
Our bodies rely on proteins as essential building 
blocks of an enormous number of compounds. They 
are the raw materials for growth and repair of cells 
and, if required, energy. The thousands of proteins in 
our body are polymers made up of just 20 different 
amino acids. This chapter examines the properties 
and structures of amino acids and proteins, together 
with the role played by vitamins in protein function. It 
also discusses how the structures of vitamins affect 
their properties, in particular their solubility in water 
or oil.

You will examine:

 ■ examples and structures of water-soluble and 
fat-soluble vitamins

 ■ why vitamins are essential for a healthy diet
 ■ structures of amino acids, polypeptides and proteins
 ■ differences between essential and non-essential amino 
acids

 ■ the formation of proteins
 ■ functions of proteins
 ■ how enzymes act as protein catalysts
 ■ how coenzymes assist enzymes
 ■ factors affecting the catalytic properties of enzymes
 ■ hydrolysis reactions in the digestion of proteins.

CHaPTeR

Christiaan Eijkman, a Dutch doctor living in Java, had 
a problem. The disease beriberi was becoming more 
common; it caused nerve damage in victims and 
eventually heart failure. His research involved injecting 
some chickens with infected blood, but he found that 
they all died, including the control group. Thinking the 
whole area was contaminated, he moved new chickens to 
a different location; he was pleased to observe that these 
chickens survived. He discovered that it was not the new 
location that improved the survival rate but that these 
chickens were being fed unpolished rice and not the 
usual white rice. It was not until some years later it was 
established that it was the water-soluble vitamin thiamin 
in the husks of the brown rice that improved the health of 
the chickens and provided protection from beriberi.

11 Vitamins and proteins

Contents
Vitamins and proteins
Eating chemicals
Vital vitamins
Proteins in the body
Enzymes as protein catalysts
Digestion of protein

UNCORRECTED P
AGE P

ROOFS



323CHAPTER 11 Vitamins and proteins

Eating chemicals
Sharing food with family and friends is one of the joys of life. But what are we 
eating? Everything we eat is a chemical, but which of these foods is actually useful 
for our bodies and what happens to the food when we eat it? A balanced diet 
enables us to stay active and healthy. The major food groups that contribute to a 
nutritious diet will be discussed in this chapter and chapter 12. The structure of 
compounds in these food groups has a significant effect on how food is digested, 
the products formed and how they are used in the body. Everyone knows that 
food is essential for our survival; it provides nutrients for energy, growth, repair 
and regulation of body processes. The chemical processes that involve breaking 
down and building different substances are known as metabolism. 

digestion
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amino acidsproteins
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enzymes

hydrolysis
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(glycogen, proteins, fats)
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The many reactions that occur between these organic compounds depend on 
how the various functional groups interact and the conditions in the particular 
part of the body. Food is a fuel that provides energy for daily activity, and also at 
night, to enable our heart, lungs and other organs to keep working effectively.
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Chemical processes that involve 
breaking down and building 
different substances in the body 
are known as metabolism.

Metabolism of food in the 
body

The human digestive system
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The major food groups that our bodies need are proteins, carbohydrates, fats 
and oils, vitamins and minerals. Minerals are inorganic substances required in 
various amounts for normal body functions. Calcium, for example, is essential 
for the development of bones and teeth as well as many other roles including 
muscle contraction, blood clotting and regulation of blood pressure. Iron is an 
essential part of the haemoglobin protein present in red blood cells. Haemo-
globin carries oxygen around the body for respiration. This study of food 
chemistry focuses on the organic food groups.

Table 11.1 Nutrient groups for the body

Food group Main function in the body

vitamins small amounts for regulating most metabolic processes including 
producing energy, growth and development, supporting the 
immune system and strengthening bones

proteins for growth and repair of cells, immunity and transport of 
molecules, and as enzymes, hormones and structural components

carbohydrates to store and provide energy, for functioning of the central nervous 
system, and, as fibre, to aid in removing waste from the body

fats and oils to store some vitamins, to provide energy and insulation, and to 
maintain cell membranes

Vital vitamins
Vitamins are organic compounds that are needed in minute quantities on a 
regular basis as part of a healthy diet. Thirteen vitamins are required but they 
generally cannot be synthesised by humans, except for vitamin D. If, however, 
vitamins are present in excess or are deficient, diseases such as beriberi, 
scurvy, anaemia, rickets and skin disorders may occur. Some vitamins can act 
as coenzymes, which enable a particular enzyme to catalyse a reaction. This 
will be discussed later in the chapter. Vitamins can be divided into two groups: 
fat soluble and water soluble.

Fat-soluble vitamins include vitamins A, D, E and K. They can be absorbed 
in the intestines and moved via the lymphatic system. They are stored in fat 
deposits and within the liver and may accumulate there. The body converts the 
antioxidant beta-carotene from orange or dark green vegetables into vitamin A, 
or it can be obtained from dairy products, fish or liver. Vitamin D is made by 
the enzyme-catalyzed action of sunlight on cholesterol. Vitamin K can also be 
produced in small amounts in the intestine by the action of bacteria. Fat-soluble 
vitamins mainly consist of the elements carbon and hydrogen and conse-
quently form non-polar molecules. This means they contain few if any polar 
groups and are thus more soluble in non-polar solvents such as fats and oils. 
The structures on the next page show that vitamins A, D, E and K, with just a few 
hydroxyl groups, are largely non-polar molecules.

Table 11.2 Functions and sources of fat-soluble vitamins

Vitamin Function Sources

A important for vision and 
immunity

sweet potatoes, carrots, spinach, 
pumpkin, liver, fish

D helps the body absorb 
calcium and phosphorus

sunshine, cod liver oil, salmon, 
sardines, milk, tuna, mushrooms

E cell membrane protection sunflower seeds, almonds, spinach, 
asparagus, avocado, peanuts, tofu

K helps blood clot kale, spinach, spring onions, 
Brussels sprouts, broccoli, parsley

Vitamins are a group of organic 
compounds that are essential 
for growth and nutrition and are 
required in small quantities in 
the diet because they cannot be 
synthesised by the body.

