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AREA OF STUDY 2
What is the chemistry of food?

12 Metabolism of food in the
human body

12.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, eBookPLUS and learnON at www.jacplus.com.au.

12.1.1 Introduction

FIGURE 12.1 Enzymes help break down the proteins,
carbohydrates, and fats and oils in this meal.

Our bodies are like a giant chemical
laboratory with thousands of chemical
reactions occurring at the same time.
These reactions are referred to as the
metabolism of food, and affect how nutrients
are digested and how proteins, carbohydrates
and fats and oils are broken down into their
component parts. When we eat food, the
body breaks down the large molecules into
smaller molecules, which either provide
energy or are built up into different
substances that are required by the body.

This topic focuses on hydrolysis reactions
as water is a reactant. Hydrolysis allows
the breakdown of proteins to amino acids,
and fats and oils to glycerol and fatty acids.
The carbohydrate starch, when digested, is
broken down into glucose monomers whereas cellulose, another polysaccharide, is unable to be digested by
humans. An explanation for this and why some people are also unable to break down lactose are discussed.
These reactions depend on the functional groups present, conditions in the particular part of the body, and
often the presence of enzyme catalysts, that speed up reactions so they can occur in fractions of seconds.
The effectiveness of enzymes can be limited by factors including temperature and pH, which can alter the
shape, and therefore the function, of proteins. This process is referred to as denaturation and is different
from hydrolysis.

12.1.2 What you will learn

KEY KNOWLEDGE
In this topic, you will investigate:

• metabolism of food as a source of energy and raw materials: general principles of metabolism of food
involving enzyme-catalysed chemical reactions with reference to the breakdown of large biomolecules in
food by hydrolytic reactions to produce smaller molecules, and the subsequent synthesis of large
biologically important molecules by condensation reactions of smaller molecules
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• enzymes as protein catalysts: active site; modelling of process by which enzymes control specific
biochemical reactions (lock-and-key and induced fit models); consequences of variation in
enzyme-substrate interaction (lock-and-key mechanism) due to the behaviour of a particular optical isomer;
explanation of effects of changes in pH (formation of zwitterions and denaturation), increased temperature
(denaturation) and decreased temperature (reduction in activity) on enzyme activity with reference to
structure and bonding; action of enzymes in narrow pH ranges; and use of reaction rates to measure
enzyme activity

• the distinction between denaturation of a protein and hydrolysis of its primary structure
• hydrolysis of starch in the body: explanation of the ability of all humans to hydrolyse starch but not

cellulose, and of differential ability in humans to hydrolyse lactose; glycaemic index (GI) of foods as a
ranking of carbohydrates based on the hydrolysis of starches (varying proportions of amylose and
amylopectin) to produce glucose in the body

• hydrolysis of fats and oils from foods to produce glycerol and fatty acids; oxidative rancidity with reference
to chemical reactions and processes, and the role of antioxidants in slowing rate of oxidative rancidity

• the principles of the action of coenzymes (often derived from vitamins) as organic molecules that bind to
the active site of an enzyme during catalysis, thereby changing the surface shape and hence the binding
properties of the active site to enable function as intermediate carriers of electrons and/or groups of atoms
(no specific cases required).

Source: VCE Chemistry Study Design (2016–2021) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Resources

Digital documents Key science skills (doc-30903)

Key terms glossary – Topic 12 (doc-31421)

Practical investigation logbook (doc-31422)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31423).

12.2 Metabolism of food

KEY CONCEPT
• Metabolism of food as a source of energy and raw materials: general principles of metabolism of food

involving enzyme-catalysed chemical reactions with reference to the breakdown of large biomolecules in
food by hydrolytic reactions to produce smaller molecules, and the subsequent synthesis of large
biologically important molecules by condensation reactions of smaller molecules.

12.2.1 Review of digestion
The digestion of food begins in the mouth where both mechanical and chemical breakdown occurs.
Mechanical digestion is the physical break down of food, by teeth. Chemical digestion also commences
in the mouth, where the mere thought of food causes enzymes to be released by salivary glands. This will
begin the digestion of carbohydrates and some fats. The process of peristalsis pushes the food down the
oesophagus to the stomach, where gastric enzymes and hydrochloric acid work together to break down
protein and some fats. The partly digested food then travels to the alkaline conditions of the small intestine
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where more enzymes from the liver,
pancreas and small intestine break the
food molecules down further. Bile,
produced in the liver, assists in the
digestion of fats and oils. In the small
intestine, food molecules have been
sufficiently reduced in size to be absorbed
into the bloodstream ready to be used to
produce energy or be built up into the
molecules body needs. Undigested food
passes into the large intestine where water,
minerals and some vitamins are absorbed.

FIGURE 12.2 The human digestive system
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12.2.2 The chemical
process of digestion
In this section, we will examine the
chemical breakdown (digestion)
of the large biomolecules in the
hamburger shown in figure 12.1 into
smaller molecules, and the subsequent
reassembly into larger molecules that
the body needs to function effectively.
These chemical processes are referred
to collectively as metabolism. Each process is described in more detail in the following subtopics. The
reactions in which complex carbohydrates, lipids and proteins are broken down into smaller molecules is
hydrolysis, which can also be referred to as a hydrolytic reaction. In hydrolysis, water is a reactant and
occurs in the presence of an enzyme. The products of these reactions are then synthesised by condensation
reactions into large significant biological molecules that are required for general well-being.

FIGURE 12.3 Metabolism of food in the body
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The bread in the hamburger is made from wheat and consequently has a high proportion of starch, which
is a polysaccharide. During digestion, starch is hydrolysed to the disaccharide maltose and then hydrolysed
to monosaccharides. The monosaccharides are converted to glucose, which is used as an energy source to
power body cells including the brain, muscles and red blood cells. This process is called respiration, which
uses the following equation.

C6H12O6(aq)+ 6O2(g) → 6CO2(g)+ 6H2O(l) ∆H = −2803 kJmol−1
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Glucose that is not used immediately is converted into glycogen, (C6H10O5)n, another polysaccharide, in
a condensation polymerisation reaction. Glycogen is stored in the liver (see subtopic 11.3.1).

Despite their bad publicity, fats and oils (lipids) have many essential roles in the body. In the hamburger,
the fats in the cheese and meat are processed in various parts of the digestive system to hydrolyse them
into the simpler molecules of glycerol and fatty acids. After these substances are passed through the wall
of the small intestine they are resynthesised into triglycerides in condensation reactions and carried into
the organs of the body through the lymphatic system, where they are stored for energy, and growth and
development. Fats and oils store energy and are used when carbohydrates, which are easier to break down,
are not available. Every cell membrane is made up of lipids, which also make up hormones, store vitamins
and insulate and protect vital organs.

The hydrolysis of proteins in the cheese and meat in the hamburger begins in the stomach and produces a
mixture of polypeptides. However, these polypeptides are still too large to be absorbed into the bloodstream
at this point. After partial digestion in the stomach, proteins are further hydrolysed to form amino acids
when they reach the small intestine. The amino acids then pass into the bloodstream and are carried to
tissues where they can be reassembled to form new protein. The enzyme-catalysed hydrolysis reactions for
the digestion of protein are the reverse of the condensation reactions by which they were formed originally.

Hydrolysis reactions occur when compounds are broken down by
reaction with water.
Proteins are digested by enzyme-catalysed hydrolysis reactions. These
reactions are the reverse of the condensation reactions by which they
were formed.

12.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Why do molecules of starch, protein and fat need to be digested?
2. Draw simplified flow charts to show the metabolism of each of the following food molecules. Where

possible, include the type of reaction and state the main use of the final product.
(a) Carbohydrates
(b) Fats and oils
(c) Protein

3. (a) What is a hydrolysis reaction? Give an example
(b) What is condensation reaction? Give an example

4. Identify the following as either condensation or hydrolysis reactions.
(a) Water produced
(b) Disaccharide to polysaccharide
(c) Dipeptide to amino acid
(d) Glucose to starch
(e) Maltose to glucose
(f) Water consumed

(g) Triglyceride to glycerol and fatty acids
5. What are the products of the hydrolysis of:

(a) Fat
(b) Starch
(c) Protein
(d) Maltose
(e) Oil
(f) Glycogen
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.3 Enzymes as protein catalysts

KEY CONCEPT
• Enzymes as protein catalysts: active site; modelling of process by which enzymes control specific

biochemical reactions (lock-and-key and induced fit models); consequences of variation in
enzyme-substrate interaction (lock-and-key mechanism) due to the behaviour of a particular optical isomer;
explanation of effects of changes in pH (formation of zwitterions and denaturation), increased temperature
(denaturation) and decreased temperature (reduction in activity) on enzyme activity with reference to
structure and bonding; action of enzymes in narrow pH ranges; and use of reaction rates to measure
enzyme activity.

