and must be taken in the diet from suitable food
sources. The structures of vitamins A, C and D are provided
in the data booklet section 35.

Macronutrients are chemical substances that are required in
relatively large amounts (>0.005% body weight). Examples
include proteins, fats, carbohydrates and minerals (Na, Mg,
K, Ca, P, S, Cl). Macronutrients such as carbohydrates, fats
and proteins supply energy and are required for growth and
maintainance of the body. They are therefore required in the
diet in large amounts as are some minerals.
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Vitamin solubility
Vitamins can be classified based on their solubility in either polar water or in non-polar or slightly polar fat molecules. Thus, one
can deduce whether a vitamin is water or fat soluble from its structure.

Vitamin

Structure

Vitamins A, D, E
and K

Contain long, non-polar
hydrocarbon chains or rings.

The B vitamins
and vitamin C

Contains highly polar hydroxyl
or amine groups which are
capable of extensive hydrogen
bonding with water.

Solubility
Fat-soluble in organic
non-polar or slightly polar
solvents.

Consequence
Can be stored in the body’s fatty
tissue and do not have to be
consumed every day.

Water soluble.

Stored only in small amounts in
the body; most must be consumed
regularly, preferably every day.

Figure 13-51 Vitamin classification

Comparison of the structures of vitamin A, vitamin C and vitamin D
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Figure 13-52 Structure comparison of vitamins

Vitamin A (retinol) contains a long, non-polar carbon
chain, with a conjugated system of alternate double and
single bonds, and only one –OH group. As a result, it is
an essentially non-polar, fat soluble primary alcohol. It
is light sensitive because it contains many conjugated
double bonds. Vitamin A is required for the production
of rhodopsin (light sensitive material in the rods of the
retina) which facilitates night vision.

due to the presence of C=C and –OH groups in both vitamins.
This is true of most vitamins. However, the presence of
alternate C−C and C=C bonds makes vitamin A molecules
more stable due to localisation of electrons and it does not
decompose easily during cooking.

Compared with retinol, Vitamin C (ascorbic acid) has a
smaller five-membered ring containing an oxygen atom,
a C=C alkene, a C=O carbonyl group and contains 4
hydroxyl groups (−OH) which form hydrogen bonding
with polar water molecules.

A balanced diet provides all the vitamin requirements of
humans. Deficiencies in vitamins that are essential for growth
and development lead to malnutrition. In the developed
world, income disparities, lack of economic opportunities
and poor eating habits (particularly in children and the aged)
are important reasons for malnutrition. In the developing
and third world, poverty, limited food supply and famine are
the key reasons. Also, lack of health services and poor literacy
rates contribute to the problem. It is estimated that one third
of African children and about half of South Asian children
are under-weight or malnourished.

Heat sensitivity of most vitamins

OPTION

Vitamin D has a close structural and functional similarity to
steroids and the two forms (D2 and D3) differ only in their
side chain structure. It contains only one –OH group but
large, non-polar hydrocarbon chain and it thus fat soluble.

Causes and effects of vitamin deficiencies in
different countries

Vitamin C and D are sensitive to heat and are easily oxidised
by reacting with atmospheric oxygen and in aqueous solution
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Vitamin and key
sources
A, retinol; milk, butter,
eggs, broccoli, carrots,
etc.

Effect of deficiencies

May cause xerophthalmia (dry eyes) due to failure
Vitamin A from margarine; fresh vitaminto produce tears; night blindness (difficulty in
rich foods such as fruits and green vegetables.
adapting to darkness).

B1, thiamin; Almonds, Causes beriberi which affects the muscles,
sunflower seeds.
heart, nerves etc.
B3, Niacin; kidney,
liver, almonds, carrots.
C, ascorbic acid;
fruits & vegetables
– oranges, broccoli,
spinach.
D*, calciferol; sun
exposure, tuna.

Suggested solutions to deficiencies

Causes pellagra; deficiency symptoms include
diarrhea, dementia (mental disorder) and skin
rash (dermatitis).
Causes scurvy, first noticed in sailors on long
voyages. Scurvy is identified by bleeding,
lesions on the legs and thighs and soft, rotten
gums.
Causes rickets, the malformation and softening
of bones.

Vitamin B1 from flour; fresh vitamin-rich
foods such as brown rice, whole grains, fruits
and vegetables.
Vitamin B3 from flour; fresh vitamin-rich
foods such as fish, poultry, nuts, cereals and
nutritional supplements.
Vitamin C added to fruit juices; fresh
vitamin-rich foods such as fruits and green
vegetables and nutritional supplements.
Vitamin D added to milk cereals, margarine
and nutritional supplements.

Figure 13-53 Examples of vitamin deficiencies and suggested solutions

*Vitamin D is necessary for normal bone formation and for the retention of calcium and phosphorus in the body. Vitamin D
absorbs calcium ions into the blood stream and, in the presence of phosphorus, makes it possible for the Ca2+ ions to be added to
the bones and teeth. Thus vitamin D protects the teeth and bones against the effects of low calcium intake by making effective use
of calcium and phosphorus.

B6 Biochemistry and the environment
Essential idea

Nature of science

OPTION

Just Thinking about Science Triggers
Moral Behavior: Psychologists find deep connection between scientific method and morality
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Xenobiotics
Xenobiotics, from Greek, meaning 'stranger to life', 'refer to
chemicals that are found in an organism that are not normally
present there' (IBO Guide). The term is typically used for
biologically active substances with respect to medicines such
as antibiotics which are substances foreign to organisms such
as animals, including humans. Xenobiotics are not present
in diet and can have harmful effects as pollutants due to
biological effects such as being toxic or affecting the immune
system. These chemicals are not necessarily foreign to all
organisms. For example, hormones which are essential to
humans are xenobiotic for fish that are exposed to hormones
present in water from sewage treatment plants. Xenobiotics
prepared artificially are not generally formed by nature and
as a result most are not biodegradable since these are typically
not identified by microorganisms. Also, xenobiotics tend to
be too large in size to enter microbe cells. These chemicals are
generally stable, toxic and water insoluble.

or more extensively treated, sewage treatment plants contain
increasing amounts of xenobiotics, ranging from antibiotics
and analgesics to tranquilizers and veterinary medicines.
Thus, fish and plant life downstream from water treatment
plants are subject to the unintended consequences of toxic
xenobiotics, leading to the failure of the marine environment.

Role of starch in biodegradable plastics
Literally millions of tons of plastics waste are produced
each day around the world. A very large part of it is
non-biodegradable and ends up in waste disposal
sites. Biodegradable plastics present a solution to this
environmental nightmare. Unlike plastics obtained from
oil, bioplastics are mostly biodegradable and derived from
renewable biochemical resources which are green in nature
with lower carbon footprint. Most bioplastics are agricultural
polymers made from starch or starch that is mixed with other
natural materials such as cellulose or synthetic materials such
as polyethene or polypropene. Fermentation of corn starch
and sugarcane produces lactic acid which can be polymerized
to polyacetic acid, PLA, a transparent plastic which is one
of the most important bioplastics in use. PLA blended with
polyethene or polypropene produces thermoplastic starch
polymers which can be moulded when they are hot and keep
their shape on cooling.

Increasing problem of xenobiotics such as
antibiotics in sewage treatment plants
The consequence of widespread overuse of antibiotics and
drugs by human beings and on other animals has led to the
contamination of water and the rise of antibiotic resistant
germs in aquatic systems. Whether sewage water is partially
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Polylactic acid, PLA, a polyester

PLA has good resistance to moisture but easily deforms and plasticizers are added to improve this mechanical property. Polyester
from corn starch or sugar beet is able to biodegrade in a few weeks after production. PLA tends to produce less waste and it can
be recycled.

OPTION

Figure 13-54 Structure of Lactic and Polylactic acids
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Advantages of starch based plastics
Abundant and renewable.
Biodegradable.
Can be mixed/blended with synthetic polymers.
Useable in non-food materials.
Reduces dependence on oil-based plastics and allows use of
locally grown vegetation.
Allows for better breathing of products due to permeability to
air.
Used in the manufacture of composting and waste collecting
packaging and in expanded packaging products in the fast food
industry.

Disadvantages of starch based plastics
Low resistance to humidity/moisture/water leads to rapid
degradation.
Cannot be used for packaging food stuff.
Presence of moisture due to hydrophilic property leads to
growth of microorganisms.
Lack strength.
Low resistance to impact.
Mechanical properties change with time in the presence of
moisture.
Limited applications due to lack of moisture- resistance and
less desirable mechanical properties.

Figure 13-55 Advantages and disadvantages of starch based plastics

Role of water in starch-based plastics
We are all familiar with what happens to a cardboard box that
comes in content with water – it become soggy and eventually
breaks apart. This is due to the presence of the polar groups
which gives it hydrophilic properties. It attracts water which
eventually hydrolyses it. Similarly, biodegradable plastics
containing starch have hydrophilic properties. Water affects
the structure of the starch by breaking the bonds between
hydrocarbon chains, for example at the ester linkage:
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Figure 13-56 Water affecting the structure of starch

OPTION

+ H2O
Hydrolysis
H

C
H

n

aerobic conditions. Compostable plastics are biodegraded
via chemical processes, mostly by microorganisms present in
the environment. Such microbes produce α-amylase protein
enzyme that hydrolyzes the glycosidic linkages between the
sugar monomers in the polysaccharide starch into smaller
fragments such as monosaccharide, disaccharide and oligomers
that contain fewer monomer units than the polymeric starch
dimers.

Since water behaves as a plasticizer, properties of starch
biopolymers depend a great deal on moisture present in the
air. Also, properties of starch based bioplastics degrade with
time, for example, breaking more easily when stretched. The
impermeability of starch to moisture can be improved by
combining it with biodegradable, renewable or synthetic
polymers. For example starch blended with cellulose improves
mechanical properties, permeability to gas and resistance
to water. This is because cellulose is made up of β-glucose
units with all glycosidic linkages in the 1,4-positions making
it a linear polymer. This allows the side by side alignment of
cellulose chains resulting in extensive hydrogen bonding
between chains giving it strength and rigidity.