Vitamins can be fat soluble or 
water soluble.

Fat-soluble vitamins include 
vitamins A, D, E and K.

UNCORRECTED P
AGE P

ROOFS



325CHAPTER 11 Vitamins and proteins
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Water-soluble vitamins include eight different B-group vitamins and 
vitamin C. They are absorbed directly into the bloodstream and generally 
operate in cells to help catalyse cellular reactions. These vitamins do not remain 
in the body and are excreted through the kidneys in urine if excessive amounts 
are consumed. They are also more easily destroyed than fat-soluble vitamins by 

Some sources of vitamin D

Examples of fat-soluble 
vitamins include vitamins A, 
D, E and K (different forms 
of some of these molecules 
exist).

Water-soluble vitamins dissolve 
because of the presence of polar 
functional groups.
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heat, oxygen and light or just lost in water when boiled. Water-soluble vitamins 
must therefore be obtained from food on a regular basis, as they cannot be 
stored. Water-soluble vitamins have functional groups containing oxygen and 
nitrogen. This causes them to be polar molecules and explains their solubility 
in water. Other elements that may be present include sulfur, and vitamin B12 
contains cobalt.

The B-group vitamins assist in breaking down and releasing energy from 
food. They are required for healthy skin, hair, eyes and liver. The nervous 
system relies on B-group vitamins to function effectively. Chemical and various 
refining processes reduce the amount of these vitamins in food, which explains 
why brown sugar, rice and flour are more nutritious than their white forms. 
Vitamins play an essential part in metabolism in the body, often by combining 
with enzymes (protein catalysts), but more about this later.

Table 11.3 Functions and sources of water-soluble vitamins

Vitamin Function Sources

B1, thiamin assists in breaking down 
and releasing energy 
from food; supports nerve 
function

wholegrain cereals, 
seeds, nuts, pork

B2, riboflavin assists in releasing energy 
from food and red blood 
cell formation; supports 
healthy skin, eyes and 
nervous system

dairy products, 
wholegrain breads and 
cereals, egg white, leafy 
vegetables, meat, yeast, 
liver and kidney

B3, niacin assists in energy 
production; supports skin 
health and nervous and 
digestive systems

meats, fish, poultry, 
milk, eggs, wholegrain 
breads and cereals, nuts, 
mushrooms

B5, pantothenic 
acid

metabolises food; assists 
in production of red blood 
cells and hormones

liver, meats, milk, kidney 
beans, corn, legumes

B6, pyroxidine metabolises food; assists 
in production of red blood 
cells and hormones; 
supports nervous system 
and immunity 

poultry, meats, fish and 
shellfish, seeds and nuts, 
fish, liver, beans and 
legumes

B7, biotin assists in energy 
production; involved in 
metabolism of fat

peanuts, leafy 
vegetables, egg, 
liver, chicken, yeast, 
mushrooms

B9, folic acid assists in production of red 
blood cells, development 
of foetal nervous system 
and DNA synthesis

leafy vegetables, 
legumes, seeds, liver, 
poultry, eggs

B12, 
cyanocobalamin

supports nervous system 
and production of DNA 
and red blood cells

meat, liver, fish, cheese, 
eggs

C, ascorbic acid maintains healthy immune 
system; assists in wound 
healing; helps production 
of collagen (protein in 
skin, cartilage, tendons, 
ligaments, teeth and blood 
vessels)

red peppers, citrus fruits, 
kiwi fruit, cantaloupe, 
broccoli and Brussels 
sprouts
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Some sources of vitamin C

CH
HOH2C

OH

HO OH

OO

Structure of vitamin C (ascorbic acid)

Revision questions

1. Why is it necessary to eat foods containing water-soluble vitamins every 
day, but this is not the case with fat-soluble vitamins?

2. Explain why it is more likely that an excess of fat-soluble vitamins rather 
than water-soluble vitamins will cause health problems.

3. Describe whether the following vitamins are water soluble or fat soluble. 
Give reasons for your answers.

(a) H3C CH3 CH3

CH3

OH

CH3

(b) 
OH

N CH3

OH

OH

4. What is the molecular formula of vitamin C?

Proteins in the body
Proteins have many roles in the body besides acting as catalysts (as shown 
in the diagram on the next page). Some are antibodies to prevent infection; 
some assist with the formation of new molecules by interpreting the genetic 
information stored in DNA; others act as hormones and transmit signals to 
coordinate biological processes between different cells, tissues and organs. 
Proteins provide structural components for cells, assist in movement, and 
carry atoms and small molecules around the body.
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The surface of the skin 
is a protein.

Antibodies in the
bloodstream, which
help �ght infection,
are proteins.

The hormone insulin,
which helps in 
carbohydrate
metabolism, is a
protein made by 
the pancreas.

The �bres of nerve
cells are surrounded
by protein.

Hair is made of
protein.

The enzyme amylase
is a protein found in
saliva.

The red haemoglobin
in blood cells is a
protein.

Muscle �bres are
made of protein.

Tendons, which
join muscles to bones,
contain proteins.

Toenails and 
�ngernails are made
of protein.

All protein molecules contain carbon, hydrogen, oxygen and nitrogen. Some 
also contain phosphorus and sulfur. Plants can make proteins from inorganic 
compounds such as nitrates, water and carbon dioxide. Animals cannot make 
their own proteins directly from the same inorganic starting materials that 
plants do. They depend on plants or other animals in their food supply for 
organic compounds that enable them to obtain or synthesise their own protein.

Amino acids — building blocks of proteins
Proteins are polymers built from monomers called amino acids. Amino acids 
are compounds that contain amino (—NH2) and carboxyl (—COOH) func-
tional groups. Most amino acids have four groups bonded to a central carbon 
atom: a carboxyl group, an amino group, an R group (the amino acid side 
chain) and a hydrogen atom.

amino group

H

N

H C H

C OH

O

R

carboxyl group

the characteristic group of
individual amino acids (side chain)

General structure of an amino acid. The functional groups and the characteristic 
R group are all attached to the same carbon atom. Amino acids that are used by 
cells to synthesise proteins are known as 2-amino acids or α-amino acids.