12.3.1 What are enzymes?

FIGURE 12.4 Activation energy
profile for enzyme-catalysed and
non-enzyme-catalysed reactions

E
n
e
rg

y

Reaction course

products

without enzyme

with enzyme

reactants

Hydrolysis reactions and condensation reactions both
require enzymes for the reactions to proceed. Most
metabolic processes require enzymes to ensure that
reactions occur fast enough to maintain life. Enzymes
are proteins that act as biological catalysts. Catalysts
are substances that increase the rate of a reaction
without being changed in the reaction. In chemical
reactions, for two molecules to react, they must collide
with one another with the correct orientation and
sufficient energy to overcome the energy barrier to the
reaction. This is called the activation energy. Figure
12.4 shows how enzymes lower the activation energy
of a reaction to enable the reaction to proceed. Like
inorganic catalysts, enzymes speed up reactions by
providing an alternative reaction pathway of lower
activation energy (see topic 5).

FIGURE 12.5 Pineapples contain
bromelain, an enzyme that is used to
digest proteins.

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, amylase breaks down starch, protease
digests proteins, and lipase breaks down fats. Amazingly,
reactions with enzymes occur up to millions of times faster
than reactions without enzymes. They do this at body
temperature, about 37 °C, and at a specific pH depending on
the part of the body in which they function. Each enzyme
catalyses a particular type of reaction so there are many
different enzymes working in our bodies.

442 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c12MetabolismOfFoodInTheHumanBody_print” — 2019/8/9 — 16:33 — page 443 — #6

Most inorganic catalysts are not selective and can speed up many different chemical reactions, but
enzymes are very specific. Each enzyme generally 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 position of the equilibrium. Bromelian is
an example of an enzyme and is found in pineapples. It has a sweet taste and contains many minerals and
vitamins. Bromelain is used as a meat tenderiser because it starts to break down the proteins in meat and
makes it easier to digest.

Enzymes lower the activation energy by providing an alternative pathway.

12.3.2 Enzymes and optical isomers
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, which is a region into which the reactant molecule, called a substrate, is maneuvered.

FIGURE 12.6 Enantiomers
of alanine
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The active site of each type of enzyme is unique, and is where the
substrate is converted to product molecules. In addition, except for glycine,
amino acids are enantiomers due to their chiral centres. This means that
they are either the L- or D-form, according to the arrangement of groups
around the chiral carbon atom. They are mirror images of each other and
have different optical activity. 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 in some antibiotics that can destroy bacteria by interfering with the
proteins required by the bacteria.

12.3.3 Enzyme models
There are two models proposed to explain the action of enzymes: the lock-and-key model and the induced
fit model.

Lock-and-key model

FIGURE 12.7 The lock-and-key model: the substrate
and enzyme active site have complementary shapes.
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In the lock-and-key model, only molecules with
complementary shapes can react with the enzyme.
The binding of the substrate to the enzyme is
the result of reactions where bonds break in the
substrate and are formed with the enzyme to
create a enzyme–substrate complex, and then
new products are released. The products move
from the active site and the enzyme is unchanged
at the end of the reaction. Enzyme action may
be compared to a key fitting 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 react.
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Enzyme catalysed reactions are stereospecific so only substrates with the correct shape will
fit into the active site.

Induced fit model
FIGURE 12.8 Induced fit model: the enzyme active
site forms a complementary shape to the substrate
after binding.
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The induced fit model was proposed because the
lock-and-key model does not adequately explain
all experimental evidence. The induced fit model
suggests that the shape of the enzyme is more
flexible and, in the presence of the substrate, the
active site of the enzyme may change in order to
fit the substrate’s shape after the substrate and
enzyme join. That is, 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. The enzyme-substrate complex
formed may have better binding properties, but
after the release of the products, the active site
will return to its original shape.

Resources

Digital document Experiment 12.1 Enzymes as protein catalysts (doc-31279)

12.3.4 Factors affecting denaturation and the function of enzymes

FIGURE 12.9 Denaturing a protein, if
mild, can be reversed.
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As already discussed, the structure of a protein is fundamental
to its function and if this is altered it will become inactive.
Denaturation of proteins refers to disruption of interactions
in the secondary, tertiary and quaternary structures, where
the 𝛼-helix and 𝛽-sheets uncoil and change their shape. The
primary structure is not affected because covalent bonds are
much stronger than hydrogen bonds and less easily broken.
During denaturation, coagulation of the protein commonly
occurs. You may have noticed this effect when cooking an egg.
The ‘white’ of a raw egg is clear and runny, but after heating it
becomes white and solid. This transformation shows that it has
been denatured and the protein has formed different interactions
when coagulating.

As well as heating, denaturation can also be caused by a
change in pH. This alters the shape of an enzyme, thereby
altering the enzyme’s active site and destroying its catalytic
activity. If the changes are mild and the original conditions
restored, the protein may regain its former shape but this does not
occur often. Some proteins are more susceptible to denaturation
than others depending on the strength of the interactions. The
type of disruption also impacts on the extent of the denaturation
process — changing the pH will affect the interactions between acidic and basic groups but the disulfide
links will not be disturbed.
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Factors that affect enzyme activity include increased temperature and change in pH, substrate
concentration, radiation or the presence of alcohol or heavy metal salts. The skin on curdled milk is caused
by denaturing of milk protein by acidic conditions. Agitation can also have an effect (e.g. whipping cream
or egg white).

TIP: Make sure you refer to the different levels by name when discussing protein structure

12.3.5 Effect of changes in pH on enzyme activity
Although amino acids are commonly shown as containing an amino group and a carboxyl group,
H2NCHRCOOH, certain physical and chemical properties, including melting points, solubilities and
acid–base properties, are not consistent with this structure.

Zwitterions
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.

FIGURE 12.10 An amino acid and its corresponding zwitterion
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A zwitterion is a molecule with a net charge of zero but negative and positive charges on individual
atoms in its structure. In the pure solid state and in aqueous solutions with an approximately neutral pH,
the amino acids exist almost completely as zwitterions.

Amino acids can behave as both acids and bases (that is, they are amphoteric) and can exist in several
forms, depending on the pH of the solution. Consider glycine: it can lose or gain a H+ ion. The form of
glycine shown in the middle of figure 12.11 is a zwitterion because it has equal numbers of positive and
negative groups, but its net charge is zero.

FIGURE 12.11 Glycine in solution
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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).
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FIGURE 12.12 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).
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Resources

Video eLesson Glycine — amphoteric behavior (eles-2593)

Enzymes and pH
Enzymes are affected by pH due to uptake and release of protons (H+), which influence whether they
participate in hydrogen bonding. This changes the attractions between sections of the peptide chain.
Changes in pH affect the interactions in both the enzyme and the substrate. Most enzymes have an
optimum pH necessary for maintaining the structure of the enzyme.

Consider the example shown in figure 12.13. If the pH is at the optimal pH level the ionic interaction will
occur between the −COO– and the NH3

+ groups in the enzyme and the substrate as shown in figure (a). If
the conditions become acidic, the pH will lower and the −COO will accept a proton to become −COOH as
shown in figure (b). In this case, ionic bonds cannot form and the reaction will not be catalysed.

FIGURE 12.13 (a) At optimal pH, ionic interactions occur between the −COO− and the NH3
+ groups. (b) In acidic

conditions, ionic bonds cannot form between the substrate and the enzyme.
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Different enzymes have different optimum pH levels because of the carboxyl or amino functional 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.
Table 12.1 lists some of the enzymes in the digestive system and their different optimum pH values.
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FIGURE 12.14 Different enzymes have
different optimum pH levels
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TABLE 12.1 Optimum pH levels for some
enzymes in the digestive system.