Breakdown of biodegradable/compostable
plastics
Bioremediation is a method for improving the quality of
the environment by removing pollutants using microbes.
These attach to the pollutant and then form colonies on the
surface. Bioplastics can break down in either anaerobic or
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Figure 13-57 Biodegradation of plastics

The end products of biodegradation are carbon dioxide, water
and the dark organic material rich in nutrients called compost.
Biodegradation by microbes depends on a variety of factors
including ground conditions, temperature and moisture
content.

Breakdown of oil by enzymes
The process of photosynthesis allows plants and
microorganisms to use sunlight as a source of energy. Crude
oil is a natural product formed from the decomposition of
plant and algae over millions of years under extremely high
temperature and pressure conditions. These contain naturally
occurring hydrocarbon deposits, formed from the remains of
once living organisms. Not only do the constituents of crude oil
contain stored energy, these are also food for microorganisms
which are able to metabolize many of the chemicals present in
oil to produce energy and chemicals to grow. Utilizing enzyme
producing bacteria that can break down oil spills and other
industrial waste to improve the quality of the environment is
an example of the use of biotechnology in bioremediation.
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Enzymes in biological detergents
A detergent is a synthetic soap typically consisting of a long
chain non-polar tail such as the alkylbenzene group which is
hydrophobic (or lipophilic) and an anionic sulfonate group
which is hydrophilic. Thus it breaks up oil and dirt particles
so they can be washed away. Biological detergents contain
enzymes as the active ingredient formed by microorganisms,
typically bacteria. A large proportion of liquid and solid
detergents contain enzymes that can break down stains and
smells that are otherwise hard to remove. For example, it is
possible to use a bacteria containing detergent that produces
the enzyme urease that can metabolize urine present in soiled
garments.
Oil is not water soluble. Thus it separates from water and the
lighter components float to the top and form clumps. Oil
spills can have devastating effects on the ecosystem. The use
of bacteria or enzyme based detergents that can metabolically
break down oil spills and industrial wastes can reduce their
environmental impact. Rather than using pure enzymes that
tend to degenerate easily, enzyme producing bacteria are used
as these colonize rather quickly and produce a greater supply
of enzymes to degrade oil spills. Due to the complexity of the
chemical makeup of oil, it requires multitude of microbes
working together to breakdown the oil in oil spills.
Typically, the enzymatic breakdown of oil occurs aerobically
in the presence of air using the enzyme oxygenase; this
process takes place at lower temperatures than if the oil
is burnt. The end products are carbon dioxide, water and
smaller hydrocarbons that tend to have little or no toxicity
to the environment. However, in the absence of air, anaerobic
degradation of oil is a much slower process. Thus, enzymes in
biological detergents improve energy efficiency by enabling
effective cleaning of oil spills under aerobic conditions at
lower temperatures.

as in the case of tertiary and quaternary proteins which are
responsible for its three-dimensional structure.
The host molecules or ions are larger in size, geometry
and functional groups and capable of spontaneously and
reversibly binding with smaller guest species:
O
O

K+

O
Host
species

Guest
species

Example of a host-guest complex

O
O

O
Crown ether (18-crown-6)
K+ complex

Figure 13-58 Host-guest interactions

For example, the crown ether host molecule has a polar cavity
which is the right size to bind with K+ guest ion. The outer
periphery of the complex is hydrophobic and it is very soluble
in non-polar solvents.

Applications
Host-guest inclusion chemistry is used in the removal of
toxic chemicals from the environment. This is possible since
the supra-molecular complexes of different shapes and sizes
of host species can bind with a range of guest pollutants.
Examples include:
• Removal of 137Cesium from nuclear waste.
• Removal of carcinogenic organic chemicals in pesticides
and drugs.
• Detection and removal of pollutants such as nitrates,
phosphates and heavy metals. For example the host
calixarene 5 shows excellent selectivity for lead ions.

Host-guest chemistry
Biomagnification
Biomagnification is the increase in concentration of a
substance, such as the pesticide DDT or heavy metals, in a
food chain. This occurs since the xenobiotic pollutant is
not always excreted but is stored in different organs in fatty
tissues, such as the liver. DDT is carcinogenic and toxic and
due to its ability to bioaccumulate in the body, it is banned in
most countries. Although malaria has been greatly reduced
or removed from many countries, it continues to present
health problems in regions of the world where DDT use is
unavoidable. This will continue until it is eradicated with
vaccines that are currently in clinical trials.

OPTION

'Host–guest chemistry involves the creation of synthetic
host molecules that mimic some of the actions performed
by enzymes in cells, by selectively binding to specific guest
species, such as toxic materials in the environment' (IB
Guide). Host-guest chemistry refers to supra-molecular
species that are made up of two or more species held together
by weak, non-covalent bonding forces which are reversible.
These are common in biological systems such as the induced
fit model in enzyme-substrate chemistry or the double helix
structure of DNA. The interactions that hold the complex
together include non-covalent bonding within the supramolecule such as hydrogen bonding, dispersion forces (van
der Waals’), dipole-dipole and hydrophobic interactions

423
Chem 4th.indb 423

11/05/2014 10:34 am

Chapter 13
Biomagnification of DDT

Biomagnification of mercury

The decrease in the bird population of eagles, ospreys
and falcons in the US in the middle of the 20th Century is
traced to the widespread use of DDT to kill malaria carrying
mosquitos. These birds were at the end of a food chain
responsible for the harmful effects of DDT. The trophic
level is a position an organism occupies in the food chain.
The best way to control mosquito population is to spray
stagnant pools of water which are their breeding grounds.
However, this causes tiny amounts of the DDT to be stored
in the plankton in the swamps and represents the first level
in the food chain. This happens since the DDT undergoes
metabolism at a much slower rate (or not at all) compared
with nutrients consumed by the organism. Secondly, in the
food chain, it tends to be clams and some other fish that feed
on plankton. Since this is almost entirely their source of food,
DDT accumulation can be ten times what is present in the
plankton. Biomagnification further takes place when sea gulls
feed on clams and fish and can have several hundred times
the concentration present in plankton. Finally falcons and
eagles are the fourth trophic level in the food chain where the
DDT is further concentrated in the fatty tissues of the birds.
Thus biomagnification, the build-up of the concentration of
the DDT molecules takes place over time as organisms in
the food chain are unable to fully biodegrade and excrete the
xenobiotic DDT before they die.

Another similar example of biomagnification is that of the
heavy metal mercury. The largest chemical source of mercury
worldwide is coal power plants and industrial sources. These
include gold mining, manufacture of steel, extraction of zinc
and lead metals and cement plants (since mercury is present
as an impurity in the ores), waste incinerators and chlor-alkali
plants (for the manufacture of chlorine still in practice in some
parts of the world). As a result, the toxic heavy metal is released
into the atmosphere and soil and is discharged into rivers
that flow into the oceans. Most of the heavy metal pollution
settles on the sea floor where it is ingested by organisms, the
first level in the food chain. Since it is not bio-digestible, its
concentration increases through the food chain as clams
and some fish digest the microorganisms and the mercury is
stored in animal tissue. These are subsequently eaten by other
fish which finally end up on diet for human beings and birds,
with greater concentration of biomagnification taking place
at each stage of the food chain. Mercury is a metabolic poison
and its toxicity is primarily due to its ability to react with and
inhibit an enzyme system. Mercury poisoning, sometimes
called Minamata disease was first discovered in Minamata
City, Japan due to the industrial release of methyl mercury in
its waste water. The disease produces nerve damage and can
lead to death.

Green chemistry

OPTION

'The term green chemistry was first coined in 1991, and
acceptance of its philosophy has led to developments in
education and legislation in many countries … Green
chemistry, also called sustainable chemistry, is an approach
to chemical research and engineering that seeks to minimize
the production and release to the environment of hazardous
substances' (IB Guide).
Even though DDT has been banned in many countries, it is
found in the environment for many years after it is sprayed.
In small concentrations, DDT is found to be non-toxic
to animals. However, it is toxic in higher concentrations.
Note
that
DDT
(dichloro-diphenyltrichloroethane)
through its intermediate product of metabolism, DDE
(dichlorodiphenyldichloroethene) is responsible for the
thinning of the egg shells of ospreys and eagles. This happens
due to the interference of DDE in shell calcification, the
deposition of calcium on the egg shell. As a result, the eggs
break easily leading to a major decrease in the populations of
these birds.

Green or sustainable chemistry involves scientific,
technological and industrial work in the manufacture of
products which are environmentally sustainable through
chemical processes. The emphasis is thus on minimising the
production of dangerous chemicals while ensuring maximum
efficiency in any chemical process. The current release of toxic
chemicals into the environment is such that The International
Agency for Research on Cancer declared in October 2013
that “the air most people breathe has become polluted with a
complicated mixture of cancer-causing substances” and now
consider air pollution “the most important environmental
carcinogen.”
The 12 Principle of green chemistry can be summarised with
the following diagram:
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Figure 13-59 Reasons to adopt the use of green
chemistry

Green chemistry is not without its detractors.
There are those who:
• feel it should be just about decreasing the number and
quantity of poisonous chemicals released into the
environment.
• feel it should be about recycling or using renewable
materials
• are concerned about who should or should not have a voice
in it such as politicians, who may be driven by short term
goals, or by industry, driven by greater profits or scientists
driven by the search for grants.

Challenges and criteria in assessing the
'greenness' of a substance used in biochemical
research, including the atom economy
Assessing the ‘greenness’ of a substance or chemical process
in biochemical research is complicated as substances in each
step of the process may require decisions based on the 12
principles. It may not be possible to address every principle for
every chemical. In the end, the use of any green chemical or
process must be measured against its documented benefit to
environmental sustainability as well as efficiency. Two major
strategies of green chemistry efforts seem to be focused on the
reduction in the use of poisonous substances and in how much
waste is produced. Although this should not be just matter of
toxicity – it should also address the persistence of the chemical
in the environment and its bioaccumulation. Efficiency should
be considered to be a necessary condition but not sufficient due

to the Jevons paradox which suggests the increased efficiency of
resource use tends to increase, rather than decrease, the speed
with which it is used. For a discussion of Atomic Economy
and examples of its use, please refer to Option A5. Although
the concept of atomic economy is useful at the design stage of a
process as it shows the ‘greenness’ of a reaction. Its disadvantage
is that it does involve assumptions such as not including solvents
(used extensively by industry) in the calculation.