The difference between these amino acids is in the structure of the R group. 
These 2-amino acids can be classified according to the properties of the func-
tional groups in the R side groups:
•	 non-polar: for example, alkyl groups 
•	 polar: for example, alcohols
•	 acidic: for example, carboxylic acids
•	 basic: for example, amines.

The simplest 2-amino acid is glycine. Hundreds of other amino acids are 
known, but only 20 have been found in proteins in the human body. These 
2-amino acids are the building blocks of thousands of proteins and are shown 
in table 11.4.

Examples of proteins in the 
body

Protein molecules contain C, H, O, 
N and sometimes P and S. They are 
present in all cells.

Unit 4

Do more
Properties of amino 
acids

aOS 2

Topic 1

Concept 1

UNCORRECTED P
AGE P

ROOFS

http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch27/ch27-1-2.html#table 2
http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch27/ch27-1-2.html#table 3
http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch27/ch27-1-2.html#table 4


329CHAPTER 11 Vitamins and proteins

Some amino acids found in proteins are known as essential amino acids. 
These amino acids cannot be synthesised by animals from the other mat-
erials in their diets and therefore must be supplied directly in the diet. Essen-
tial amino acids vary from species to species. High-protein food is therefore 
necessary in animal diets so that all of the amino acids necessary for the body 
to manufacture protein may be obtained. 

Except for glycine, amino acids are enantiomers due to their chiral centres, 
meaning that they are either the l or d form, according to the arrangement of 
groups around the chiral carbon atom. The molecule synthesised from natu-
rally occurring (+)-glyceraldehyde is considered the d form. It is remarkable, 
and as yet unexplained, that almost all plant and animal proteins are l-amino 
acids. This means that enzymes, which are proteins, catalyse reactions only 
between molecules with the appropriate stereoisomerism. The d form is found 
in simple organisms such as bacteria and also in some antibiotics that can 
destroy bacteria by interfering with the proteins required by the bacteria. 

Table 11.4 Amino acids found in proteins

name
Abbrevi- 

ation Formula name
Abbrevi- 

ation Formula

alanine ala CH3CHCOOH

NH2

leucinee leu (CH3)2CHCH2CHCOOH

NH2

arginine arg H2NCNHCH2CH2CH2CHCOOH

NH2NH

lysinee lys H2NCH2CH2CH2CH2CHCOOH

NH2

asparagine asn H2NCOCH2CHCOOH

NH2

methioninee met CH3SCH2CH2CHCOOH

NH2

aspartic
acid

asp HOOCCH2CHCOOH

NH2

phenylalaninee phe CH2CHCOOH

NH2

cysteine cys HSCH2CHCOOH

NH2

proline pro COOH

H

N

glutamic 
acid

glu HOOCCH2CH2CHCOOH

NH2

serine ser HOCH2CHCOOH

NH2

glutamine gln H2NCOCH2CH2CHCOOH

NH2

threoninee thr CH3CH(OH)CHCOOH

NH2

glycine gly CH2COOH

NH2

tryptophanee trp

CH2CHCOOH

NH2

H

N
HO

histidinee his N

N CH2CHCOOH

NH2
H

tyrosine tyr CH2CHCOOH

NH2

HO

isoleucinee ile CH3CH2CH(CH3)CHCOOH

NH2

valinee val (CH3)2CHCHCOOH

NH2

e Essential amino acid: one of the 9 amino acids required by humans

Structure of glycine

C COOH

H

NH2H

Almost all plant and animal 
proteins are formed from 
l-amino acids.

C

L-alanine D-alanine

NH2H3C
H

COOH

C

H2N CH3

H

HOOC
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Zwitterions — the dipolar nature of amino acids
Although amino acids are commonly shown as containing an amino group 
and a carboxyl group, H2NCHRCOOH, certain physical and chemical prop-
erties, including melting points, solubilities and acid–base properties, are not 
consistent with this structure.

The acid–base properties of carboxyl and amino groups have an effect on 
amino acid structure. The weakly acidic proton of the carboxyl group easily 
transfers to the amino group, forming a zwitterion or dipolar ion. In the pure 
solid state and in aqueous solutions with an approximately neutral pH, the 
amino acids exist almost completely as zwitterions.

C

O

C

R

H
amino acid zwitterion

O H

N

H

H

C

O

C

R

H

N+H

H

H O−

An amino acid and its corresponding zwitterion

Since amino acids may behave as both acids and bases (that is, they are 
amphoteric), they may exist in several forms, depending on the pH of the solu-
tion. Consider glycine, for example — it can lose or gain an H+ ion. The form of 
glycine shown in the middle of the figure below is a zwitterion, because it has 
equal numbers of positive and negative groups, although its net charge is zero.

COOHCH2
 +H3N COO−+H3N CH2

– H+ 
CH2 COO−H2N

+ H+ 

acid form zwitterion form basic form

cationic form anionic form

In an acidic environment, the zwitterion behaves as a base because the carboxyl 
groups combine with the increasing concentrations of H+ to form uncharged 
—COOH groups. The remaining ammonium group then gives the molecule a net 
positive charge (cationic form). In a basic environment, the zwitterion behaves as 
an acid because the ammonium group loses H+ when the concentration of H+ is 
lowered, leaving an uncharged amino group. The molecule then has a net negative 
charge from the remaining carboxyl group (anionic form).

0
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The form of an amino acid varies with pH. This graph shows the fraction of 
glycine present as the zwitterion plotted against pH values. The fraction not 
present as a zwitterion exists as a cation in acidic solutions (left) and as an anion 
in basic solutions (right).

Amino acids may exist in different 
forms depending on the pH of the 
solution.