Enzyme Optimum pH

Lipase 8.0

Pancreatic protease
(trypsin)

7.5–8.0

Salivary amylase 6.8

Stomach protease (pepsin) 1.5–2.0

Sucrase 6.2

Resources

Interactivity Classifying the effect of pH on amino acids (int-1238)

12.3.6 Effect of changes in temperature on enzyme activity

FIGURE 12.15 Rate of reaction over
different temperatures
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Enzymes can operate effectively only at body temperatures.
Each enzyme has an optimum temperature and pH range for
maximum activity. Below body temperature, the rate of reaction
is very slow because of a low frequency of collisions between
the particles. As temperature increases, reacting molecules gain
more kinetic energy and increase their chances of successful
collisions, thereby increasing the rate of a reaction. However,
for an enzyme, there is a temperature at which it performs its
catalytic activities most quickly. This is known as the optimum
temperature.

For most enzymes in the human body, the optimum
temperature is approximately 37.5 °C, but different organisms
have different optimum temperatures depending on the
environment in which they live. As the temperature continues
to rise, the stronger vibrational energy increases a strain on
the interactions holding the enzyme in its shape. When this
happens, weak interactions such as hydrogen bonding and
hydrophobic interactions are disrupted, and the secondary,
tertiary and quaternary structures of the protein are destroyed. As
demonstrated in figure 12.15, the rate of reaction starts to decline
as the temperature rises above optimum temperature.

FIGURE 12.16 The protein in egg
white is denatured when the egg is
heated.

Denaturing can be irreversible, as in the case of frying
an egg. The albumen protein in the egg white denatures and
becomes insoluble when heated. Eggs are poached in water
with vinegar added because the vinegar helps denature the
protein on the egg surface to prevent it falling apart before it
coagulates. Another example is when instruments are sterilised
by heating them in boiling water. This denatures the proteins
in any bacteria present.
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Low temperatures slow reaction rates and high temperatures can denature the enzyme.

Resources

Digital document Experiment 12.2 Investigating proteins (doc-31280)

12.3.7 Use of reaction rates to measure enzyme activity
Investigating enzyme activity in the laboratory can help provide useful information about how they
function. The rate of an enzyme-catalysed reaction can be observed by measuring the rate of disappearance
of the substrate or appearance of the product over time. Laboratory investigations examining the factors
previously discussed could involve changing the pH or temperature of the reaction as the independent
variable. The dependent variable could include measuring the volume of gas produced over a given time or
using simple observations, colour changes or colorimetry to measure a colour change over time. A glucose
monitor that allows measurement of glucose levels within the blood is useful to obtain quantitative results.
Some possible experiments are shown in table 12.2.

TABLE 12.2 Possible experiments to measure enzyme activity

Enzyme Substrate Products Possible measurement

Amylase Starch Maltose and some
glucose

Iodine (for starch)
Benedict’s solution
Glucose test strips
Glucose meter

Catalase Hydrogen peroxide
(H2O2): byproduct of
respiration

Oxygen (O2) and
water (H2O)

Count bubbles
Gas syringe

Lactase Lactose Glucose and galactose Benedict’s solution
Glucose test strips
Glucose meter

Lipase Lipid in milk Fatty acids and glycerol Phenolphthalein

Pectinase Pectin Simple sugars Volume of liquid

Pepsin Protein Short polypeptides Observation of egg white

Sucrase Sucrose Glucose and fructose Benedict’s solution
Glucose test strips
Glucose meter

MEASURING ENZYME ACTIVITY AND THE EFFECT OF pH AND TEMPERATURE
To measure the effect of pH on enzyme activity, an experiment might measure the reaction times of amylase
and starch to determine the optimum pH of the reaction. The pH of the solution is varied by using two different
concentrations of sodium carbonate solution (base) and ethanoic acid (acid). The presence of starch can be
observed by using iodine, which changes to a blue-black colour in the presence of starch.

Independent variable: pH for colour change
Dependant variables: Time
Constants: Temperature, volumes and concentrations of enzyme (amalyse) and substrate

To begin the experiment, place two drops of iodine in each well of a tray. Place the 5 mL of starch in a test tube
and add 2 mL of sodium carbonate solution. Start timing as 1 mL of amylase is added. Every 15 seconds remove
a sample of the mixture using a clean dropping pipette and place in order in the tray.
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The iodine will change colour to blue-black in the initial wells but at a particular time there will not be a
change in colour. Note this time. If possible, repeat this experiment twice more, record the results in a table and
determine an average time.

Repeat the procedure using clean equipment and solutions of different pH (e.g. ethanoic acid), including pure
water as shown in figure 12.17. Observe the pH at which the reaction took place in the least amount of time to
find out the optimum pH for this reaction to occur at the fastest rate.

FIGURE 12.17 Experiment to investigate the effect of pH on an enzyme reaction
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This experiment could be repeated to find the effect of temperature on enzyme activity. By using the optimum
pH as determined above, all solutions would be placed in a water bath for 10 minutes before mixing. The
experiment would be carried out at different temperatures: at very low temperature, room temperature and then
at higher temperatures. This variation would find the optimum temperature for enzyme effectiveness. All other
factors must be kept constant.

Another experiment could measure the activity of catalase. The catalase reacts with hydrogen peroxide and
produces oxygen bubbles, which can then be measured. This experiment would also be carried out using water
baths at different temperatures. The rate of reaction is monitored by the rate of appearance of the product
oxygen. Hydrogen peroxide is a by-product of many chemical reactions in the body but is toxic if it builds up in
cells and so must be removed.

2H2O2

(
aq

) catalase⃯
2H2O (l)+ O2 (g)

12.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.
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1. Enzymes affect the activation energy of a reaction. On the diagram, label the activation energy with an
enzyme and the activation energy without the enzyme.

2. On the diagram, label the products, enzyme–substrate complex, active site, enzyme and substrate.

3. What type of interaction might occur between a −CH3 group in a substrate and a functional group in an
enzyme’s active site?

4. Explain why glycine does not have an optical isomer.
5. Explain the difference between the lock-and-key model of enzyme action and the induced fit model.
6. (a) What is denaturation?

(b) What conditions can cause a protein to be denatured?
7. Draw the structure of aspartic acid at a pH of 9.

CHH2N COOH

COOHCH2

8. Why will a sample of amylase taken from the mouth not work effectively if placed in a solution of stomach
juice but function in a solution of small intestine juice?

9. (a) What does the word ‘optimum’ mean when referring to enzyme temperature?
(b) State the optimum temperature and pH of the enzyme shown in the graphs below.
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10. Consider the experiments described in the green box ‘Measuring enzyme activity and the effect of pH and
temperature’ in section 12.3.6.
(a) Why is it important to repeat the experiment and find an average value for the time measurements?
(b) In the experiment investigating the effect of pH on enzyme activity, identify the control.
(c) Name the polymer in starch that reacts with the iodine to produce the colour change.
(d) What factors must be controlled in the experiment measuring enzyme activity and temperature?
(e) Explain what you would expect the value of the optimum temperature and optimum pH to be for

amylase.
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions
Fully worked solutions and sample responses are available in your digital formats.

12.4 Denaturation and hydrolysis of proteins

KEY CONCEPT
• The distinction between denaturation of a protein and hydrolysis of its primary structure

12.4.1 Denaturation and coagulation of proteins

FIGURE 12.18 Protein denaturation and coagulation

helical proteins

in solutions

denatured

proteins

precipitated

proteins

As explained in subtopic 12.3,
denaturation is the loss of biological
activity of the protein by the action of
heat, pH changes, radiation, presence
of particular organic compounds,
or heavy metal ions. Destruction of
the secondary, tertiary or quaternary
structure can occur by disrupting
bonding interactions including
hydrogen bonding, salt bridges,
disulfide bonds, and non-polar
hydrophobic interactions. The tertiary
interactions are damaged and the
protein uncoils to become just a long
strand of amino acids again. However, the process of denaturation is not strong enough to break the peptide
bonds in the primary structure and so it remains intact. When denaturation occurs, the unraveled protein
strands can stick together, resulting in precipitation or coagulation of the protein.