Some challenges to going green in biochemical
research:
• Ensuring that chemists have a working knowledge of
toxicology (something not currently taught to them).
• Finding alternatives to highly efficient chlorinated
solvents.
• Finding alternatives to catalysts containing expensive
precious toxic metals – both biotechnology and enzyme
technology may be able to play a part in this regard.
• Making a bulk chemical from renewable sources rather
than fossil fuels.
• Rather than starting from smaller hydrocarbons from
crude oil and building larger molecules, start with
renewable biomolecules and reduce this to the chemical
of interest.
• Predicting the effects of a chemical is not easy. For example
one isomer of thalidomide interferes with an embryo
fetus that may lead to birth defects while the other one is
a sedative.
• Avoiding structural features called toxicophores known to
exhibit toxicity.
• Use of data from new toxicology testing methods and tools
should make it possible to quickly assess a chemical for its
biological and environmental toxicity. However, these are
not without limitations including lack of sufficient data
for the sheer number of chemicals.
• In the end, it is not easy being green in biochemical
research. This requires finding the right balance between
a sustainable process early on in the design cycle and
minimizing use and production of poisonous chemicals
while maximizing efficiency to produce maximum
‘greenness’ in a chemical.

OPTION

Inherently safe
chemistry
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HIGHER LEVEL
B7 Proteins and enzymes
Essential Idea

Nature of Science/International-mindedness

http://paton.

OPTION

chem.ox.ac.uk/common_files/PatonGroupPoster_2010-11.pdf
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Determination of Vmax and the value of the
Michaelis constant (Km) by graphical means and
its significance
The relationship between substrate concentration and enzyme
activity is described in Section B2.

Rate

Vmax

Initial rate
period
[S], substrate concentration
Figure 13-60 Variation of rate with substrate
concentration

Figure 13-60 shows that once the concentration reaches a
particular point, all the active sites are engaged, the enzyme
active site saturation point is reached by the substrate and
the rate will not speed up anymore. This is called Vmax, the
maximum rate (or velocity) when the reaction becomes zero
order with respect to the substrate concentration.
The saturation effect led two scientists, Michaelis and Menten,
to derive a theory of enzyme kinetics. Here the enzyme E
reacts with the substrate S to form ES, the enzyme-substrate
complex, which then decomposes to form the product P and
the free enzyme E is generated:
E+S

ES → P + E

Vmax

Rate

1/2 Vmax
Initial rate
period

rate of enzyme reaction, V, and the substrate concentration,
[S] if either Vmax, the maximum velocity, or Km, the Michaelis
constant is known:
Km = [S] when V = ½Vmax
Thus Km is equal to the substrate concentration when the
velocity (rate) is equal to half the maximal value. Units of
Km are the same as the units of [S], namely mol dm–3. Km is
an experimentally determined quantity; it is independent of
the enzyme concentration [E], though its value varies with
the chosen substrate, temperature and pH. Note that the
higher the Km value, the lower the enzyme activity, that is, Km
is inversely proportional to enzyme activity because a lower
value of Km means a more efficient enzyme; with a given
substrate concentration, there is a higher reaction velocity
(rate) relative to Vmax.

Comparison of competitive and non-competitive
inhibition
Particular chemicals inhibit the action of specific enzymes.
If the inhibitor attaches to the enzyme by covalent bonds,
inhibition is irreversible and usually involves the destruction
or permanent modification of the enzyme structure. If it
attaches by weak interactions, the inhibition is reversible and
can be treated quantitatively by using the Michaelis–Menten
equation. There are two major types of reversible inhibition:
competitive and non–competitive.

Competitive inhibition
Inhibitors that resemble the normal substrate molecule and
compete for the enzyme’s active site are called competitive
inhibitors. These reduce the activity of the enzyme
because they block the substrate from entering the active
site. If inhibition is competitive, an increase of substrate
concentration can reduce the impact of the inhibitor.
Consider the enzyme succinate dehydrogenase, Z, which
catalyzes the reduction (namely the removal of two H atoms)
from the two –CH2 groups of the succinate ion, –OOC–CH2–
CH2–COO–:
OOC–CH2–CH2–COO– + Z
–
		
OOC–CH=CH–COO– + H2Z

[S], substrate concentration
Competitive

inhibitor
FigureSubstrate
13-61 Variation
of rate withSubstrate
substrate
concentration

non-competitive
Applying the principles of kinetics, the
Michaelis–Menten
inhibitor
equation can be derived which accounts for the hyperbolic
relationship. It gives the quantitative relationship between the

The malonate ion, –OOC–CH2–COO–, which also has two
ionized groups, resembles the succinate ion in structure and
hence inhibits the action of the enzyme because both compete
for the same site. If the concentration of the succinate ion is
increased, the amount of inhibition by the malonate ion is
reduced. In competitive inhibition, Vmax remains the same and
is not affected by the competitive inhibitor. This is because,
at any inhibitor concentration, it is still possible to reach the

OPTION

–
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same maximum velocity (that is full enzyme activity) at a
substrate concentration, however high.

Concept of product inhibition in metabolic
pathways

Non-competitive inhibition

A metabolic pathway involves a series of enzyme catalyzed
reactions and involves intermediates and products called
metabolites. For example, the synthesis of amino acids in
cells involves a specific sequence of reactions in its metabolic
pathway. The product of the first enzyme catalyzed reaction
becomes the substrate for the next enzyme catalysis and this
continues along the pathway until the amino acid in question,
the end product, is formed. However, once a sufficient amount
of the amino acid is formed, its production needs to stop and
the biochemical pathway is prevented from continuing to
produce it. This process, called feedback inhibition, involves
the end product reacting with the first enzyme but at its
allosteric site, which is different from its active site. Thus, this
is an example of non-competitive inhibition. The interaction
changes the shape of the enzyme protein. It is no longer the
original active site and does not allow the substrate to interact
with the enzyme. Thus, it is not able to convert the substrate
to the intermediate for the next step, the metabolic pathway
comes to an end and the amino acid cannot be synthesized.
Since the end product itself inhibits the pathway by giving
'feedback' to the initial step to stop the process, it is called
negative feedback. Thus inhibitors play an important role in
regulating the activities of enzymes.

Non–competitive inhibitors impede enzymatic reactions by
binding to the allosteric site which is away from the enzyme
active site. When an inhibitor binds to the allosteric site, it
changes the conformation or structural arrangement of the
enzyme protein resulting in a change in its attraction for the
substrate at the active site. The inhibitor, I, may bind to the
free enzyme, E (to give EI), to the enzyme–substrate complex
ES (to give ESI) or to both, making the enzyme inactive.
Consider the reversible action of a heavy metal ion Hg2+ on
the –SH group of the cysteine residue which is essential for
enzyme catalytic activity:
2 E–S–H + Hg2+

E–S–Hg–S–E + 2H+

The enzyme is inhibited non–competitively by the formation
of the –S–Hg–S– linkage. Thus, one would expect Vmax to be
decreased by the inhibitor as the active enzyme concentration
is decreased and the velocity cannot be increased by increasing
the substrate concentration. The higher the inhibitor
concentration, the lower the velocity V. The hyperbolic
curves for the rate of reaction versus substrate concentration
are shown in Figure 13-62 below:

Biochemical buffers
Some of the major buffering systems in the body include
ammonia-ammonium ion, carbon dioxide/bicarbonate,
haemoglobin / deoxyhaemoglobin, phosphate (HPO4−2/
H2PO4−) and protein buffering capacity that are responsible
for the minimal change in pH of body cells, so essential in
biochemical systems.

Rate

Vmax

Buffer ability of amino acids and proteins in
aqueous solution
Km at
1/2 Vmax

[S], substrate concentration
without inhibitor
competitive inhibition
Same Vmax, different Km

OPTION

competitive inhibition
Same Km, different Vmax
Substrate

Competitive
inhibitor

Substrate
non-competitive
inhibitor

Figure 13-62
Effect of rate on substrate
concentration with and without inhibitors

Amino acids and proteins are amphoteric, capable of
behaving as acids or bases, since they contain both weak
acidic group, -COOH and weak basic group, -NH2 within
the same molecule. The amphoteric nature makes it possible
for the amino acids and proteins to act as buffers in aqueous
solutions by resisting change in pH when a small amount of
strong acid, H+(aq) or a base OH—(aq) is added to it. When
H+ is added, the –COO— of the zwitterion present in solution
accepts the proton, the strong acid H+ added is replaced by
the weak acid –COOH and the effect of the strong acid is
minimised:
H
H
O
O
+
+
+
H3N
C C
H3N
C C
+H
–
OH
O
R
R
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Similarly, if OH—(aq) from a strong base is added, the H3N+
of the zwitterion donates a proton to OH—(aq) to form water,
and the effect of the strong base OH— added is replaced by the
formation of the weak base –NH2 and the effect of the strong
base is minimised:

H3N+

C

H

O
C

H2N

+ OH–
O

–

R

C

CH2

R

O–

+ H2O

Some amino acids and proteins have additional buffering
capacity because of polar side groups, for example lysine has
an additional –NH2 on its side chain, whereas aspartic acid
has an additional –COOH group on its side chain:
H2N

CH COOH
CH2 CH2 CH2 CH2 NH2
Lysine
H2N

CH COOH

CH2 COOH
Aspartic acid

For a weak acid, HA in equilibrium with its conjugate base:
HA (aq)

H+ (aq) + A– (aq);
[H+ ][A– ]
Ka = ________
 
 
[HA]

This Ka expression can be rearranged to give the HendersonHasselbalch equation:

( )

[A– ]
    [eq 1]
pH = pKa + log10 _____
 
[HA]
When [A−] = [HA], pH = pKa
For the weak base, amine, the equilibrium equation for the
acid dissociation can be written as:
RNH3(aq) D H+(aq) + RNH2(aq), and
[RNH2]
  [eq 2]
pH = pKa+ log _______
 
[RNH3+  ]

pK1

NH3

pK2

CH2

NH3
CH2

Figure 13-63 Titration curve of glycine

The titration curve (13-63) of glycine showing the number
of equivalents OH− it reacts with during the titration of the
glycine solution from pH = 0 to 13. Note that pI has the
opposite property to pKa, namely adding a small amount of
acid or base at pI produces a large change in pH.
For example, histidine has a pKa of 6.0, closest to the
physiological conditions (~ pH 7.4). Thus, proteins containing
histidine residues buffer effectively in that pH range.
Example
1.