Unit 4

Do more
Effect of pH on 
amino acids

aOS 2

Topic 5

Concept 3

Glycine in solution

An amino acid may be cationic in 
an acidic environment, a zwitterion 
at an approximately neutral pH, or 
anionic in a basic environment.

elesson
Glycine — amphoteric behaviour
eles-2593
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Revision questions

5. Name and draw the two functional groups present in amino acids.
6. Explain why glycine does not form a stereoisomer.
7. Draw the structure of the amino acid serine in a basic solution.
8. State two examples of amino acids with acidic side chains.

Formation of proteins
Amino acids react to form peptides. The carboxyl group of one molecule reacts 
in a polymerisation reaction with the amino group of another amino acid mol-
ecule to form a peptide, or amide, linkage between them.

peptide or
amide linkage

N

C

O

H

carboxyl group
of another amino acid

amino group
of one amino acid

+     H2O

C

O

OH

N

H
H

+

+
+

dipeptide water

peptide bond

glycine alanine

C

NH2
C

H

O

H

HO

H

H

C

CH3

O

C

OH

H N

O

C

C

H

O

H

N

C

H

CH3

C

OH

H

NH2

H2O

Since water is produced when a peptide link is formed, this reaction between 
amino acids to form peptides is an example of a condensation reaction. When 
two or more amino acids combine to form a peptide, what remains of each 
amino acid is called an amino-acid residue. 

Depending on the number of amino acid residues per molecule, the pep-
tides formed from the condensation reactions of amino acids are known as 
dipeptides, tripeptides and so on, and finally polypeptides, which are the 
result of condensation polymerisation reactions. Note that, when drawing 
segments of proteins, it is necessary to show the open bonds at each end by 
using dashes where the next amino acid residue would be attached. Peptides 
of molar mass up to about 5000 g mol−1 (about 50 amino acid units) are known 
as polypeptides; even larger peptides are called proteins.

CH NHC

O

C

O

CH3

amino acid
residue

amino acid
residue

CH2SH

CH OHN

Amino acids combine to form 
peptides in a condensation 
reaction.

Formation of an amide linkage, 
also known as a peptide 
linkage when part of a peptide 
or protein

Digital document
Experiment 11.1 Investigating proteins
doc-18827

Amino acid residues
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The formation and performance of proteins within the human body results 
from energy generated at the cellular level. The proteins formed may be fibrous 
(keratin, collagen) or globular (haemoglobin, most enzymes) in structure. 
Fibrous proteins are insoluble in water, but globular proteins are soluble.

Structure of proteins
The order of amino acids covalently bonded in a polypeptide chain is 
referred to as its primary structure. Different parts of the chain form into 
coils, pleats or folds due to hydrogen bonding between the C O and N—H 
bonds in peptide links at different positions on the chain; this is known as 
the secondary structure. Bonding between side chains of the amino acids 
results in a complex three-dimensional shape, the tertiary structure; this may 
involve hydrogen bonding, ionic bonding or disulfide bridges. Cysteine is the 
only amino acid that can form disulfide bonds. A covalent bond between two 
cysteine molecules is known as a disulfide bridge. They stabilise protein struc-
tures and keep them in particular conformations. A quaternary structure is 
formed when individual protein molecules link together in a particular spatial 
arrangement. The shape of a protein determines its properties and function, 
and it loses its function if the shape is altered (which is called ‘denaturing’) 
such as by changes in temperature or pH.
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covalent
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between
carboxyl
and amino
groups

‘side-group’ interaction,
including H bonding,
ionic bonding,
dipole–dipole interactions
and disul�de bridges

H bonding, ionic bonding,
disul�de bridges and
dipole–dipole interactions

Structure of proteins

UNCORRECTED P
AGE P

ROOFS



333CHAPTER 11 Vitamins and proteins

Revision questions

 9. Draw the two possible dipeptides formed between alanine and aspartic 
acid, and circle the peptide link.

10. Calculate the molar mass of the dipeptide formed in question 9.
11. Which type of bonding is found in both the secondary and tertiary struc-

tures of proteins?
12. What is the strongest form of intermolecular bonding that could involve the 

residue of the amino acid glutamic acid?

Enzymes as protein catalysts
Most metabolic processes require enzymes to ensure that reactions occur fast 
enough to maintain life. Enzymes are biological catalysts. They lower the acti-
vation energy of reactions to enable the reaction to proceed. Enzyme names 
usually end in -ase, except for pepsin, rennin and trypsin. For example, lactase 
breaks down lactose, which is a milk sugar, sucrase breaks down complex 
sugars and starch, protease digests proteins, and lipase breaks down fats.

Enzymes cause reactions to occur up to millions of times faster than without 
enzymes. Like inorganic catalysts, enzymes speed up reactions by providing an 
alternative reaction pathway of lower activation energy. In chemical reactions, for 
two molecules to react, they must collide with one another with sufficient energy 
to overcome the energy barrier to the reaction. This is called the activation energy. 
As shown in the figure below, enzymes lower the activation energy of a reaction.

E
ne

rg
y

Reaction course

products

without enzyme

with enzyme

reactants

Most inorganic catalysts are not very selective and can speed up many dif-
ferent chemical reactions. Enzymes, however, are very specific. Each enzyme 
catalyses one specific reaction. The specificity lies in the shapes of the enzyme 
molecules. Like all catalysts, enzymes remain unchanged at the end of the 
reactions they catalyse. Enzymes alter the rates of reactions but not the pos-
ition of the equilibrium.

The structure and action of enzymes
Every enzyme has a unique three-dimensional shape, which is determined by 
the nature of the bonding and side chains of the amino acid residues in the 
protein. As a result of their structure, many enzymes have an active site into 
which the reactant molecule (called a substrate) is manoeuvred. The active 
site of each type of enzyme is unique; it is at the active site that the substrate 
is converted to a product molecule. There are two models proposed to explain 
the action of enzymes: the lock-and-key model and the induced fit model.

In the lock-and-key model, only molecules with complementary shapes 
can react with the enzyme. Enzyme action may be compared to a key fitting 

Enzymes are biological catalysts. 
They lower the activation energy of 
reactions to enable the reaction to 
proceed.