12.4.2 Hydrolysis of proteins
FIGURE 12.19 Protein rich foodsDigestion of proteins in the body requires both

denaturation and hydrolysis.
This process occurs as follows:
• Proteins are hydrolysed by an enzyme

called pepsin. Unlike most protein-digesting
enzymes, pepsin works efficiently in the
acidic environment of the stomach.

• In this hydrolysis reaction, water is added
across the peptide link, which breaks the
covalent bonds between the amino acids
in the primary structure.

TOPIC 12 Metabolism of food in the human body 451

UNCORRECTED PAGE PROOFS



“c12MetabolismOfFoodInTheHumanBody_print” — 2019/8/9 — 16:33 — page 452 — #15

• This denaturing and hydrolysis of the proteins occurs in the stomach and produces a mixture of
polypeptides.

• Further hydrolysis occurs in the small intestines to break the polypeptides into amino acids. Pepsin
becomes inactive in the alkaline environment of the intestine.

• These newly formed amino acids then pass into the bloodstream and are carried to tissues where they
can be reassembled to form new protein.

• The enzyme-catalysed hydrolysis reactions for the digestion of protein are the reverse of the
condensation reactions by which they were formed originally.

In summary, at the molecular level when hydrolysis occurs, the functional groups on the amino acid
residues form covalent bonds with the atoms from the water, resulting in breakage of the peptide link
to produce amino and carboxyl groups as shown in figure 12.20. If this hydrolysis was carried out in a
laboratory it would be necessary to heat the protein with 6 M hydrochloric acid at over 100 °C for about
24 hours.

FIGURE 12.20 Enzyme-catalysed hydrolysis of proteins
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Denaturation can disrupt the secondary, tertiary and quaternary structures.
Hydrolysis destroys the primary structure of a protein.
The enzyme-catalysed hydrolysis reactions for the digestion of protein are the reverse of the
condensation reactions by which they were formed originally.

SAMPLE PROBLEM 1

Show the structure of the amino acids formed from the hydrolysis reaction of this dipeptide.
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Teacher-led video: SP1 (tlvd-0722)
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THINK WRITE

1. A hydrolysis reaction requires water, so
add water.

+C

CH3
CH3

H

N

H

C

O

C

H

N

H

H O H

H2OC

O

2. Circle the peptide link and draw a
vertical line through the middle to
indicate separation of the two parts of
the molecule.

+C

CH3
CH3

H

N

H

C

O

C

H

N

H

H O H

H2OC

O

3. Separate the two parts of the molecule.
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O H
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H

O

N

H

H

4. Remember that each amino acid needs
to have a carboxyl group and an amino
group. The −O−H from the water is
added to the C=O side and the −H from
the water is attached to the nitrogen
atom to form an amino group.
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PRACTICE PROBLEM 1

CN

H
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CH2
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OH
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HH O H

C

O

Show the structure of the amino acids formed from the
hydrolysis reaction of this dipeptide.

Resources

Video eLesson Hydrolysis of proteins (med-0355)

12.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. What types of interactions in proteins are disrupted by:
(a) denaturation?
(b) hydrolysis?

2. (a) Write an equation for the hydrolysis of the following polypeptide.
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CH2
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(b) Name the amino acids produced.
3. Describe the level of protein structure not disrupted when protein denaturation occurs. Explain why.
4. Name the functional group that is lost when a protein is hydrolysed.
5. Name the functional groups that are produced when a protein is hydrolysed.
6. What are the products of the complete hydrolysis of a protein?
7. For the following polypeptide Cys-Ala-Gly-Gly-Ala, state:

(a) the number of peptide linkages present
(b) the number of different amino acids produced by complete hydrolysis
(c) the number of possible different dipeptides produced by partial hydrolysis
(d) the number of possible different tripeptides produced by partial hydrolysis
(e) the number of possible different tripeptides produced by denaturation.

8. Use an example to explain the process of coagulation.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.5 Carbohydrates

KEY CONCEPT
• Hydrolysis of starch in the body: explanation of the ability of all humans to hydrolyse starch but not

cellulose, and of differential ability in humans to hydrolyse lactose; glycaemic index (GI) of foods as a
ranking of carbohydrates based on the hydrolysis of starches (varying proportions of amylose and
amylopectin) to produce glucose in the body

12.5.1 Starch and cellulose
Starch
The most important complex carbohydrate digested by humans is starch. Starch is initially hydrolysed in
the mouth by an enzyme present in the saliva called salivary amylase. Salivary amylase does not completely
hydrolyse starch to glucose, but it can split the bonds between every second pair of glucose units, producing
maltose, a disaccharide. Hydroxyl functional groups form from the glycosidic (ether) linkages that are broken.

2(C6H10O5)n
starch 

+ nH2O 

Salivary

amylase
nC12H22O11

maltose
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FIGURE 12.21 Enzyme-catalysed hydrolysis of starch
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Food stays in the mouth for only a short time, so the salivary amylase has little chance to work there.
Digestion by saliva continues in the stomach for about 20 minutes, until the action of the enzyme is stopped
by the acidic gastric juices. The optimal pH for salivary amylase is about 6, whereas the pH in the stomach
is about 1.5. This is a case of pH causing denaturation of the enzyme, so only a small percentage of the
starch in food is digested by salivary amylase. The major enzyme for breaking down starches is pancreatic
amylase, which can convert any unchanged starch (cooked or raw) to maltose.

Carbohydrate digestion is completed in the ileum (the last part of the small intestine) where the
disaccharides maltose, lactose (milk sugar) and sucrose (cane sugar) are changed by the enzymes maltase,
lactase and sucrase respectively, into their constituent glucose, fructose and galactose monosaccharides.
These monosaccharides can then pass through the intestinal villi into the bloodstream. The equation for the
hydrolysis of maltose to glucose by maltase is:

C12H22O11
maltose

+ H2O
maltase⃯ 2C6H12O6

glucose

The formation of glucose eliminates the glycosidic linkages and creates two hydroxyl functional groups.

FIGURE 12.22 Enzyme-catalysed hydrolysis of maltose
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TIP: The formulas for many biomolecules can be found in section 10 of the VCE Chemistry Data
Book.
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Resources

Digital document 12.3 Studying starch - Hydrolysis of starch (doc-31281)

Teacher-led video Experiment 12.3 Studying starch - Hydrolysis of starch (tlvd-0767)

Cellulose

FIGURE 12.23 Green vegetables provide fibre, which is
an important component of our diet.

Cellulose, a polysaccharide, is the main
structural component of the cell wall in plants.
Brussels sprouts, cabbage, celery and kale are
all high in cellulose. Both starch and cellulose
are condensation polymers of glucose but in
cellulose the monomer is 𝛽-glucose. This
differs from 𝛼-glucose in that the C1 and
C4 hydroxyl groups are on opposite sides
of the ring plane (see figure 12.22). For the
glycosidic link to form in 𝛽-glucose, alternate
glucose molecules must be inverted. Humans
cannot hydrolyse cellulose as we do not have
the enzyme to hydrolyse the 𝛽-C1 to C4
glycosidic link, also due to the strong hydrogen
bond holding the molecules close together;
hence cellulose it is not a source of energy.
Nevertheless, cellulose known as fibre or roughage is still important in the human diet because it assists the
passage of food through the digestive system. Some herbivorous animals, such as cows, horses and koalas,
have particular bacteria in their digestive systems to digest cellulose.

12.5.2 Lactose intolerance
FIGURE 12.24 Structure of the
lactose molecule
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Milk is a source of many nutrients including proteins, lipids and
carbohydrates; it also provides minerals and vitamins. These nutrients
are important for strong bones and teeth and also play a part in nerve
and muscle function, digestive enzymes and the immune system. For
some people, milk can cause discomfort due to their inability to digest
lactose, sometimes called milk sugar. Lactose, which is a disaccharide,
is found in milk produced by mammals to feed their young. The
lactose molecule consists of a molecule of galactose and a molecule
of glucose.