Glycine has two pKa values

		

pKa1(-COOH) = 2.4 and pKa2(-NH )= 9.6

		

corresponding respectively to its acid and amino group.
By reference to the structure of glycine in the data
booklet:

3

a.

Deduce the species present in the largest amount
(i) below pH 2.4, (ii) at pH 6.0 and (iii) above
9.6.

b.

State the significance of pH 6.0 for glycine.

c.

Deduce the pH range in which glycine is an
effective buffer due to its acidic group.

d.

Write the generic equation for pKa1 using HA to
represent the acid.

Similarly, when [RNH2] = [RNH3], pH = pKa
Amino acids have characteristic titration curves. Glycine has
two functional groups. Titration of glycine with OH−(aq)
shows that it has three inflection points with pKa1 = 2.34,
pI = 5.97 and pKa2 = 9.60. There is a buffer region around
each pKa for glycine. Half-way between the two pKa values,
glycine has a net zero charge at pH = 5.97 which is its pI, the
isoelectric point.

+

COOH
COO–
COO–
pH
13
12
11
pKa2 = 9.60
10
9
Buffer region
8
7
pI = 5.97
6
5
4
3 pKa1 = 2.34
2
Buffer region
1
0
0
0.5
1
2
1.5
OH– equivalents

O
C

NH3

OPTION

H

+
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Use the Henderson-Hasselbalch equation to
calculate the ratio of [A−] to [A] in the 0.10 mol
dm3 solution of glycine at pH = 1.8

e.

Solution
below pH 2.4: H3N+-CH2-COOH (with a net one
negative charge)

(ii)

at pH 6.0: H3N+-CH2-COO− (no net charge)

(iii)

above 9.6: H2N-CH2-COO (with a net one positive
charge)

b.

pH 6.0 is the isoelectric point for glycine with net
charge of zero.

−

c.

Buffer pH range due to its acidic group: 1.4 – 3.4

d.

HA(aq) D H (aq) + A (aq)

e.

Henderson-Hasselbalch equation:

+

				

–

0.6

= 0.25

[A−] = 0.25[HA] or [HA] = 4[A−]. In the buffer, [HA] is 80%
and [A−] is 20%
Next, determine nNaOH required and thus volume of
NaOH to form A− for the buffer solution :
HA(aq) + OH−(aq) → A− + H2O(l)

= 20.0 cm3 of 1.00 mol dm−3 NaOH required
Then calculate mass of glycine required:
Amount of moles glycine,

−

nHA

Percent HA in glycine:

[HA] = 4[A ] suggest that the acid group of glycine is ⁴/₅
protonated and ¹/₅ deprotonated. Thus, fraction of glycine is
⁴/₅ or 80%.
−

OPTION

[A– ]
    = 0.6;
 
log10 _____
[HA]

= 0.0200 dm3

[A ] = 0.25[HA] or [HA] = 4[A ]

2.

( )
[A ]
   	 = 10
 
( _____
[HA] )

( )

0.0200 mol  
=  ____________
  
1.00 mol dm–3

= 0.25

−

f.

Henderson-Hasselbalch equation:
[A– ]
   
1.8 = 2.4 + log10 _____
 
[HA]

( )

( )
( )

H+(aq) + A−(aq)

0.0200 mol NaOH is required to convert 0.200 mol HA to
A−.
n
__
VNaOH =  c 

−

[A– ]
   
1.8 = 2.4+ log10 _____
 
[HA]
–
[A ]
    = 0.6
log10 _____
 
[HA]
[A– ]
   	 = 100.6
 _____
 
[HA]

		

HA(aq)

Calculate the percent HA and A− and in the
glycine solution at pH = 1.8

f.

a.(i)

For pKa2, write the acid dissociation constant:

Describe how you would prepare 500.0 cm of
0.200 mol dm−3 glycine buffer solution of pH = 9.0
starting with glycine zwitterion and 1.00 mol dm−3
NaOH. Show all your calculations.
3

What is known - Formula of zwitter ion: H3N+-CH2-COO−
(call it HA); its molar mass: 75.1 g mol−1; pKa1 = 2.4 and pKa2
= 9.6. Also, pH of 9.0 is within the pKa2 buffer range (of about
1 pH unit on either side of the value, i.e., 8.6 to 10.6).
First, we need to determine the ratio of HA to A− in the buffer:

=C×V
= 0.200 mol dm−3 × 0.500 dm3
= 0.100 mol

Mass of glycine required in 500.0 cm3 solution
=n×M
= 0.100 mol × 75.1 g mol−1
= 7.51 g
Finally describe the dilution to produce 500.0 cm3 of 0.200 mol
dm−3 glycine buffer solution:
Thus dissolve 7.51 g glycine in 20.0 cm3 of 1.00 mol dm−3
NaOH solution and make it up to 500.0 cm3 using distilled
water to produce a glycine buffer solution of pH =9.0.
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Biochemistry
Protein assay

Chemical method

UV-visible spectroscopy is a common technique for the
determination of the concentration of the protein by the
protein’s ability to absorb light in the UV-visible region.
Amino acids containing the aromatic ring absorb in the
UV range around 280 nm. Albumin, an essential protein in
human plasma and serum albumin protein derived from
cows is often used as a protein concentration standard. It
contains aromatic rings and also absorbs in same range.

Protein assay can also involve a chemical method for
determining the total concentration of protein in a solution.
This is carried out in two reactions:

6
Albumin
5

1.

Copper(II) sulphate is added to the protein and the
Cu2+ ion is reduced to Cu+ ion by the peptide bonds in
an alkaline medium.

2.

Bicinchoninic acid, BCA, a weak acid containing two
carboxylic acid groups is then added to form a purplecoloured complex that absorbs strongly at 562 nm
wavelength. Note that two molecules of BCA react
with one Cu+ ion.
O

HO

4

OH

3
N

Tryptophan
2

Bicinchoninic acid

Tyrosine

1
0
230

250

N

270
290
Wavelength (nm)

310

Figure 13-64 Determination of haemoglobin in a
blood sample using UV-visible spectrophotometry

When UV-visible spectroscopy is used for determination of
concentration of a protein, first the wavelength at maximum
absorbance is determined. The absorbance spectrum of
hemoglobin in the wavelength zone of 350–800 nm shows
a significant absorbance at 412 nm. Then a series of protein
solutions of known concentration are used and corresponding
absorbance readings are obtained at the same wavelength
in order to draw a calibration curve as shown. Thus, for
absorption of 0.42 for the unknown haemoglobin solution,
its concentration is 8.9 μg/ml.

0.5

0
0

2

4

6

8

10

12

Concentration of standard solution / mg/ml
Figure 13-66 Calibration curve

OPTION

Absorbance

0.5

Thus the total protein concentration of a protein solution can
be determined when the sample changes colour from green
(for Cu2+) to purple using UV-visible spectroscopy since
the intensity of the colour is directly related to the protein
amount. The absorption of the total protein concentration
in the sample at 562 nm is compared with protein solutions
of known concentration from a calibration curve using the
Beer-Lambert law. The BCA assay method can be used to
monitor protein contamination in industrial applications.

Absorbance

Absorbance

O

0
0

2

4

6

8

10

12

Concentration of standard solution / μg/ml
Figure 13-65 Calibration curve
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B8 Nucleic acids
Essential Idea

OPTION

Nature of Science
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Biochemistry
B8

Nucleic acids

Nucleotides

DNA, deoxyribonucleic acid, carries an organism’s genetic
code, the biological specifications that make each species
and individual unique. RNA, ribonucleic acid, also found
in cells transmits genetic information and is involved
in protein synthesis. Nucleic acids are high molar mass
polymers of repeating nucleotide units.

The condensation of a phosphate group, a pentose sugar (fivecarbon monosaccharide) and an organic nitrogenous base
forms a nucleotide. The base is covalently bonded to C1 and
the phosphate group condenses with the –OH group on C5 of
the sugar:

NH2

Adenine
NH2
Organic base
H2O

O
–

O

P

C5 on sugar

N

H

N

N
O H HO

CH 2
H

OH

Phosphate

O

H
OH

Deoxyribose
Pentose sugar

Condensation
reaction

H2O

–

O

P

N

N

O

H

OH H

H
OH

N

H

N

H
O

CH 2
H

OH

N

O

+2 H2O

H
H

H

C1 on sugar

H

OH

H

Nucleotide

Figure 13-67 Condensation reaction

structures. DNA contains deoxyribose sugar and RNA
contains ribose sugar. Phosphate is present in both DNA and
RNA. Structures of the nitrogenous bases and the two sugars
are given in the data booklet in section 34.

In DNA and RNA
O

NH 2

Organic bases

N
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C
N

C
C
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N

N
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N
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C
N

H

CH
CH

N
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C
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H
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P
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H
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Phosphate

C

N

H
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C H 2 OH

O
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Pentose Sugar

O

O

NH 2
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In RNA only

C H 2 OH
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O
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H

OH

OH

H

H
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OPTION

There are five nitrogenous bases that are incorporated as
part of naturally occurring nucleotides. These are adenine
(A) and guanine (G) with double ring structures consisting
of a six-sided ring attached to a five-sided ring and cytosine
(C), thymine (T) and uracil (U) with single six-sided ring

Negatively charged
phosphate; partly
responsible for water
solubility of nucleic acids

Figure 13-68 Composition of nucleic acids
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Phosphate
Sugar

P

Sugar

S

P

T

S

C

P
S

G
A
C
A
A
G

P

Phosphate-sugar backbone

S
P
S
P
S
P

S
P

Phosphate
OH
OH

S
P

T

S
P

S

Sugar

H 2O

G

OPTION

Section of DNA,
deoxyribonucleic acid

Figure 13-69 DNA

Complementary base pairing
DNA consists of two strands of nucleic acids that interact
through intermolecular hydrogen bonding between
the complementary base pairs located between the two
backbones of sugar and phosphate groups. The structure of
DNA shows that adenine (A) forms two hydrogen-bonds

A
T

C
G

G

C

Hydrogen bond
C

A

C

G C

T
A

T

G

T

A

G

Double helical structure of DNA

A

Nucleotides polymerise to form nucleic acids. A nucleic acid,
called a polynucleotide, consists of a chain of nucleotides
formed by enzyme catalysed condensation reactions. The
phosphate of one nucleotide combines with the hydroxyl
group on the C3 of the sugar on another nucleotide, releasing
water and forming a covalent bond. As the polymerization
continues, a backbone of alternating sugar and phosphate
groups is formed with the nitrogenous bases emerging from
this backbone. The sequence of these bases is important in the
storage of genetic information. At one end of a nucleic acid
chain is a nucleotide that does not have another nucleotide
attached to its phosphate group and at the other an unbonded sugar as shown below:

with thymine (T), constitutes a complementary base pair
and only appear opposite each other. Similarly, cytosine (C)
forms three hydrogen-bonds with guanine (G) and form a
complementary base pair. Part of the reason for this is that
only the combination of molecular geometry of the single
ringed and double ringed complementary base pairs give
a similar distance between the two backbones of DNA as
shown in Figure 13-70. The base pairs are the building blocks
of the DNA double helix which is also stabilised by other
interactions such as dipole-dipole and van der Waals’ forces
between the base pairs.