Activation energy profile for 
enzyme-catalysed and non-
enzyme-catalysed reactions

An enzyme speeds up a chemical 
reaction. Each enzyme has an 
active site. 

Digital document
Experiment 11.2 Action of enzymes
doc-18828
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into a lock; only a key with a particular shape can open the lock. It is important 
to remember that enzymes are three-dimensional and chiral, so they are highly 
stereoselective. Only one enantiomer can fit into the active site of the enzyme 
and therefore react. It is just like having a gloved hand that binds to a 
substrate. 

substrate

enzyme
enzyme–substrate complex

active site

The induced fit model suggests that, in the presence of the substrate, the 
active site may change in order to fit the substrate’s shape. The shape of the 
active site is not an exact match but may change shape in the presence of a 
specific substrate to become complementary and then return to its original 
shape after the reaction. 

substrate

enzyme
enzyme–substrate complex

active site

Coenzymes — enzyme helpers
Some enzymes need a little help in order to act as catalysts. This assistance is 
provided by coenzymes. Coenzymes are organic non-protein molecules that 
are required to temporarily and loosely bind with the protein molecule (apo-
enzyme) to form the active enzyme (holoenzyme). 

Their role is to act as intermediate transporters of electrons, particular atoms 
(such as H) or functional groups that are transferred in the final reaction. Once 
the reaction is completed, they then move away. The removal or addition of 
electrons, atoms or groups can change the shape of the coenzyme, allowing it 
to bind or be removed from an enzyme they are helping.

Lock-and-key model — the 
substrate and enzyme active 
site have complementary 
shapes.

Induced fit model — the 
enzyme active site forms a 
complementary shape to the 
substrate after binding.

Coenzymes are organic non-
protein molecules that assist the 
functioning of enzymes.
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Whereas enzymes are specific to a substrate, coenzymes can assist a number 
of different enzymes. Coenzymes are altered as a consequence of the reaction 
and may then be reformed. Several important coenzymes are derived from 
vitamins such as vitamins B1, B2 and B6. An example of a coenzyme is NAD+, 
nicotinamide adenine dinucleotide. The nicotinamide part of the molecule 
comes from vitamin B3, niacin. NAD+ transfers hydrogen away from one mol-
ecule in a dehydrogenase reaction and takes it to another molecule. 

Table 11.5 Examples of coenzymes

Vitamin Coenzyme Role 

B1, thiamin thiamine pyrophosphate (TPP) transfers aldehydes 

B2, riboflavin flavin adenine dinucleotide (FAD) oxidising agent (transfers electrons)

B3, niacin nicotinamide adenine dinucleotide (NAD+) oxidising agent (transfers electrons) 

B5, pantothenic acid coenzyme A (CoA) transfers acetyl group (CH3CO—)

B12 coenzyme B-12 transfers alkyl groups

adenosine triphosphate (ATP) transfers phosphate 

apoenzyme
(protein portion),

inactive

cofactor
(nonprotein portion),

activator

holoenzyme
(whole enzyme),

active

coenzyme

+

substrate

Factors affecting the action of enzymes
Temperature
Enzymes can operate only at body temperatures. Each enzyme has an optimum 
temperature and pH range for maximum activity.
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2010 30 40 50

As temperature increases, reacting molecules gain more energy and increase 
their chances of successful collisions, thereby increasing the rate of a reaction. 
For an enzyme, however, there is a temperature at which it performs its cata-
lytic activities most quickly. This temperature is known as the optimum tem-
perature; for most enzymes in the human body, this is around 37.5  °C. As 

How a coenzyme assists an 
enzyme

For every enzyme, the rate 
of reaction increases with an 
increase in temperature, up 
to an optimum temperature. 
As the temperature increases 
past the optimum range, the 
enzyme begins to denature 
and its catalytic properties are 
decreased.
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shown in the graph on the previous page, the rate of reaction starts to decline 
as the temperature rises above this temperature. Denaturing can be irrevers-
ible, as in the case of frying an egg. The albumen protein in the egg white dena-
tures and becomes insoluble when heated.

pH level
Enzymes are also affected by pH due to uptake and release of protons, which 
affects the attractions between sections of the protein. Different enzymes 
have different optimum pH levels because of the carboxyl or amino func-
tional groups on the side chains of the amino acids present. Enzymes begin to 
denature if the pH of their environment goes outside their optimum range. For 
example, pepsin works best in the acid conditions of the stomach.
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amylase

pH
1 2 3 4 5 6 7 8 9

Denaturation is due to the collapse of intra- and intermolecular bonds that 
maintain the shape in the quaternary, tertiary and secondary structures of the 
enzyme. The primary structure, with its strong covalent bonds, is not affected. 
Higher temperatures and extreme pH values disrupt the protein structure 
and alter the shape of an enzyme, hence altering the enzyme’s active site and 
destroying its catalytic activity. 

active site
S
I
S
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SH

SH

SH

SH SH

SH

active site

no activity

denature    lower pH etc.

renature     normal pH etc.

Enzyme activity is affected by 
pH and temperature changes. 
Enzymes operate to their 
maximum effect at a specific 
pH and temperature.

The protein in egg white is 
denatured when the egg is 
heated.

Effect of pH on enzyme activity

Denaturation of the protein 
structure by heating or 
extremes of pH reduces the 
activity of an enzyme by 
altering the active site. In a 
few cases, the protein can be 
renatured.
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Concentration
The rates of enzyme-catalysed reactions depend on the concentrations of the 
enzymes and the substrates. If temperature and pH are at optimum levels, an 
increase in the concentration of the enzymes increases the rate of reaction pro-
portionally. For a given enzyme concentration, the rate of its catalytic reaction 
increases with increasing substrate concentration up to a point of saturation, 
above which any further increase in substrate concentration produces no sig-
nificant change in reaction rate. This is because the active sites of the enzyme 
molecules at the given concentration are saturated with substrate. Once satu-
ration is reached, dissociation of the enzyme–substrate complex is required to 
free up active sites for further reaction.
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concentration does

not affect reaction rate.

point of saturation

Measuring enzyme activity
Investigating the rate of an enzyme-catalysed reaction can provide an indi-
cation of the enzyme activity under different conditions. A possible experiment 
involves the use of catalase, which is present in plant and animal cells. Catalase 
breaks down hydrogen peroxide, H2O2, which is produced during metabolism 
but is toxic if it builds up in a cell. The reaction that occurs is:

2H2O2(aq) catalase  2H2O(l) + O2(g)

Yeast is one of a number of possible sources of catalase. The source of the 
enzyme or the conditions used can be varied and the rate of oxygen production 
measured.