People who are lactose intolerant may have low levels of, or lack,
the enzyme lactase, which is required in the hydrolysis of lactose. This
deficiency means lactose cannot be absorbed into the bloodstream in the small intestine. The intolerance
can be permanent or temporary as a result of certain digestive diseases. Undigested lactose passes into the
large intestine, where anaerobic bacteria break down the lactose into small carboxylic acids and then to
hydrogen, carbon dioxide and methane. The symptoms of lactose intolerance include cramps, diarrhoea,
flatulence and nausea. Symptoms can be minimised by adapting the diet, or lactase enzyme tablets can
be taken before meals. Lactose intolerant people can consume some products including yoghurt, which
contains live bacteria, because the bacteria that converts milk to yogurt help digest the lactose.

Lactose intolerance is not an allergic reaction, because the immune system is not involved. The ability to
produce lactase declines from childhood. People of Asian, African, South American, southern European
and Australian Aboriginal heritage are more likely to become lactose intolerant than people of northern
European descent. To test for lactose intolerance, blood glucose levels are measured every 15 minutes
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for two hours after having a lactose drink. Alternative methods of testing include measuring the amount of
hydrogen in the breath or acidity in stools.

FIGURE 12.25 Lactose intolerance occurs when the
small intestine lacks lactase.
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12.5.3 Glycaemic index of foods
Carbohydrates supply us with glucose (also known as blood sugar) to provide energy for our bodies to
function and for physical activity, but some carbohydrates are more effective than others at providing
energy. The most efficient carbohydrates come from fruits, vegetables and whole grains. Glucose levels rise
and fall as we eat, exercise, rest and sleep. Optimal health requires a slow increase in glucose, rather than
fluctuations to extreme levels.

FIGURE 12.26 Changes in
glucose levels brought about
by high-GI and low-GI foods
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The glycaemic index (GI) is used to indicate how quickly various
carbohydrates influence glucose levels. Our bodies perform better
when our blood sugar is kept relatively constant. Diets rich in high-
GI foods, which include white bread, potatoes, white rice and sugary
cereals, have been linked to an increased risk of diabetes, heart disease
and obesity. Extremes in glucose levels can affect people differently.
If the glucose level of a diabetic becomes too low (hypoglycaemia),
they can have an increased heartbeat, feel dizzy and hungry, or even
lapse into a coma. If it becomes too high (hyperglycaemia) more of the
hormone insulin is released to lower the level, and the diabetic person
can become thirsty or hungry, and have headaches and vision problems.
If treatment is not sought, then more severe health issues will arise. All
diets should be balanced and include a range of foods in moderation,
but it is worth remembering that low-GI foods help you feel full for
longer.
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The GI is determined by giving a group of people a particular mass of carbohydrate (usually 50 g) and
measuring their glucose levels over three hours. These readings are then compared with eating pure glucose.
Glucose is assigned a GI value of 100. The greater the GI, the greater the increase in blood glucose levels.

The glycaemic index (GI) is used to indicate how quickly carbohydrates influence glucose
levels in the blood.

How quickly and easily food is digested depends on a number of factors. The factors include how refined
the carbohydrate is, how well-cooked it is, and the chemical and physical structure of the carbohydrates.
Processed food often has some or all of the fibre removed, which means cooking time is shorter and the
food is also more easily broken down to glucose. The sugar in fruit, fructose, is not as easily digested as
glucose and so has a lower GI. White bread has a relatively high GI because the high surface area of the
flour used, together with the low density of the bread, results in easier digestion. Having fat or acid in the
stomach also slows down digestion. Ripe fruit has a higher GI than fruit that is not ripe because some of the
starch has already been converted to sugar. Other factors affecting the rate of digestion of carbohydrates are
listed in table 12.3.

TABLE 12.3 Factors affecting the rate of digestion of carbohydrates

Factor Explanation

Ripeness of fruit Changes in the structure of starch as fruit ripens

Bran (the outer coating of wheat
grains)

Limits the ability of enzymes to reach the starch

Fibre (cellulose) Takes up space in the stomach and slows rate of digestion

Sugars Have different ability to be hydrolysed; fructose has a lower GI than other
sugars

Proteins, fats and oils Slow down time for stomach to empty

Food processing Smaller particles have greater surface area for reaction; bran is removed

Cooking method Food swells and softens

Acidity of food Acidic fruit slows down stomach emptying

FIGURE 12.27 Glycaemic index of common fruits
Starch is the most important source of

carbohydrates in our diet. It consists of amylose
(20–30%) and amylopectin. Amylose is digested
more slowly because it consists of closely packed
linear chains of 𝛼-glucose monomers arranged in
a helical structure, which is less available to the
enzyme 𝛼-amylase. Amylopectin is a longer, more
loosely branched molecule that has many free ends
that can be easily hydrolysed. Therefore, foods
with a greater amount of amylose have a lower GI.
Foods that are high in amylose include seeds, nuts,
legumes and some bread products. Foods like white
rice and white potatoes contain more amylopectin
and are digested faster. The chemical interactions in
amylopectin are disrupted in the cooking process at
high temperatures thus beginning digestion.

458 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c12MetabolismOfFoodInTheHumanBody_print” — 2019/8/9 — 16:33 — page 459 — #22

Limitations on using the glycaemic index
The glycaemic index does not take into account the following factors:
• other nutrients present in the food
• the portion size
• the effect of eating different combinations of food
• foods with the same glycaemic index that produce different amounts of the hormone insulin, making

the effects on health different.

Glycaemic load
Another measurement, glycaemic load (GL), takes into account how much carbohydrate a food contains.
For example, carrots, bananas, watermelon and wholemeal bread have a high GI but a low glycaemic load
because their available carbohydrate content is small. These foods have minimal effect on glucose levels.
The available carbohydrate is the proportion of carbohydrate that can be hydrolysed by enzymes in our
body and absorbed directly, supplying energy. The glycaemic load does not include fibre, which cannot be
digested.

The glycaemic load is calculated by multiplying the number of grams of carbohydrate in a serving by
the GI, and dividing by 100. For example, a 120 gserving of watermelon (GI = 72) has 6.0 g of available

carbohydrate, so its glycaemic load is 6.0 × 72

100
= 4.3, which is quite low.

In a healthy diet, it is recommended that you eat moderate amounts of food, with a focus on foods that
are high in fibre, low in kilojoules, naturally occurring and minimally processed. Use only small amounts
of oils, drink lots of water, and enjoy the occasional treat. A healthy and varied diet includes the following
nutrient groups in the approximate proportions:
• 30% grain foods
• 30% vegetables and legumes/beans
• 17% lean meats, poultry, fish, eggs, tofu, nuts and seeds and legumes/beans
• 13% dairy products
• 10% fruit.

CONTROLLING BLOOD SUGAR IN PEOPLE WITH DIABETES
Plants have an amazing ability: they can capture sunlight and use it to turn carbon dioxide and water into
glucose, a molecule that is critical for life. Another name for glucose is blood sugar; it is an essential energy
source not just for the muscles but also for the brain. Glucose levels vary during the day, but the body regulates
the levels so that the change is not excessive.

After we eat, the glucose level in the
blood rises and the pancreas releases
a hormone, insulin, which is necessary
to convert glucose to energy. Unhealthy
levels of glucose in the blood can lead
to health problems.

People with type 1 diabetes cannot
produce insulin and need to carefully
monitor their blood glucose levels. Only
10 to 15% of diabetics have type 1
diabetes. Type 2 diabetes develops
with age and occurs when the body
becomes resistant to the effects of
insulin or loses the ability to produce
enough insulin. While the cause of type
2 diabetes is unknown, it is associated
with genetic predisposition and with risk
factors such as high blood pressure,
being overweight or obese, not enough
physical activity or a poor diet.
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Blood glucose levels, which are measured in mmol−1 (mM), can be controlled by taking insulin (either as an
injection or through a pump), eating a healthy diet with accurate carbohydrate counts, and maintaining regular
physical activity. Insulin cannot be taken as a tablet because it would be broken down before absorption.
Excessively high glucose in the bloodstream is a condition called hyperglycaemia, whereas too little glucose is
known as hypoglycaemia.