T

Genetically, the most important components of nucleotides
are the five nitrogenous bases, since the sequence of the
bases in DNA and polymer molecules are the key to the
storage of genetic information. The sugars, ribose in RNA or
deoxyribose in DNA, differ only in that the hydroxyl group on
the C2 of ribose is replaced by a hydrogen atom in deoxyribose
and lacks an oxygen atom on C2 (note that deoxyribose
does not fit the empirical formula CH2O, generally given
for carbohydrates). Thus, nucleic acids contain fairly simple
composition involving only a few different nucleotide bases
compared with proteins which are made of some 20 different
amino acids.

Figure 13-70 Hydrogen bonding in ThymineAdenine and Cytosine-Guanine complementary
base pairs

Hydrogen bonding between the bases and the twisting
of the sugar–phosphate backbone (in order to minimize
the electrostatic repulsions between negatively charged
phosphate residues) results in DNA’s secondary structure.
This takes the form of two complementary strands running
in opposite directions that are helical in shape with a twisted
‘ladder’ of bases spanning the gap between the two strands.
Ten nucleotides complete a turn. The fact that each organic
base on a strand has only one possible complement on the
other, A & T and C & G is essential to the passing on of genetic
information from one cell to the next. This base pairing is
entirely due to intermolecular hydrogen bonding.

DNA’s structure differs from that of RNA in three ways:
Difference in:

DNA contains

RNA contains

Pentose sugar

Deoxyribose –
lacks O on C2

Ribose

Organic base;
base pair

Thymine;
Adenine
&Thymine

Uracil; Adenine &
Uracil

Strands

Double strand

Mostly single
strand
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Complementary base pairs enable DNA to
replicate itself exactly

Role of DNA as the repository of genetic
information

The process involves taking the double helix DNA and
producing a second identical copy of the double helix.
Each strand of the DNA (or a molecule of RNA from a
given polynucleotide) sequence becomes a template for
the formation of the strand containing the complementary
base pairs. The breaking of the hydrogen bonds and the
unwinding or unzipping of the double helix at the specific
location gives rise to two components of free bases, each on
sugar-phosphate backbones, like a zipper. Thus, each strand
of the original DNA becomes a template. This is followed by
the addition of the complementary base nucleotides by the
enzyme DNA polymerase leading to the formation of two
identical DNAs. The replication due to the complementary
base pairs enables DNA to replicate itself exactly and leads to
biological inheritance.

The role of DNA is to reproduce itself and carry the information
which encodes the proteins in any organism. DNA carries the
genetic information that defines any organism. A gene is a
section of a DNA molecule that codes for a protein. A gene
contains many nucleotides with a specific sequence of the
four bases A, C, G and T in the required order to produce
a specific protein. That is, the sequence of the organic bases
in each gene specifies the linear amino acid sequence of a
polypeptide chain. An organism’s characteristic properties
are determined by its DNA. All cells in one organism have
exactly the same DNA with the same sequence of base pairs;
different species contain different DNA molecules. Genetic
information is passed on to the offspring of an organism
through the transfer of DNA. Therefore, when new organisms
are produced or cells divide, DNA must be accurately copied
or replicated. The complementary base pairs allow this
process to occur easily.

2. DNA replication

3. Two new DNA molecules

If a DNA sequence is damaged by, for example, ultraviolet
(UV) light or X-rays, it may produce little or no protein, or a
different mutant protein or damaged DNA may be produced.
The production of damaged DNA can lead to disease, for
example, the uncontrolled growth of cells (cancer). In other
cases, a changed base sequence may give rise to a non-harmful
genetic change such as different hair or eye colour.

new nucleotides

Concept of a four-unit base code in DNA Protein
synthesis

A

T
A

T

G C
C

G
T

A
C

T
G
C
A

A

C

G

T
T

G

G

A
C

A

T
G

C
C

G

C
A

G

G

C

T
A
A

T
G

T

C

A
C

G
C

G

C

A

T
T

C

G
A

T

T

A

A

G C
G

Figure 13-71 DNA replication

C

G
C

Instructions for protein synthesis are encoded in a specific
component of DNA. DNA contains four nucleotides, but
some twenty amino acids which are involved in the synthesis
of proteins. Clearly one nucleotide base could not denote a
particular amino acid as this would only specify four of the
twenty amino acids. Similarly, two nucleotides would not be
sufficient as the four bases would specify only 42 = 16 amino
acids (e.g. AA, AG, AC, AT, GC, GT, GA, GG, etc.). A three
nucleotide sequence with four bases can produce a total of
43 = 64 combinations of triplets, called the genetic code, to
specify all the amino acid sequence of proteins. Although
a three nucleotide sequence codes for a specific amino
acid in the polypeptide chain, many of the amino acids are
encoded by more than one triplet code. For example, AAA
and AAG both specify the amino acid lysine. The triplet code
AUG signals the start of a protein chain whereas three other
triplets, TAA, TGA and TAG, specify the end of the protein
chain. Thus the sequence of nucleotides in DNA determines
the precise arrangement of twenty-unit amino acids sequence
for each in protein.

OPTION

1. Original DNA
molecule

G

A codon table and worked examples are included in the
e-book supplement.
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Origin of the negative charge on DNA

Genetically modified organisms, GMOs

Phosphoric acid, H3PO4, is a weak acid; it ionizes in water to
reach acid-base equilibrium at that temperature:

It is possible to modify the genetic composition of cells by
transferring genes from one organism to another. Restriction
enzymes make it possible to remove or insert parts of DNA at
different places in or between cells thus altering genes. DNA
technology, called genetic engineering or biotechnology is
used to construct recombinant DNA molecules to produce
unusual or unique characteristics in organisms, agricultural
products and animals.

H3PO4(aq) + H2O(l)

H3O+(aq) + H2PO4−(aq)

The phosphate ion and the base condense
with the sugar molecule to form a nucleotide
(The structure of the phosphate ion at right).

O
–

O

P

OH

OH

Cells contain mostly water. At the pH of cells, the phosphate
groups in the nucleotide contain negatively charged oxygen
atoms; it is thus ionized and contains negatively charged
phosphate groups in each backbone along the outside of the
DNA molecule.

Association of the negative charge on DNA with
basic proteins (histones) in chromosomes
Human DNA is composed of over 3 billion base pairs and
stretched end to end would be extremely long. Thus it must
be packed incredibly tightly into the 23 pairs of human
chromosomes. Cells make a family of positively charged basic
proteins called histones which are major structural proteins
of chromosomes. Since the phosphate groups in the DNA
backbone makes it negatively charged, it is attracted by the
positively charged histones. The DNA loops or wraps tightly
around the histones the way a garden hose is coiled around a
spool. This further coil into multiple loops to produce threadlike structure of chromosomes inside the nucleus of a cell.
Without the tightly coiled loops due to the attraction between
the negatively charged DNA and positively charged circular
histones, DNA molecules would be too long to fit inside cells.

DNA

Benefits and concerns of using genetically
modified foods
There are claims and counter claims about the benefits and
concerns of genetically modified foods from proponents
and opponents of GM foods. Special interest groups include
farmers, consumers, biotechnology firms, NGOs, scientists,
controversial scientific groups and government regulators.
Broadly speaking, the benefits and concerns of GM foods can
be summarised as follows:

Benefits of GM foods
Resistance to herbicides: Often multiple applications of
several herbicides are required not only to kill the weeds but
to also ensure minimal impact especially on non GM plants.
However, genetically engineered soybean and sugarbeet
(a plant rich in sucrose and a high energy food source) is
resistant to glyphosphate, a broad-spectrum herbicide and
reduces use of herbicides (but see note below under concerns
due to cross-bred super-weeds).
Resistance to pests: Currently, large scale use of pesticides
is unavoidable due to damage to crops caused by pests. GM
crops such as Bt corn contain a soil bacteria gene that produces
the Bt toxin. It is designed to kill the larvae of beetles, thus
reducing the need for using insecticides.
Resistance to disease: Producing GM papaya plants that are
resistant to ring-spot virus that attach papaya plants.

Histones

Decreasing risk of food allergy: A strain of GM soybean that
does not contain an allergen found in non-GM bean.

OPTION

Yield: Use of growth hormone gene to modify salmon to
produce increased yield.

Chromosome

Resistance to harsh climates: GM potato with a gene from
fish that can stand cold water so it can withstand frost. Also
ability to produce GM plants that can withstand famine
conditions or high salt content in underground water tables
would be advantageous.

Figure 13-72 Structure of DNA and histones
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Nutrient enriched GM foods: For example, GM rice that
contains vitamin A and iron for use in countries where
the diet often consists mostly of rice which lacks sufficient
nutrients.
Economics: Reduced cost of producing crops if pesticides
and herbicides are eliminated from the production cycle. Less
loss of foods due to harsh climate conditions, improved shelf
life, less malnutrition with the use of nutrient enriched foods.