Revision questions

13. What are the similarities and differences between the lock-and-key and 
induced fit models of enzyme function?

14. What are coenzymes?
15. Explain the effect of increasing the temperature of an enzyme beyond its 

optimum range.

Digestion of protein
In adults, proteins are hydrolysed by an enzyme called pepsin. In this reaction, 
water is added across the peptide link. The hydrolysis of protein using pepsin 
produces a mixture of polypeptides. However, these are still too large to be 
absorbed into the bloodstream and need further digestion in the intestine. 
Pepsin, unlike most protein-digesting enzymes, works efficiently in the acidic 
environment of the stomach, but becomes inactive in the alkaline environ-
ment of the intestine.

The rate of an enzyme-
catalysed reaction can be 
increased in two ways: 
by increasing the enzyme 
concentration or by increasing 
the substrate concentration. 
However, increasing the 
substrate concentration 
increases the rate of reaction 
only up to the point at which 
the active sites of the enzyme 
are saturated with substrate 
molecules.

During digestion, protein is 
hydrolysed by the enzyme pepsin 
to produce amino acids. These 
amino acids are reassembled in 
tissues to make new proteins.
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Protein-rich food

After partial digestion in the stomach, proteins are further hydrolysed when 
they reach the small intestine to form amino acids. When food enters the duo-
denum, the pancreas is stimulated to secrete a number of digestive enzymes, 
including trypsin and chymotrypsin.

The amino acids then pass into the bloodstream and are carried to tissues 
where they may be reassembled to form new protein. The enzyme-catalysed 
hydrolysis reactions for the digestion of protein are the reverse of the conden-
sation reactions by which they were formed originally. The functional groups 
on the amino acid residues form covalent bonds with the atoms from the water, 
resulting in breakage of the peptide link.
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H
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H
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glycine
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CH2OH
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H
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+ +

It is important to note that hydrolysis involves the breaking of strong covalent 
(peptide) bonds, whereas denaturation involves the breaking of weak bonds 
(dispersion forces, hydrogen bonds). 

What happens to digested protein?
The end products of protein digestion, amino acids, are absorbed into the 
bloodstream so that they can be used by the cells in the body to build up 
new protein. However, we usually eat and digest more protein in a day than 

Unit 4

See more
Hydrolysis of 
proteins

aOS 2

Topic 5

Concept 1

Unused amino acids are broken 
down in the liver to form 
ammonia, and then further broken 
down to form urea, which is then 
eliminated in urine. The formula 
for urea is (NH2)2CO.
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is required by the body. The amino acids not used directly by the body are 
broken down in the liver in a process called deamination. In this process the 
amino, —NH2, group is converted to ammonia. The ammonia, in turn, is con-
verted to urea and excreted, or used for the synthesis of other amino acids. 
Specific enzymes are required for this multi-step process to occur.

Ammonia is toxic if allowed to build up in the body, whereas urea is harm-
less, even in high concentrations. The remainder of the protein molecule, 
made up of carbon, hydrogen and oxygen, can be converted to glucose, fat (for 
storage) or other amino acids.

Revision questions

16. Write a possible sequence of equations for the hydrolysis of the following 
polypeptide.

CH2
H  

H  
N C C N C C N C C N C C 

CH2SH

H

H

O

CH3

H O

H H

O

H

CH

H

H3C CH3

O

OH

17. What is the molecular formula of urea? What is its molar mass?

C

NH2

O

H2N

The structure of urea
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Chapter review

Summary
 ■ Vitamins are a group of organic compounds that are 

essential for growth and nutrition and are required in 
small quantities in the diet because they cannot be 
synthesised by the body. 

 ■ Vitamins are categorised according to their solubility 
in water or fat; this is explained by the functional 
groups present. 

 ■ Water-soluble vitamins are the B-group vitamins and 
vitamin C. They cannot be stored in the body so need 
to be regularly ingested. They are unlikely to be toxic 
because they are excreted in urine. B-group vitamins 
can be converted to coenzymes.

 ■ Fat-soluble vitamins, such as A, D, E and K, are stored 
in the liver. They could become toxic due to build 
up and are more stable to heat than water-soluble 
vitamins.

 ■ Proteins are made up of carbon, hydrogen, oxygen 
and nitrogen. Some also contain sulfur. They are 
formed by the condensation polymerisation of 
amino acid units — the amino functional group of 
one amino acid reacts with the carboxyl functional 
group of another, and water is eliminated.

 ■ There are 20 amino acids in biological systems in the 
body. Essential amino acids cannot be synthesised 
by animals from other materials in their diet; they 
must be supplied by the diet. Non-essential amino 
acids can be synthesised within the body from other 
materials in the diet.

 ■ Amino acids form a dipolar ion called a zwitterion, 
due to the acid–base properties of the carboxylic 
acid and amino functional groups. Amino acids are 
amphoteric; that is, they may behave either as an acid 
or as a base, depending on the pH of the solution. In 
aqueous solutions with an approximately neutral pH, 
amino acids exist as zwitterions.

 ■ Proteins have four structural levels:
 – primary structure — the number, sequence and 

type of the amino acids in the chains. Only strong 
covalent bonds are involved.

 – secondary structure — the helices, folds and 
pleats due to hydrogen bonding with non-R-group 
nitrogen and oxygen in small segments of the pro-
tein chain

 – tertiary structure — the three-dimensional shape 
of the protein, which is the result of interactions 
between different side-chain groups and involves 
dispersion forces, hydrogen bonding, ionic 
bonding and disulfide bridges

 – quaternary structure — the way the constituent 
protein branches are held together in space when 

separate polypeptide chains interact with each other. 
This involves hydrogen bonding, disulfide bridges, 
ionic bonding and dipole–dipole interactions.