12.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. (a) Describe the similarities in structure between starch and cellulose.
(b) Describe the differences in structure between starch and cellulose

2. Explain why cellulose is not able to be digested by humans but cows can digest cellulose in grass.
3. Write equations for the hydrolysis of maltose, lactose and sucrose. For these reactions include structural

formulas and the enzymes required.
4. Lactose is a small and polar molecule.

(a) Explain why it is more likely to be soluble in milk than in butter or cheese.
(b) Write the molecular formula of lactose.

5. (a) What type of reaction results in the formation of two monosaccharides from lactose?
(b) Name the two monosaccharides formed.

6. Explain why some people experience symptoms of cramps and bloating after drinking milk products.
7. What is the glycaemic index and how is it measured?
8. Suggest two reasons why low-GI foods are beneficial in the diet.
9. Explain why glucose is used as the standard when determining GI level.

10. The recommended glucose level is about 5.0 mM. Another unit used is mg dL–1 (1 decilitre (dL) = 100 mL).
Calculate the recommended glucose level in mg dL–1.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.6 Fats and oils

KEY CONCEPT
• Hydrolysis of fats and oils from foods to produce glycerol and fatty acids; oxidative rancidity with reference

to chemical reactions and processes, and the role of antioxidants in slowing rate of oxidative rancidity

12.6.1 Hydrolysis of fats and oils
Digestion of lipids mostly takes place in the alkaline conditions of the small intestine, where the lipid
is mixed with bile. Bile is made by the liver and released from the gall bladder. Lipids are insoluble so
they clump together in an aqueous environment and bile is an emulsifier, which means that it increases
the surface area of the fat by breaking it into smaller droplets (see figure 12.28). Bile molecules have a
hydrophobic end that dissolves in fat and a hydrophilic end that dissolves in water and prevents the droplets
from recombining. These droplets of fat combine with the surfacant bile molecules to form droplets of
micelles, and it is the accompanying increase in surface area that helps fat react faster.
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FIGURE 12.28 Bile breaks down fat globules into smaller droplets to enable faster digestion.
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FIGURE 12.29 Triglycerides are hydrolysed to produce glycerol and three fatty acids
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FIGURE 12.30 In this X-ray of a finger, the
subcutaneous fat layer is visible as the yellow
layer under the skin and around the bone. This fat
stores triglycerides.

Once emulsified, the fat undergoes hydrolysis,
catalysed by the water-soluble lipase enzymes from
the pancreas. This produces glycerol, free fatty
acids and monoglycerides, which are absorbed by
cells lining the small intestine and converted back
into triglycerides. These enter the body’s lymphatic
system and eventually the bloodstream for transport
around the body. Excess fats not needed for energy
production are stored as triglycerides in adipose
tissues until needed as a source of energy.
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12.6.2 Oxidative rancidity
You may have had the unfortunate experience of finding out that something that you were about to eat was
‘off’, the horrible smell emanating from the food confirming your realisation. This is what happens when
some foods react with oxygen in the air. The presence of light, particularly UV radiation, can speed up the
process.
Oxidative rancidity is the deterioration of lipids by atmospheric oxygen. Unsaturated fats are less stable

and are more susceptible to oxidation than saturated fats, because the oxygen reacts across the double bonds
in unsaturated fats. This results in the food going rancid and becoming unpalatable. The more carbon-to-
carbon double bonds there are, the faster the rate of rancidity.

When certain molecules interact with oxygen, they can form free radicals. These are atoms or groups of
atoms with unpaired electrons, which make them very reactive. These free radicals can then start a chain
of destructive chemical reactions. The smaller volatile molecules produced when food deteriorates, such
as aldehydes, ketones and carboxylic acids, can give it unpleasant smells and flavours. For example, the
flavour of rancid butter is due to the presence of butanoic acid.

Preventing rancidity

FIGURE 12.31 (a) Vitamin C (ascorbic acid) and (b)
dehydroascorbic acid
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Antioxidants play an important
part in slowing down oxidation and
preventing food from spoiling. They
can be natural or synthetic and are
reducing agents, which means they are
preferentially oxidised. An example
of a natural antioxidant is vitamin C
(ascorbic acid), which reacts to form
dehydroascorbic acid by losing two
hydrogen atoms from the ring section
of the molecule. (see figure 12.33)

FIGURE 12.32 Potato chip packaging prevents light and moisture
from entering. Nitrogen is pumped into the bags to eliminate
oxygen.

Citric acid and vitamin E are other
natural antioxidants. Citric acid
helps flavour food and increases the
effectiveness of other antioxidants;
vitamin E is a fat-soluble antioxidant
found in seeds, nuts, whole grains,
green leafy vegetables, soya beans and
vegetable oils. Synthetic antioxidants,
such as butylated hydroxytoluene
(BHT), butylated hydroxyanisole
(BHA) and propyl gallate, can be
added to food to prevent deterioration.
Bread, vegetable oils and cheese all
have antioxidants added.

Other methods of preventing
rancidity include vacuum packaging
or using nitrogen, filling containers up
to the lid, storing food in the dark and
cold places, and using dark containers
or, in the case of the similar process of photoxidation, opaque containers.
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12.6 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. (a) Write the molecular, semi-structural and skeletal formula for glycerol.
(b) What family of organic compounds does glycerol belong to?

2. (a) Provide a chemical equation for the hydrolysis of the fat with the following formula

H2C O C (CH2)14CH3

O

H2C O C (CH2)14CH3

O

HC O C (CH2)14CH3

O

(b) Identify the functional groups involved in this reaction.
3. What is oxidative rancidity?
4. Explain why unsaturated fats are more susceptible to becoming rancid than saturated fats.
5. Name three types of molecules responsible for the unpleasant compounds formed as a result of rancidity

and show the functional group present for each of them.
6. What are antioxidants? Give an example of a synthetic and natural antioxidant.
7. (a) Write the half-equation for the formation of dehydroascorbic acid, C6H6O6, from ascorbic acid, C6H8O6.

(b) Explain whether this is an oxidation or reduction reaction.
(c) Which functional groups are affected in ascorbic acid and what type of functional group is formed?

8. Explain why cooking oil should not be stored in clear, colourless bottles near the cooktop in the kitchen.
9. Describe three methods food manufacturers use to prevent foods from becoming rancid and explain why

they are effective.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.7 Coenzymes

KEY CONCEPT
• The principles of the action of coenzymes (often derived from vitamins) as organic molecules that bind to

the active site of an enzyme during catalysis, thereby changing the surface shape and hence the binding
properties of the active site to enable function as intermediate carriers of electrons and/or groups of atoms
(no specific cases required).

12.7.1 Coenzyme principles
Some enzymes need help in order to act as catalysts and this assistance is provided by coenzymes.
Coenzymes are small, organic, non-protein molecules that are required to temporarily and loosely bind
with the active site in the protein molecule (apoenzyme) to form the active enzyme (holoenzyme) and
accommodate a substrate.

The removal or addition of electrons, atoms or groups can change the shape of the coenzyme, allowing
it to bind to or be removed from an enzyme it is helping. Coenzymes are considered secondary substrates
because they are changed by the reaction. Unlike primary substrates, they then reform and return to their
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initial structure in subsequent reactions and can be reused several times. They also act to transfer energy, as
with ATP (adenine triphosphate), or 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, coenzymes
detach and move away.

FIGURE 12.33 A coenzyme assists the enzyme in its role as a biological catalyst.

apoenzyme

(protein portion),

inactive

cofactor

(nonprotein portion),

activator

holoenzyme

(whole enzyme),

active

coenzyme

+

substrate

Consider the first stage in a series of reactions where ethanol is oxidised to ethanoic acid. The enzyme
required is alcohol dehydrogenase. Both the coenzyme NAD+ (nicotinamide adenine dinucleotide) and the
ethanol substrate are bound together and to the active site of the enzyme. The overall effect is the transfer of
electrons carried by NADH from substrate 1 (S1) to substrate 2 (S2).

FIGURE 12.34 A coenzyme acting as an electron carrier
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oxidised by the

NAD+.