Environmental: Health effects and environmental damage
to water supply from agricultural waste run-off from the
use of pesticides and herbicides can be reduced by the use
of GM foods.

Concerns of using GM foods

Health effects: Tests on a vast majority of women tested in
a hospital in Quebec were found to contain Bt toxin in the
blood of non-pregnant and pregnant women as well as in the
umbilical blood in the babies. If this affects the microorganisms
in the intestinal track, it could lead to superbugs and possibly
cause abdominal problems and food allergies as well as
other health issues. According to the American Academy of
Environmental Medicine, AAEM, http://www.aaemonline.
org/gmopost.html: “… several animal studies indicate serious
health risks associated with GM food consumption including
infertility, immune dysregulation, accelerated aging,
dysregulation of genes associated with cholesterol synthesis,
insulin regulation, cell signaling, and protein formation,
and changes in the liver, kidney, spleen and gastrointestinal
system. …There is more than a casual association between
GM foods and adverse health effects. There is causation…”

Impact on other organisms: There is the difficulty of
developing GM crops that destroy only harmful pests while
not affecting other insects. The effect of pollen from Bt corn on
insect larvae and death of the monarch butterfly caterpillars is
a contested matter that needs further study.
Resistance to pesticides: Use of Bt toxin from Bt corn is
becoming less effective with the growth of resistant superbugs
which eat the roots of the corn plants thus decreasing their
yield. Resistance to worms by Bt cotton has been identified in
several countries. This leads to increased used of pesticides.

Allergies: The introduction of a gene from Brazil nuts into
soybeans was stopped due to a concern about developing
allergic reactions.
Gene-flow to other species: GM plants tolerant to weeds
cross-breed by transfer of their genes, giving rise to weeds
that are resistant to the herbicide (similar to bacteria
resistant to antibiotics or mosquitos to DDT). Such
super-weeds have increased the use of herbicides and the
necessity of soil ploughing with increased costs. The issue
of cross-pollination and contamination of non-GM crops
is a matter of serious issue for farmers.

OPTION

Influence of industry: Concerns that the major GM food
companies have the ability to reduce competition, dictate
prices of seeds and use intellectual property rights, for
example, to stop farmers saving seeds for the next season,
thus raising prices.
Labelling of GM food: Labelling is required in some
countries, for example in Europe but it is not required
in other countries such as the US, a large food exporter.
Opponents suggest that if not banned, at least all GM foods
should be clearly labelled so as to give choice to consumers.
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B9 Biological pigments
Essential Idea

Nature of Science

a
Bushman has many names for shades of green, while an Eskimo has many names for shades of white. However, a computer
displays millions of colours to create a full colour picture.

uantitative analysis deals
with a property that can be measured such as colour intensity for a specific wavelength of light. When a solution is diluted,
the colour intensity decreases; this is the application of molecular absorption spectroscopy for the accurate determination
of the concentration of a solution of light of one particular wavelength. However, the colour of malachite green changes on
dilution – what does this suggest? Can you think of a reason why its colour changes?
A solution appears coloured when it absorbs radiation in the visible light region and transmits or reflects the complementary
colour. The absorption by a dilute solution of the radiation of light of a specific wavelength is proportional to the concentration
of the coloured species according to Beer-Lambert Law and is the basis of spectroscopy. It is a versatile, reliable method that
is both accurate and precise. The concentration of the solution is measured using a calibration curve which typically is linear
over a wide range of dilute concentrations.

The coloured materials naturally present in biological
molecules which are produced by metabolism are referred
to as biochromes or pigments. The electronic transitions
within molecules of the pigments cause them to selectively
absorb certain frequencies of visible light, whilst reflecting
unabsorbed frequencies which are able to stimulate the retina

in the eye. The observed colour depends on the dominant
frequency reflected. Chlorophyll looks green because it
absorbs red and blue but not green light, its complementary
colour, which it reflects. Similarly, carotenoids appear orange
since they absorb green and blue light and reflect orange light.

OPTION

Table of colours absorbed and complementary colours reflected
Colour absorbed

Violet

Blue

Bluegreen

Green

Yellowgreen

Yellow

Orange

Red

Wavelength
absorbed /nm

380-435

435-480

480-500

500-540

540-570

570-600

600-650

650-780

Complementary
colour reflected

Yellowgreen

Yellow to
orange

Red

Purple

Violet

Blue

Greenish
blue

Blue-green
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Porphyrin rings as important chelating agents in nature
Porphyrins are large, planar, nitrogen-containing fivemembered rings which are macrocyclic. These contain four
rings each being five-membered which are connected to each
other via the =C−H− bridges. The porphyrins are highly
conjugated system with extensive delocalised electrons
and deeply coloured due to the intense absorption bands
in the visible range. Each of the four nitrogen atoms in the
centre donate a lone electron pair and chelate to metal ions
by forming coordinate covalent bonds. Hemoglobin and
myoglobin contain heme groups, the red pigment found in
the red blood cells with the porphyrin group chelate to an
iron(II) ion; chlorophyll contains Mg2+in place of Fe2+.
H
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H
C

C

C

N

NH
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H
C
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C
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Figure 13-73 Structure of the simplest porphrin ring
H 3C

CH 2

CH

CH 2CH 2COOH

CH 2CH 2COOH

N
N

Fe

N

N

H 3C

CH 2

CH

CH 3

CH 3

Figure 13-74 Structure of heme B
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Figure 13-75 Structure of myoglobin

The essential features of both chlorophyll and heme are the
planar ring systems in which the metal ion is bonded to four
nitrogen atoms, which act as ligands. Each heme group can
bind to one oxygen molecule. Since there are four heme
groups per molecule, haemoglobin can bind to a total of four
O2 molecules. Also, haemoglobin contains four polypeptide
chains (subunits) which are held together by non-covalent
forces of attraction.
In muscles, heme is found associated with myoglobin, a
protein molecule with a purplish-red colour. It binds easily
to oxygen molecules, hence its role in oxygen transportation,
and it results in a colour change to bright red. Note that this
is not a redox reaction and the iron remains in Fe(II) state.
A much slower reaction with oxygen, called auto-oxidation,
results in the oxidation of the iron from iron(II) to iron(III)
and the colour changes to a brownish red colour, which is
considered less desirable. These changes are summarised in
the diagram below:
		−O2

[Ox]

O2−Fe −Mb
Fe −Mb
Fe3+−Mb
		+O2		[Red]
Bright red		
Purple-red		 Brown-red
2+

2+

Interconversion between Fe(II) and Fe(III) in
cytochromes
Cytochromes are hemeproteins largely responsible for the
formation of ATP (adenosine triphosphate) by transporting
electrons. Cytochromes absorb light of specific wavelengths
and their key role involves the interconversion (switching
back and forth) between iron(II) reduced state and iron(III)
oxidized state in the heme group during redox reactions:
Fe2+

Fe3+ + e−

Thus, whereas the hemoglobin and myoglobin contain iron
in the Fe(II) state, the heme iron in cytochrome interconverts
between Fe2+ and Fe3+ and carries out electron transport. The
energy released during the oxidation process in cytochromes
is stored as chemical energy in ATP for metabolic processes
during which electrons are made available to oxygen.

OPTION

The structures of the pigments all involve highly conjugated
systems with extensive delocalised electrons in their π-bonds.
The greater the extent of delocalisation, the closer together
in energy the bonding and antibonding π-orbitals become.
Hence the region in which photons can excite an electron
from one to the other shifts from the ultraviolet region (as
in benzene) into the visible region with intense absorption
bands in the electromagnetic spectrum from about 380 to
780 nm wavelength. Examples include chlorophyll, heme B,
anthocyanins and carotenoids; their structures are given in
the data booklet in section 35 and some are shown below
in which the extensive system of delocalisation is indicated
by alternate single and double bonds (‘conjugated’ double
bonds). Details of other pigment names and structures are
not required; neither is knowledge of specific colour changes
with changing conditions required.
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X-ray studies show that Hb and oxyhemoglobin, HbO2 differ
in their conformation with the heme group being planar
around the Fe(II) in HbO2 but not in Hb. In the Hb, the
iron(II) is bonded to four nitrogen atoms in the porphyrin
ring plus a nitrogen on the histidine residue of the protein.
Thus the porphyrin takes a dome-shape with Fe(II) closer to
the protein residue. The bonding with O atom gives Fe(II)
a coordination number of 6 with a square bipyramidal
geometry in which the Fe atom is pulled into the plane of
the porphyrin ring. The other two bonds are perpendicular,
one bonded to the N atom of histidine and the other to the
oxygen atom. The iron atom pulls the histidine with it with a
change in the conformation to a planar configuration causing
a change in the position of the heme group. The binding of O2
to the heme iron in one polypeptide unit leads to a change in
the conformation from a dome structure to being coplanar
when haemoglobin is oxygenated.

Porphyrin ring
dome structure

N

N

Fe

N

N

N
N

Histidine residue
of protein HC
N
H

CH
C

Figure 13-76 Heme structure showing its dome
shape

O

Non-planar
configuration

N

HC
N
H

OPTION

Planar
Fe
configuration

Fe

CH
C

N

HC
N
H

O
Oyxgenated
heme group

CH
C

Figure 13-77 Change in conformation from Hb to
HbO2

Cooperative binding in haemoglobin, Hb
Cooperative binding is the interaction between binding sites
for the same ligand so that binding of one molecule affects the
binding of another. For example, the binding of oxygen to Hb
is positive cooperative binding since the first oxygen molecule
increases the binding of more oxygen until all binding sites

are saturated. The binding of O2 to the heme iron in one
polypeptide unit induces a change in the binding site of other
polypeptide subunits which increases the affinity for oxygen
binding. As a result of cooperative binding, haemoglobin is a
more efficient oxygen transporter.

Haemoglobin’s oxygen dissociation curve
The oxygen dissociation curve is a graph of the percentage
saturation of haemoglobin at various partial pressures of
oxygen, p(O2); note that the partial pressure of the gas is
proportional to the concentration of oxygen. In other words
the curve shows the equilibrium between haemoglobin
and oxyhaemoglobin at different oxygen concentrations.
At zero percentage saturation, all binding sites are empty
and only Hb is present. At 100% saturation, all binding
sites are occupied by oxygen and only HbO2 is present.