 ■ Proteins are sensitive to extremes in pH, heat and 
some chemicals. Proteins denature by unfolding when 
subjected to changes in pH or extreme conditions. 
They can become insoluble or lose biological activity.

 ■ Enzymes are proteins that act as catalysts for the 
chemical reactions occurring in living things. They 
are highly specific, with each different type of enzyme 
catalysing only one chemical reaction. Each enzyme 
has an active site at which the reaction is facilitated. 
Enzymes operate in mild conditions; extremes of 
temperature and pH denature the enzyme, altering 
the active site and leading to a loss in activity.

 ■ Amino acids that form proteins are the l-form, so 
alternate optical isomers do not fit in the active site 
of enzymes in the body.

 ■ Coenzymes are organic non-protein molecules 
which assist the functioning of enzymes

 ■ Digestion of proteins involves hydrolysis reactions 
where peptide bonds are broken. Nitrogen from pro-
teins is excreted as urea.

Multiple choice questions
 1. Vitamins may be categorised as:

a organic and inorganic
b fat-soluble and water-soluble
C essential and non-essential
D mixtures and compounds.

 2. Which of the following statements is incorrect about 
fat-soluble vitamins?
a Excess amounts are readily excreted from the 

body.
b They can be consumed less frequently than the 

water-soluble vitamins.
C They are bound to proteins when travelling in 

the blood.
D They may accumulate to toxic amounts in the 

body.
 3. Which of the following is not a good source of 

vitamin D?
a Fatty fish 
b Sunshine

C Milk and margarine
D Fruit and vegetables 

 4. Vitamins are essential because the body:
a cannot synthesise these compounds at all
b can synthesise these compounds partially
C cannot synthesise these compounds in the 

adequate amounts required
D none of the above.
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 5. Vitamin C is considered a vitamin that is:
a water soluble C fat and water soluble
b fat-soluble D none of these.

 6. Which vitamin is part of coenzymes NAD and 
NADP and is involved in hydrogen transfer?
a Vitamin C C Vitamin D
b Vitamin K D Vitamin B3

 7. Excess intake of fat-soluble vitamins is stored in 
which part of the body?
a Stomach C Gall bladder
b Duodenum D Liver

 8. The —NH2 functional group is:
a an amino group
b a hydroxyl group
C a peptide group
D an amide group.

 9. Which functional groups are involved in forming 
peptide bonds? 
a The carboxyl group on two amino acids
b The carboxyl group on one amino acid and 

the amino side chain on another
C The amino group on both amino acids
D The amino group on one amino acid and the 

carboxyl group on another
 10. What does the primary structure of a protein refer 

to? 
a The covalent bonds that hold the protein in a 

particular shape
b The hydrogen bonds between sections of the 

amino acid side chains
C The amino acid sequence of the protein
D Whether it is globular or fibrous

 11. The most common covalent cross-links are sulfur–
sulfur bonds that form between two amino acids. 
Which amino acid has this side chain? 
a Glycine C Cysteine
b Methionine D Proline

 12. Which of the following terms refers to the overall 
three-dimensional shape of a protein?
a Primary structure
b Secondary structure
C Tertiary structure
D Quaternary structure

 13. What is the strongest form of intermolecular 
bonding that could be formed involving the 
residue of the amino acid valine?
a Ionic bond
b Hydrogen bond
C Dispersion forces
D None of the above

 14. Select the correct numbers to complete the 
following sentence.
 There are ___ essential amino acids in the total 
of ___ amino acids used in the body.
a 11, 20 
b 9, 20 

C 9, 11 
D 20, 9

 15. Which of the following terms refers to the 
sequence of different amino acids in a protein?
a Primary structure
b Secondary structure
C Tertiary structure
D Quaternary structure

 16. The globular shape of a protein is called the:
a primary structure
b secondary structure
C tertiary structure
D quaternary structure.

 17. The formation of carbohydrates, proteins and 
lipids in the human body requires numerous 
enzymes. Which of the following statements about 
enzymes is incorrect?
a Enzymes operate within narrow pH ranges.
b The catalytic action of enzymes increases with 

increasing temperatures up to 100  °C.
C Enzymes specifically catalyse particular 

chemical reactions.
D Enzymes are proteins.

 18. Select the best definition of an enzyme.
a An enzyme is an amino acid that speeds up 

chemical reactions.
b An enzyme is a protein that is consumed in 

the diet and aids in chemical reactions.
C Enzymes are proteins that speed up metabolic 

reaction and are consumed in the process.
D Enzymes are proteins that speed up 

metabolic reaction but are not consumed in 
the process.

 19. Identify the incorrect statement about protein 
denaturation. 
a It is a shape change.
b It is always irreversible.
C It may be caused by a pH change.
D It could result from a temperature change.

 20. Which process causes the primary structure of a 
protein to be destroyed?
a Hydrolysis
b Denaturation
C Polymerisation
D Condensation

 21. Hydrolysis of proteins involves:
a adding water to amino acids to form proteins
b adding water to proteins to form amino acids
C water forming hydrogen bonds in the 

secondary structure of proteins
D water forming hydrogen bonds in the tertiary 

structure of proteins.
 22. Excess amino acids in the body are broken down 

to form urea in the:
a pancreas
b liver
C bladder
D kidneys.
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Review questions
Vitamins
 1. (a) What is a vitamin? 

(b) What role do vitamins play in the body?
 2. Explain why vitamin C is soluble in water and why 

vitamin D is insoluble. What implications does 
this have on the possibility of deficiency or excess 
vitamins in the body?

 3. (a) Name the functional groups present in the 
following vitamin.

(b) Determine whether this vitamin would be 
soluble in water or fat.