CH3CH2OH CH3CHONAD+ NADH H+

The products leave the active site.
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The same coenzyme can be used by different enzymes. For example, NAD+ is used by many enzymes.
Most, but not all, coenzymes are derived from vitamins (see table 12.4).

TABLE 12.4 Examples of coenzymes and their sources

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 B12 Transfers alkyl groups

Adenosine triphosphate (ATP) Transfers phosphate
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Coenzymes are unable to function on their own and if an enzyme is denatured the coenzyme can no
longer attach to the active site.

Coenzymes can have a number of roles. They:
• can alter the structural conformation of an enzyme to accommodate the shape of the substrate
• are able to transfer electrons, particular atoms or functional groups from one reaction to another
• can take part in redox reactions. For example, NAD+ can act as an oxidising agent and undergo

reduction to NADH by the addition of H+ and 2 electrons
• act as antioxidants and prevent free radicals from damaging cells
• assist in the immediate transfer of energy within cells (ATP).

TABLE 12.5 Differences between an enzyme and a coenzyme

Enzyme Coenzyme

Type of compound Mainly globular proteins Non-protein organic molecule

Size of molecule Large Small

Derived from Condensation of peptides Many formed from vitamins but not all

Function Biological catalyst Binds to some enzymes to enable catalytic
activity Acts as carrier

Is structure altered at
the end of the reaction?

Maintains original structure Structure is altered but is regenerated in
subsequent reactions

Specificity Specific to a particular reaction Less specific

Interaction between
enzyme and coenzyme

Loosely bound and easily
removed

Loosely bound and easily removed

Example Alcohol dehydrogenase NAD+

Stability Disrupted by heat or high
temperature

Stable to heat and/or temperature

12.7 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. What are coenzymes?
2. Explain how coenzymes work with enzymes to catalyse reactions.
3. Are coenzymes changed during the catalytic reaction?
4. Name a type of substance that is an important source of many coenzymes.
5. Name two examples of coenzymes.
6. Describe the differences in the general structure of enzymes and coenzymes.
7. Is NADH an oxidising or reducing agent? Explain.
8. State three examples of entities transferred by coenzymes.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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12.8 Review
12.8.1 Summary
 Digestion of food

• Carbohydrates, proteins, and fats and oils are broken down into smaller molecules in the digestive
system by enzyme-catalysed hydrolysis.

• 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 as protein catalysts

• 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 type of chemical reaction.

• Each enzyme has an active site at which the reaction is facilitated.
• Amino acids form a dipolar ion called a zwitterion, due to the acid–base properties of the carboxylic

acid and amino functional groups.
• A zwitterion is a molecule with a net charge of zero but negative and positive charges on individual

atoms in its structure.
• Amino acids are amphoteric: they can 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.
• Enzymes operate in mild conditions. Extremes of temperature and pH denature the enzyme, altering

the active site and leading to a loss of 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.
• There are two models proposed to explain the action of enzymes: the lock-and-key model and the

induced fit model.

Denaturation and hydrolysis of proteins

• Digestion of proteins involves hydrolysis reactions where peptide bonds in the primary structure are
broken.

• Denaturing involves the disruption of weak interactions present in the secondary, tertiary and
quaternary structure of a protein.

• Denaturing does not affect the primary structure of a protein due to the strong covalent bonds in the
polypeptide chain.

 Carbohydrates

• Starch is a polysaccharide formed from the condensation polymerisation of 𝛼-glucose formed during
photosynthesis.

• Starch is the major storage form of glucose in plants. It is made up of amylose and amylopectin.
• Amylose is smaller than amylopectin and consists of compacted linear chains arranged in a helical

structure and so is insoluble.
• Amylopectin is a longer, more loosely branched molecule.

• Glycogen is the major storage form of glucose in animals. It is more highly branched than
amylopectin.

• Excess glucose is stored in the liver as glycogen. It may also be converted to fat.
• Cellulose is a polysaccharide formed from the condensation polymerisation of 𝛽-glucose from

photosynthesis.
• The arrangement of glucose monomers in cellulose is different from that in starch. Cellulose is the

major structural component of cell walls in plants.
• Humans do not have the enzyme to digest cellulose.
• Lactose intolerance is caused by having insufficient enzyme lactase to hydrolyse the disaccharide

lactose.
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• The glycaemic index (GI) is a scale used to describe how quickly the carbohydrate in a food is broken
down and absorbed into the bloodstream.

 Fats and oils

• Saturated fatty acids are long-chain carboxylic acids that do not contain a C=C bond.
• Mono-unsaturated fatty acids contain one C=C bond, and polyunsaturated fatty acids contain more

than one C=C bond.
• During digestion, fats and oils are hydrolysed to glycerol and fatty acids, which can be reassembled

into triglycerides.
• Unsaturated fats are less stable and are more susceptible to oxidation.
• Antioxidants slow down the oxidation of food.
• Coenzymes are organic non-protein molecules that assist the functioning of enzymes. They are often

derived from vitamins.

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and past VCE
exam question booklet (doc-31423).

12.8.2 Key terms

activation energy the minimum energy required by reactants in order to react
active site a region on an enzyme that binds to a reactant molecule (substrate) during a reaction
adipose a form of fatty tissue used to store energy
amphoteric describes amino acids that can behave as both acids and bases
antioxidants a substance that slows oxidation
bile a liquid produced by the liver to aid digestion through emulsification
cellulose the most common carbohydrate and a condensation polymer of D-glucose. Humans cannot hydrolyse

cellulose, so it is not a source of energy.
coagulation the process of turning a liquid into a solid
coenzyme an organic non-protein molecule required to temporarily and loosely bind with the protein molecule to

form an active enzyme
condensation polymerisation step-growth polymerisation in which two monomers combine and a smaller

molecule is eliminated
denaturation change in the structure or function of a large molecule, such as a protein
dipolar ion an ion containing equal positive and negative charges
emulsifier a substance that increases the surface area of fat by breaking it into smaller droplets
enzymes proteins that catalyse chemical reactions
glycaemic index (GI) a figure representing the relative ability of a carbohydrate food to increase the level of

glucose in the blood
hydrolysis a hydrolytic reaction; the chemical breakdown of a compound due to reaction with water
induced fit model a model of enzyme action where, in the presence of a substrate, the active site may change in

order to fit the substrate’s shape
lactose milk sugar
L-amino acids the stereoisomer of amino acids that is found in proteins in organisms. Enzyme-catalysed

reactions occur only between molecules with this particular stereoisomerism
lock-and-key model model of enzyme action where only molecules with complementary shapes can react with

the enzyme
metabolism the chemical processes that occur within a living organism in order to maintain life
micelle a group of surfactant molecules surrounding a fat droplet with the hydrophobic ends dissolved in the fat

and polar ends dissolve in the water
nutrients food molecules that organisms need to make energy, grow, reproduce and maintain a healthy life.

These are: proteins, vitamins, minerals, fats and carbohydrates.
optimum pH the pH at which enzymes function best
optimum temperature the temperature at which enzymes function best
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oxidative rancidity the deterioration of lipids by atmospheric oxygen
respiration when monosaccharides are converted to glucose, which is used as an energy source to power body

cells including the brain, muscles and red blood cells
starch a condensation polymer of 𝛼-D-glucose that is made up of two polymers: amylose and amylopectin
stereoisomerism where two or more compounds differ only in the spatial arrangements of their atoms
surfactant molecule a molecule that has a polar (hydrophilic) and a non-polar (hydrophobic) end, for example, a

detergent molecule
substrate the substance on which an enzyme acts
zwitterion a dipolar ion containing equal positive and negative charges

Resources

Digital document: Key terms glossary – Topic 12 (doc-31421)

12.8.3 Practical work and investigations

Experiment 12.3
Studying starch - Hydrolysis of starch
Aim: to come
Digital document: doc-31281
Teacher-led video: tlvd-0767

Resources

Digital documents Practical investigation logbook (doc-31422)

Experiment 12.1 Enzymes as protein catalysts (doc-31279)

Experiment 12.2 Investigating proteins (doc-31280)

12.8 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question
go to your learnON title at www.jacplus.com.au.