Shape of haemoglobin’s oxygen dissociation
curve
The sigmoidal, S shape of haemoglobin’s oxygen
dissociation curve is due to the cooperative binding of
oxygen to the four polypeptide chains. Once oxygen binds
to one subunit, the change in conformation increases the
affinity for oxygen until all the sites are full. In the lungs,
the concentration of oxygen is higher and Hb binds with O2
to form HbO2; at high enough partial pressure of oxygen,
p(O2), all binding site are occupied. In the cells with lower
oxygen concentration, HbO2 releases oxygen to the cells
and is converted back to Hb. These processes explain the
sigmoidal shape of the curve.

100
95.8
Percent saturation

Conformational change when (deoxy)
haemoglobin (Hb) becomes oxygenated (HbO2)

50

0

0

26.8
80
120
Oxygen partial pressure /mm Hg

Figure 13-78 haemoglobin’s oxygen dissociation
curve
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Factors that influence oxygen saturation of
haemoglobin

are not present in HbO2 due to the change in conformation.
Deoxyhaemoglobin binds one proton (H+) for every two
O2 released:

Effect of temperature change

Hb−2O2 + H+

Hb−O2 + energy

Hb + O2

To break the weak binding between Hb and oxygen requires
energy and increasing the temperature favours the forward
reaction. The concentration of HbO2 will decrease and that
of Hb and O2 will increase as will the vapour pressure of O2
increase. Thus increasing temperature denatures the bond
between Hb and O2, the affinity for oxygen decreases and the
curve shifts to the right. When one exercises, muscles become
warmer (hyperthermia) and exceed the body temperature.
This means more oxygen is released from HbO2 to the tissue
which is biologically significant. When the body temperature
drops (hypothermia), the sigmoidal curve shifts to the left.

100

20˚C

As lower pH, [H+] increases, the forward reaction is
favoured and more oxygen is released as O2 affinity for
binding with Hb decreases.
100

50

pH 7.4

Right shift
pH decreases
[H+] increases
O2 affinity decreases

0

38˚C
40˚C

0

50
Oxygen partial pressure /mm Hg

100

Figure 13-80 Effect of pH change

Effect of change in CO2 concentration

50

It is found that an increase in concentration of CO2 lowers the
affinity of Hb to bind with O2 and the curve shifts to the right.
Unlike free oxygen, carbon dioxide is transported in blood
mostly through chemical process via the hydrogen carbonate
(or bicarbonate) ion catalyzed by (carbonic anahydrase)
enzyme:

Right shift
T increases
p(O2) increases
O2 affinity decreases

0

0

50
Oxygen partial pressure /mm Hg

100

Figure 13-79 Effect of temperature change

Effect of pH change
Normal physiological pH is 7.4. Change in pH affects the
reversible binding between Hb and O2. Decreasing pH by
increasing hydrogen ion concentration decreases the binding
affinity of oxygen to haemoglobin (called the Bohr Effect).
Thus, the concentration of oxygen and its partial pressure
increases at lower pH and more oxygen is released by HbO2.
As [H+] increases, protonation of histidine and other protein
residues increases. This stabilises the conformation favourable
to lower oxygen affinity. This is due to the formation of salt
bridges between amino acid residues. For example, the salt
bridge between the negatively charged aspartate requires
histidine residue to be protonated (to form Hb−H+). Thus,
in Hb (deoxyhaemoglobin), formation of ion pairs leads to
decrease in [H+]. On the other hand, the specific ion pairs

CO2 + H2O

H2CO3

H+ + HCO3–

The presence of CO2 affects the oxygen binding to Hb by
two different mechanisms – one has a minor effect, the other
major effect:
(i)

The minor effect is due to the reaction of carbon
dioxide with (N-terminal) amino groups on the
polypeptide subunits to form carbamates which can
be shown by either of two equations:
R−NH2 + CO2

R-NH3+ + HCO3−

R−NH−COO– + H+

R-NH–COO– + H+ + H2O

The nett result is the formation of carbamino––Hb with a
negative charge which stabilizes the protein structure and
favours Hb. Plus the formation of carbamates releases H+
that reduces the affinity for O2 by Hb and more O2 is released
(see above the effect of increased acidity on oxygen binding

OPTION

Percent saturation

pH 7.8

pH 7.2
Percent saturation

Hb forms a weak reversible bond with oxygen:

Hb-H+ + 2O2
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to Hb). Thus, higher levels of carbamates due to high levels
of CO2 cause a shift of the O2−Hb dissociation curve to the
right, whereas lower levels shift the curve to the left.

(ii)

The major effect of the presence of carbon dioxide
is due to it being transported as the hydrogen
carbonate ion, HCO3—(aq) with increase in acidity
due to the formation of H+. Again, this releases O2 and
the O2−Hb dissociation curve shifts to the right (Bohr
Effect). Low levels of CO2 shifts the curve to the left.

Summary
A shift of the sigmoidal S shaped curve to the right leads to
reduced Hb−O2 affinity at:
• Higher temperature

Description of the greater affinity of oxygen for
foetal haemoglobin
Haemoglobin is made up of the heme molecule that contains
iron and two pairs of globin subunits. Foetal and adult Hb
differ in two of the subunits. Most of the Hb in adults, HbA,
differs from that in the foetus, HbF in their binding ability
to O2. HbF, which disappears shortly after birth, has a higher
binding affinity than haemoglobin in adults and thus obtains
more oxygen. This is necessary since, whereas the mother
obtains oxygen from the air, the foetus is dependent on
the mother’s blood which has lower concentrations of O2.
Consider the 50% Hb−O2 saturation point: HbF has a partial
pressure of about 19 mm Hg whereas HbA has a higher value
(~ 27 mm Hg). The HbF curve is shifted to the left and the
lower partial pressure value of the foetal HbF has a higher
affinity for oxygen than in the HbA in adults.

• Lower pH (higher [H+]), and

A shift of the sigmoidal S shaped curve to the left leads to
increased Hb−O2 affinity at:
• Lower temperature
• Higher pH (lower [H+]), and
• Lower p(CO2), meaning lower [CO2].

lower CO2
higher pH
lower temperature

50

0

50
Oxygen partial pressure /mm Hg

100

Figure 13-82 Foetal haemoglobin

Carbon monoxide as a competitive inhibitor of
oxygen binding
50

OPTION

Percent saturation

Foetal Hb
Normal Hb

0

Increased Hb-O2 affinity

100

Percent saturation

100

• Higher p(CO2) meaning higher [CO2].

Reduced Hb-O2 affinity
higher CO2
lower pH
higher temperature

0

0

50
Oxygen partial pressure /mm Hg
Figure 13-81 Summary

100

Carbon monoxide, CO is a colourless, odourless, tasteless,
gas which is a metabolic poison since it binds tightly to
haemoglobin and has a much higher affinity (over 200
times) than that of oxygen. It competes with O2 for the same
binding site on the heme molecule and is thus a competitive
inhibitor of oxygen binding. Inhaled CO combines with Hb
to form HbCO, carboxyhaemoglobin. Even in tiny amounts,
it competes with oxygen, displaces it and the sigmoidal
curve shifts to the left. Since CO lowers the ability of Hb to
bind with O2, this leads to hypoxia when body is deprived
of adequate supply of oxygen. The best thing to do during
CO poisoning (for example in a garage) is to immediately
move the individual to the outside in fresh air where higher
concentration of O2 should finally replace the CO in the
blood.
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Anthocyanins as indicators based on their
sensitivity to pH

Hb-CO
Normal Hb-O2
dissociation curve

50

0

Indicators signal the endpoint of a titration by changing
colour at the equivalence point. Acid-base indicators are
usually organic dyes and are mostly weak acids or weak bases
where the acid and the conjugate base of the indicator are
different colours. This is due to different structures (HIn) in
acidic and (In-)in basic solutions due to gain or loss of H+ or
OH− by the pigment giving rise to distinct colour change at
the equivalence point:
HIn (aq) + H2O(l)

0

50
Oxygen partial pressure /mm Hg

100

Figure 13-83 Effect of CO in blood on Hb-O2
dissociation curve

Anthocyanins
Roses are red, violets are blue – these are not only words
that sometimes appear in poems and songs, they also appear
frequently in biological pigments. For example, in 1915,
the Nobel Prize in Chemistry was awarded for work on
chlorophyll and on anthocyanins. The latter are aromatic,
water-soluble pigments due to the presence of polar groups,
widely distributed in plants and are the most commonly
found pigments. They are responsible for red, pink, purple
and blue colours found in berries as well as the colour
of beetroot, red cabbage and many flowers. Some typical
anthocyanins are shown below. They all have very similar
3-ring C6C3C6 structures with conjugated double bonds, but
vary in the number and position of the hydroxyl groups and
side chains. Anthocyanins specific colour depends on metal
ions, pH and temperature; these are often found bonded to
sugar side chains which also modify their precise colour –
section 35, data booklet for structures:

H3O+ (aq) + In- (aq)

At low pH, more of HIn is present in solution and its colour
dominates; at high pH In– colour dominates. An indicator
changes colour over ≈ 2 pH unit ranges; the end point for any
indicator depends on its Ka value - the pH at the end point
equals the pKa of the indicator. Anthocyanins are a group of
chemicals with a range of Ka values and thus undergo several
acid-base equilibria with changing pH values giving rise to a
range of colours as shown below from red in acid solution to
blue/purple when neutral to blue in slightly basic solution to
almost colourless at high pH:
R

Low pH

OH

Flavylium cation
(red)
HO
O+

R
O

glucose

OH
–OH–

+OH–

R
OH

O+

HO
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R
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Quinoidal base
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O

O

OH

glucose
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colorless due to loss
of delocalization

OH

O
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R
OH
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R
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OH

–H2O

R
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Figure 13-84 Colour changes in anthocyanins with
pH

Figure 13-83 Two anthocyanins

443
Chem 4th.indb 443

11/05/2014 10:34 am

Chapter 13

OH

HO

Carotenoids

R

High pH
(almost colourless)

OH

O

Of the non-nitrogenous pigments, by far the most important,
visible, and widely distributed are the carotenoids. These are
lipid-soluble pigments, and are involved in harvesting light
in photosynthesis. Carotenoids are responsible for yellow,
orange and red colours and, as well as being responsible for the
colour of carrots, they cause the colour in bananas, tomatoes
and saffron. Because their low levels in grass are concentrated
in milk fats they also give butter its colour. Carotenoids also
have nutritional value because they can be converted into
vitamin A, as well as being effective antioxidants. Vitamin A,
as can be seen from Figure 1713, is very closely related to the
carotenes which act as precursors for it.