OH

OH
HO

H3C

H3C N

N N

NH

OH

O

O

Proteins
 4. The amino acids cysteine and serine can react with 

each other to form a dipeptide. 
(a) State the type of reaction occurring when 

amino acids react together, and identify the 
other product of the reaction. 

(b) Draw the structures of the two possible 
dipeptides formed in the reaction between one 
molecule each of cysteine and serine.

 5. Explain why alanine (below) is described as an 
enantiomer.

C

H

O

C

H H

N

C HHH

H O

 6. Polypeptides and proteins are formed by the 
condensation reactions of amino acids. 
(a) Draw the structural formula of threonine, and 

label the carboxyl and amino groups.
(b) Give the structural formula of a dipeptide 

formed by the reaction of glycine and 
threonine. State the other substance formed 
during this reaction. 

(c) Explain why threonine is considered to be 
optically active whereas glycine is not.

(d) State two functions of proteins in the body.

 7. When many amino acid molecules react together, 
a protein is formed. These proteins have primary, 
secondary, tertiary and quaternary structures. 
(a) State the type of intermolecular force 

responsible for maintaining the secondary 
structure.

(b) State two other ways in which the tertiary 
structure of the protein is maintained.

 8. Suppose you want to synthesise tripeptides using 
the amino acids alanine, glycine and aspartic acid.
(a) How many different tripeptides can be 

prepared using each amino acid only once?
(b) How many different tripeptides can be 

prepared using any of the three amino acids in 
any of the three positions if you can use each 
more than once?

(c) Write a balanced equation for the formation of 
a tripeptide, indicating which functional groups 
react and which by-products are formed.

 9. Variations in pH affect amino acids and the 
proteins they form. Describe, using structural 
formulas, where appropriate, how amino acids 
and proteins are affected by changing pH.

Enzymes
 10. Enzymes are organic catalysts that operate in 

living things to facilitate chemical reactions 
essential to life. They are often referred to as 
‘biological catalysts’. List the differences between 
enzymes and inorganic catalysts. Include 
reference to mode of function, specificity and the 
conditions under which they are employed.

 11. Define the following terms.
(a) Enzyme
(b) Enzyme specificity
(c) Active site
(d) Coenzyme.

 12. (a)  Explain why the mechanism of action of an 
enzyme is sometimes referred to as a ‘lock-
and-key’ mode of operation.

(b) Imagine you want to use a catalyst to speed up 
the following reaction.

 A + B  C + D

 Draw a diagram that shows how an enzyme 
can facilitate this reaction. Label the substrate 
and active site.

 13. Describe the differences between enzymes and 
coenzymes.

 14. (a) Define the term ‘denaturation’.
(b) List three ways in which an enzyme may be 

denatured.
 15. Milk that has gone past its ‘use by’ date curdles 

and develops a sour taste. This is caused by the 
production of lactic acid by the lactose-fermenting 
bacteria naturally present in milk. This increased 
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acid production leads to a decrease in pH that 
causes the milk protein caseinogen to first 
denature and then coagulate.
(a) Explain, using a diagram, how caseinogen is 

denatured.
(b) Explain why the secondary structure of 

caseinogen is affected whereas the primary 
structure is unaffected.

 16. Digestive enzymes can be incorporated into 
washing powders. Instructions recommend that 
clothes are not boiled with the powder but, rather, 
that they are allowed to soak overnight.
(a) Explain the reason for the recommendation 

regarding effective use of the powder.

(b) Explain why digestive enzymes would be 
used.

(c) Describe the action of an enzyme.
 17. Why can fresh bloodstains be easily removed in 

cold water but not in hot water?
 18. Meat and fish can be marinated (soaked) in fruit 

juices such as lime or pineapple juice to make 
them more tender.
(a) Explain how some fruit juices may tenderise 

meat.
(b) Suggest why the juice from canned pineapples 

does not tenderise meat.
 19. Design an experiment to test the effect of different 

pH on enzyme activity.
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exam practice questions

In a chemistry examination, you will be required to answer a number of  
multiple choice and extended response questions.

Multiple choice questions
1. Why do water-soluble vitamins have to be taken in the diet more frequently than fat-soluble vitamins?

a They are metabolised faster than the fat-soluble vitamins.

b There are no general stores, as any excess taken in the diet is excreted.

C Only small amounts are present in foods.

D They are destroyed by bacteria in the digestive system. 1 mark

2. Two 2-amino acids that contain sulfur atoms are:

a cysteine and serine

b cysteine and threonine

C methionine and cysteine

D methionine and serine. 1 mark

3. The function of a protein depends on its three-dimensional structure. This structure can be disrupted, 
denaturing the protein. Which of the following changes could cause denaturing? 

 Change 1: the addition of a strong acid 

 Change 2: a significant increase in temperature 

 Change 3: a significant decrease in temperature

a Change I only 

b Changes I and II only 

C Change III only 

D Changes I and III only 1 mark

4. Amino acids may be formed in humans by the digestion of proteins in the food that is eaten. Which of the 
following is true of most amino acids?

a The amino acids found in the human body may all be classified as essential, rather than non-essential, 
amino acids.

b Amino acids may act as both acids and bases.

C Amino acids can undergo addition polymerisation, forming polypeptides.

D Amino acids are highly soluble in non-polar solvents. 1 mark

5. The percentage of oxygen by mass in the amino acid glutamine is 32.9%. In a polypeptide formed from 
glutamine, the percentage of oxygen by mass is:

a 32.9%

b greater than 32.9%

C less than 32.9%

D unable to be determined from the information provided. 1 mark

Sit VCaa exam
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Extended response questions
1. Circle and label the peptide links in the following structure, and 

name the amino acids used to produce the tripeptide.

  3 marks

2. Serine is an α-amino acid that has a side chain group —CH2OH.

(a) Draw the structure of serine. 1 mark

(b) Draw the structure of serine at low pH. 1 mark

(c) Draw the structure of serine at high pH. 1 mark

(d) Draw the structures of the two possible dipeptides that may form when a molecule of serine  
reacts with a molecule of glycine. 2 marks

3. Describe two differences between organic and inorganic catalysts. 2 marks
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