 12.8 Exercise 1: Multiple choice questions
1. A balanced diet should:

A. include the 12 essential amino acids
B. contain large amounts of vitamins
C. provide essential carbohydrates
D. include essential fatty acids.

2. Foods that provide the requirements for metabolism are called:
A. proteins
B. vitamins
C. nutrients
D. enzymes.
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3. 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.

4. 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.

5. All of the following interactions occur in proteins. Which interaction is significantly stronger than the
others?
A. hydrogen bonds
B. dispersion forces
C. ionic interactions
D. peptide bonds.

6. A protein with an 𝛼-helix secondary structure was mixed with orange juice and formed clumps. The
change in the protein structure is due to:
A. oxidation
B. hydrolysis
C. denaturation
D. polymerisation.

7. Identify the incorrect statement about protein denaturation.
A. It is a shape change.
B. It is always irreversible.
C. It can be caused by a pH change.
D. It could result from a temperature change.

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

9. Hydrolysis of proteins using a catalyst 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.

10. When an egg is hard boiled the protein in the egg white, ovalbumin, is denatured. Which of the
following is least changed?
A. The primary structure of ovalbumin.
B. The secondary structure of ovalbumin.
C. The tertiary structure of ovalbumin.
D. The quaternary structure of ovalbumin.

11. Which enzyme is missing in the small intestine of a person who is lactose intolerant?
A. Dipeptidase
B. Lipase
C. Lactase
D. Maltase
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12. Which one of the following is a correct statement about the hydrolysis of a protein?
A. Hydrolysis is characterised by the combining of amino acids.
B. Water is a product of hydrolysis.
C. Hydrolysis involves disruption of only bonds in the tertiary structure.
D. The primary structure is disrupted when hydrolysis occurs.

13. Symptoms of lactose intolerance include:
A. coughing
B. intestinal gas
C. a runny nose
D. rashes.

14. Lactose intolerance:
A. is common in most people of all ages, from newborn to adulthood
B. is most common in people of northern European descent
C. is an allergic reaction
D. is not a problem if drinking soy milk.

15. The glycaemic index indicates the:
A. amount of nutrients in food
B. amount of fats in food
C. effect of food on blood glucose levels
D. glycogen stores in the body.

16. Which of the following would have the lowest glycaemic index?
A. Greek yoghurt
B. A banana
C. Kidney beans
D. Chocolate

17. In the process of oxidative rancidity:
A. saturated compounds are more likely to be involved than unsaturated compounds
B. oxygen attacks the double bond in a compound
C. less volatile compounds are produced
D. light is never involved.

18. A water-soluble vitamin that is also an antioxidant is:
A. vitamin B
B. vitamin C
C. vitamin D
D. vitamin E.

19. Coenzymes are:
A. proteins that assist in enzyme function
B. organic compounds that catalyse specific reactions
C. proteins that catalyse specific reactions
D. organic compounds that assist in enzyme function.

20. A function of coenzymes during cellular metabolism is to:
A. accept electrons and pass them to other molecules
B. catalyse chemical reactions
C. emulsify fats
D. denature proteins.
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 12.8 Exercise 2: Short answer questions
1. 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 influence on rate of reaction, specificity and the conditions
under which they are employed.

2. Newborn babies are tested for phenylketonuria (PKU), which is a genetic disorder that prevents the
breakdown of the amino acid phenylalanine, which then builds up in the body. Brain development can
be limited if treatment is not provided. The structure of the phenylalanine molecule is:

CH COOH

CH2

H2N

a. Draw the structure of phenylalanine in a solution of pH 3.
b. Draw the structure of phenylalanine in a solution of pH 10.
c. At a pH of about 5.9 phenylalanine is ionised but is not attracted to either the positive or negative

electrodes of an electrolytic cell. Draw the structure of phenylalanine at pH 5.9.
3. Define the following terms.

a. Enzyme b. Enzyme specificity c. Active site d. Coenzyme
4. 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 reaction: A + B→ C + D. Draw a diagram that

shows how an enzyme can facilitate this reaction. Label the substrate and active site.
5. Define the term ‘denaturation’.
6. Describe two ways in which an enzyme may be denatured.
7. 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
acid production leads to a decrease in pH, which causes the milk protein caseinogen to first denature
and then coagulate.
a. Explain how caseinogen is denatured.
b. Explain why the secondary structure of caseinogen is affected whereas the primary structure is

unaffected.
8. Digestive enzymes can be incorporated into washing powders. Instructions recommend that clothes are

allowed to soak overnight in cool water and that hot water should be avoided.
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.

9. Why can fresh bloodstains be easily removed in cold water but not in hot water?
10. 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 can tenderise meat.
b. Suggest why the juice from canned pineapples does not tenderise meat.

11. List the variables that need to be considered when designing an experiment to measure enzyme activity.
12. Write an equation showing the hydrolysis of the following peptide.

CH COOH

CH3 H

NCH

O

H

NH2 N

H

CH

CH2OH

C

O

C
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13. Starch is an important nutrient in the human diet. Describe the similarities and differences in the
structures and properties of the two components that make up starch.

14. The percentage of amylose in food A is 28% and percentage of amylopectin 72%. In food B the
percentage of amylose is 16% and percentage of amylopectin is 84%. Explain what GI is and explain
which of the two foods would have the higher GI value.

15. A student comments that, after ingestion of dairy products, he experiences bloating, cramps and
sometimes diarrhoea. With this information, it is reasonable to think that the student is intolerant to
lactose. What is lactose intolerance and which age group and population are more likely to be lactose
intolerant?

16. Describe the chemical structure of cellulose and explain why humans cannot digest it. Why is it still
necessary in the human diet?

17. Write an equation showing the hydrolysis of this triglyceride.

OH2C

O

C CH2(CH2)11CH3

OHC

O

C CH2(CH2)13CH3

OH2C

O

C (CH2)7CH CH(CH2)7CH3

18. List the similarities and differences between the structures and susceptibility to oxidation of saturated
and unsaturated fatty acids.

19. a. What is rancidity?
b. What name is given to compounds that limit oxidative rancidity in foods?
c. Canola oil contains vitamin E as a natural component. Explain how this prevents the oil becoming

rancid.
d. Explain three other methods of limiting oxidation of foods.

20. Describe the differences between enzymes and coenzymes.

12.8 Exercise 3: Exam practice questions
Question 1 (1 mark)
Humans cannot digest cellulose because: 1 mark
A. cellulose is insoluble in water
B. humans lack the necessary enzymes
C. cellulose is too branched
D. no organisms can digest cellulose.
Question 2 (1 mark)
Foods with a high glycaemic index would have a high proportion of: 1 mark
A. sugars
B. fats
C. polysaccharides
D. cellulose.
Question 3 (4 marks)
Nicotinamide adenine dinucleotide (NAD+) is an important coenzyme found in cells. It is essential for
energy production and is involved in the conversion of ethanol, CH3CH2OH, to ethanal, CH3CHO. NAD+

is converted to NADH.
a. Write the half-equation for the oxidation reaction. 1 mark
b. Write the half-equation for the reduction reaction. 1 mark
c. The ethanal is then converted into ethanoic acid. Write the half-equation for this reaction. 1 mark
d. A different enzyme is used for the reaction in question 3c. Explain why this is the case. 1 mark
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Question 4 (10 marks)
Lipase is an enzyme mainly produced in the pancreas and is important in the body because it catalyses the
hydrolysis of fats and oils into their components. Lipase is soluble in water but the lipid molecules from
food form clumps in aqueous solutions. When a sample of lipase is heated to more than 60 °C this enzyme
is no longer effective.
a. Explain the process that occurs in the digestion of fats and oils that enables them to be digested in

aqueous solution by lipase. 2 marks
b. Name the products of the digestion of fats and oils. 2 marks
c. What is the function of the lipase enzyme? 1 mark
d. Explain why lipase is ineffective at high temperatures. 2 marks
e. Why is the functioning of lipase closely related to its tertiary structure? 1 mark
f. Lipase and co-lipase combine to catalyse a reaction. Describe how this occurs. 2 marks
Question 5 (2 marks)
Explain why alanine is described as an enantiomer. 2 marks

C
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