R

glucose

O
O–

Green due to mixture of
blue and yellow pigments
pH 8-10
+H+ –H+

pH 7-8
ionised form
deep purple
O

R
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O

CH3

CH3

CH3

CH3

R

OH

glucose

O

CH3

O–

Figure 13-85 Colour changes in anthocyanins with
pH

pH 7

Figure 13.87 Retinol - Vitamin A
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Figure 13-86 UV spectra of anthocyanins
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Figure 13-88 β-carotene structure

Chlorophyll
Chlorophyll is the green coloured pigment responsible
for catalysing the photosynthetic process in green plants.
Chlorophyll contains the porphin ring with four nitrogen
groups and a highly conjugated system with extensive
delocalised electrons. It is deeply coloured due to the intense

absorption bands in the visible range. Each of the four
nitrogen atoms in the centre donates a lone electron pair
and chelates to Mg2+ by forming coordinate covalent bonds.
Chlorophyll a and chlorophyll b differ only in whether a side
chain is a methyl group (a) or an aldehyde group (b).
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N
N

Mg

Anthocyanins

O

The structures of anthocyanins are affected by changes in pH,
temperature and by the presence of metal ions such as Fe3+
and Al3+. Closely related structural forms of anthocyanins
are often in equilibrium, the position depending on pH and
temperature, which allows these compounds to be used as
acid-base indicators. At low pH the flavylium cation (AH+)
predominates and the mixture is red, as pH increases there
is a sufficient concentration of hydroxide ions for this to
hydrolyse and the solution becomes almost colourless due to
loss of delocalization between the three rings. At greater pH
the equilibrium shifts and the solution turns deep blue and
eventually almost colourless due to loss of delocalization on
the central ring (see figure 13-85/5 above):

N
N

O
O
O

O

O

4-5

6-7

colour

Red

Blue-red

Colourless

Blue/purple

Figure 13-89 Structure of chlorophyll

Water solubility of anthocyanins, carotenoids
and chlorophylls
Anthocyanins have many hydroxyl groups attached to their
ring structure. These can hydrogen bond to water molecules
and, as a result, anthocyanins tend to be water soluble. In
contrast to anthocyanins, carotenoids have a long hydrophobic
hydrocarbon chain and the hydroxyl groups on the rings are
not sufficient to confer water solubility, so carotenoids are
soluble in oils and fats. The chlorophylls (except chlorophyll
c) have a large hydrophobic tail which makes them insoluble
also. For example, very little green colour is left when green
vegetables have been boiled in water.

Factors that affect the stabilities of anthocyanins,
carotenoids and chlorophyll
The structure of a pigment determines its stability. Factors
that affect the structure and thus its stability include pH and
temperature changes, oxidation and the presence of metal
ions:

H 3C

CH3

CH 3
CH
CH 3

CH

C

CH

CH

C

CH

8 –10

>10

*Due to mixture of blue and yellow
The structure of anthocyanins is very dependent on pH,
not only because of acid base effects, but also because of
the effect of pH on the ease of hydration reactions. As a
result, the colour of foods containing anthocyanins can vary
significantly during the cooking process, especially when
mixed with acidic or alkaline ingredients. Also, anthocyanins
form complex ions with metal ions such as Fe3+ and Al3+.
Hence prolonged contact with these metals, from which ‘tin’
cans and saucepans are often made, may also contribute to
changes in colour during the storage or cooking process.
Anthocyanins are more stable at low temperatures. At high
temperatures, like many organic compounds, anthocyanins
decompose and this may lead to browning in some cooking
processes.

Carotenoids
The structure of a typical carotenoid is shown below:
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In chlorophyll b this side
chain is an aldehyde group

Figure 13-90 Structure of α-carotene
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Carotenoids are stable in the pH range of 2 – 7 and
temperatures below 50°C. These are typical conditions used
for processing foods, so little loss of colour occurs, though
heating can cause some discolouration due to change in
structure from trans-coordination around double bonds to
to cis-coordination. The presence of C=C unsaturation in
carotenoids make these susceptible to oxidation which is
catalysed by light, transition metal ions metals and peroxides.
The presence of the polyunsaturated hydrocarbon chain
means that, like poly unsaturated oils, carotenoids are subject
to oxidative degradation. As could be expected, this is
accelerated by light, which can produce free radicals catalysed
by the presence of transition metal ions. This oxidation as
well as causing discoloration also means that the carotenoids
can no longer be converted to vitamin A.

Chlorophylls
Chlorophylls are susceptible to chemical and enzymatic
reactions. During cooking, plant cells break down and this
releases acids, decreasing the pH of the solution. Whilst stable
in neutral and alkaline solution up to pH 9, in acidic solution
with pH 3 or less, they are unstable; hydrogen ions displace
magnesium ion from the porphin ring into solution, resulting
in a colour change to olive-brown. These changes also make
the pigment less stable to light and photo-degradation can
occur:
Porphin−Mg2+ + 2H+ → Porphin−2H2+ + Mg2+
Chlorophylls undergo base hydrolysis reaction (reverse of
esterification) which splits off the phytol side chain:

OPTION

R−COOC20H39 + H2O → RCOOH + HOC20H39
Bright light and warm temperatures cause chlorophylls to
decompose (just the way coloured paper fades in sunlight)
and chlorophyll is continuously synthesized and replaced in
green plants. During winter and cooler temperatures, the days
become shorter and the nights longer. There is not enough
light (and water) and the synthesis of chlorophyll stops and
the leaves turn yellow and orange due to the presence of
xanthophyll and carotenoids. In some trees, such as maple,
the transformation to red and even purple colours comes
from anthocyanins which are formed from the sugars that are

trapped in the leaf after photosynthesis stops. In most plants
anthocyanins are typically not present during the growing
season.

Function of photosynthetic pigments in trapping
light energy during photosynthesis
Several photosynthetic pigments of different colours are
involved in absorbing wavelengths of light strongly in
different parts of the visible spectrum and thus utilizing
more of the light energy from sunlight for photosynthesis.
The pigments absorb strongly in the blue, blue-green,
orange and red but poorly in the green wavelength range.
The greenish colour is reflected by the pigments and
observed in widely in nature.
Absorption spectrum of chlorophyll
Chlorophyll a
Chlorophyll b
100
Percent absorption

The essential feature of carotenoids is the long hydrocarbon
chain, which may also have methyl groups attached. In some
cases there may be ring structures at the ends of the chain,
in other cases not. Similarly some carotenoids have hydroxyl
groups near the end of the chain or on the ring, whereas
others, sometimes called carotenes have a hydrocarbon
structure.

Carotenoids
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Figure 13-91 Spectra

Chlorophyll a, present in the larger amount, is the primary
pigment which absorbs all the appropriate wavelengths from
sunlight. Chlorophyll b and carotene are secondary pigments
which transfer the energy it absorbs to chlorophyll a. The
delocalization in the porphyrin structure in chlorophyll
plays an important role in absorbing the energy during the
light reactions and moving delocalised electrons to excited
states (high energy electrons). These come back to their
stable energy states by providing energy to molecules or the
electrons can be transferred to other molecules to synthesise
glucose/sugar during the dark reaction. This is the essential
process by which energy of sunlight is absorbed and converted
to chemical energy during photosynthesis in which carbon
dioxide is reduced by water and converted to carbohydrates
(shown below with empirical formula) and oxygen gas:

light
x CO2(g) + y H2O(l) → Cx(H2O)y(s) + x O2(g)
chlorophyll

446
Chem 4th.indb 446

11/05/2014 10:34 am

Biochemistry
Investigation of pigments through paper and
thin layer chromatography
Chromatography is a very useful method for the separation
of mixtures of coloured substances which are otherwise not
readily separated. Paper and thin layer chromatography are
suitable for the identification of components of a very small
sample of mixture and is particularly suitable for separating
polar substances. The relative solubility of different
substances varies in the stationary phase (water, which is
adsorbed on the cellulose) in paper chromatography or a thin
layer of adsorbent material such as silica gel or alumina, on
an inert plate (for example, plastic or glass) in TLC and the
mobile phase (solvent). The principle of paper or thin layer
chromatography is the partition of solutes (the pigments)
between the stationary and mobile phases. A pigment with
greater solubility in the solvent and less affinity for the
stationary phase will travel further in the direction of the
solvent flow.

• it works with stronger solvents.
However, paper chromatography is cheaper and can be used
for initial separations.
Examples of investigation of pigments through paper or thin
layer chromatography that can be carried out in the school
laboratory include:
• TLC of leaf pigments
• TLC of spinach and red cabbage pigments
• Paper Chromatography photosynthetic pigment
• Paper Chromatography of anthocyanins.

Experimentally, a solution of the sample of the mixture of
pigments to be analyzed is placed as a spot on the surface
of the chromatographic paper or thin layer a couple of
centimetres from the bottom, marked in pencil, and allowed
to dry.
The paper or plate is placed vertically in a developing tank,
the bottom of which contains about a ½ cm depth of the
solvent. This is then covered and the solvent allowed to rise by
capillary action. The components of the mixture move with
the solvent at different rates depending on their solubility in
the stationary and moving phases. Once the solvent nears the
top of the paper or plate it is removed, the solvent front is
marked and the solvent allowed to evaporate. A number of
spots will be found corresponding to the different pigments
in the sample. The specific pigment can be identified by
comparing the Rf values of the spots with those for pure
pigments developed at the same time, under the same
conditions of solvent and temperature. Rf represents the
‘Ratio of fronts’, also called Retention Factor and refers to the
ratio of the distance travelled by a compound (dc) divided by
the distance travelled by the solvent (ds).
Compared with paper chromatography, TLC has several
advantages including:

OPTION

• it is faster to run
• it pruduces better separation
• it uses smaller amounts of samples
• the availability different adsorbents which can be recycled
for separation
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