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Metabolism, cell respiration and
photosynthesis
Chapter summary – a reminder of the issues to be revised
Notes

1

Metabolism, all the chemical reactions of life, consists of
anabolic reactions, the construction of complex molecules
from smaller ones, e.g. protein synthesis, and catabolic
reactions, the breakdown of complex molecules, e.g. the
oxidation of sugar in respiration. Metabolic pathways consist
of chains and cycles of enzyme-catalysed reactions.

2

Enzymes work by lowering the activation energy needed for
a reaction to occur. The enzyme forms a temporary complex
with a substrate molecule at a special part of the enzyme’s
surface, called the active site (‘lock and key’ hypothesis). A
slight change in shape of the substrate molecule, when docked
at the active site, helps raise the molecule to a transition state
(‘induced fit’ hypothesis), from which the products may form.
The enzyme is released for reuse.

3

When molecules of substances that are recognized as
inhibitors are in contact with enzyme molecules, the rate
of reaction may be lowered in characteristic ways. Enzyme
inhibitors can be competitive or non-competitive, and
metabolic pathways can be controlled by end-product
inhibition.

4

Respiration is a cellular process in which energy is transferred,
from nutrients such as glucose, to the cellular machinery.
Energy is required to do useful work, such as the transport
of metabolites across membranes, the driving of anabolic
reactions and to cause movements in organisms. Cell
respiration involves the oxidation and reduction of electron
carriers.

5

ATP is the universal energy currency molecule by which
energy is transferred to do useful work. In cell respiration,
ATP is involved in phosphorylation of respiratory substrate
molecules and intermediates, making them less stable and
more reactive.

6

The stages of aerobic respiration are:
in which glucose is converted to pyruvate; the
reactions of glycolysis give a net gain in ATP without use
of oxygen
n	link reaction, in which pryuvate is converted to
acetyl CoA
n	Krebs cycle, in which the oxidation of acetyl groups is
coupled to the reduction of hydrogen carriers (NAD and
FAD), and carbon dioxide is given off
n	electron transfer chain and oxidative phosphorylation, in
which reduced NAD (and reduced FAD) are oxidized and
water is formed. Most of the ATP is produced in this step.
n	glycolysis,
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7

Glycolysis occurs in the cytoplasm, but the Krebs cycle is
located in the matrix of mitochondria. The energy released
by oxidation reactions is carried to the cristae of the
mitochondria by reduced NAD and FAD. Here, transport of
electrons between carriers in the electron transport chain is
coupled to proton pumping. Then, in chemiosmosis, protons
diffuse through ATP synthase to generate ATP. The structure
of the mitochondrion is adapted to these functions.

8

Photosynthesis is an energy transfer process in which
green plants manufacture carbohydrates from carbon
dioxide and water, using energy from sunlight. Oxygen is
the waste product. Plants use the products of photosynthesis
to manufacture the other carbohydrates, lipids, proteins
and all other metabolites, enzymes and pigments
required. Consequently, plant nutrition is described as
autotrophic (self-feeding).

9

Chloroplasts, the organelles in which photosynthesis occurs,
are chiefly found in the mesophyll cells of leaves, particularly
the palisade mesophyll cells. Chloroplasts are enclosed by a
double membrane. The inner membrane folds to form the
membrane systems of the chloroplast (thylakoid membranes).
These folds are arranged in compact, disc-shaped piles called
grana, around which are loosely arranged the thylacoid
membranes of the stroma. The structure of the chloroplast is
adapted to its function in photosynthesis.

10

Photosynthesis occurs by means of two linked steps:
n A light-dependent stage occurs in the intermembrane
space of the thylakoids, and results in the formation of
reduced coenzyme NADP and ATP. These reactions
involve the photolysis of water and the release of oxygen.
Photolysis of water generates electrons for use in the lightindependent reactions.
n A light-independent stage occurs in the stroma. Here,
absorption of light by photosystems I and II generates
excited electrons. Transfer of excited electrons occurs
between carriers in thylakoid membranes. Excited
electrons from photosystem II contribute to generation of
a proton gradient. ATP synthase in thylakoids generates
ATP using the proton gradient. Excited electrons from
photosystem I are used to reduce NADP.
In the light-independent reactions a carboxylase catalyses the
carboxylation of the acceptor molecule, ribulose bisphosphate
(RuBP). The product is glycerate 3-phosphate which is reduced
to triose phosphate using NADP and ATP.
 he triose phosphate is used to regenerate RuBP and produce
T
carbohydrates. The RuBP is regenerated using ATP.
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Data handling questions
The answers for
factual recall
questions are
available online.
Other questions are
designed to be tackled
alone or in groups,
where the outcomes
can be discussed with
peers or tutors, for
example, or done as a
homework activity.

Data handling questions
■■ Respiratory quotient of germinating seeds
The respiratory quotient (RQ) is the ratio of the amount of carbon dioxide produced and the
amount of oxygen taken in a given time by an organism.
Calculation of RQ is useful because it indicates which possible substrates are being used in
respiration. For example, when hexose sugars are respired aerobically the RQ is:
C6H12O6 + 6O2 → 6CO2 + 6H2O
6CO2
=1
6O2
Whereas, when fatty acids are respired aerobically, the RQ is:
RQ =

C18H36O2 + 26O2 → 18CO2 + 18H2O
18CO2
= 0.7
26O2
Note that the RQ due to fat respiration (RQ = 0.7) is significantly lower than when
carbohydrates are respired (RQ = 1.0).
RQ =

Experimental results of an RQ investigation
The respiratory quotient (RQ) of two species of germinating seeds was measured at two-day
intervals after germination. The results are shown in the table.
seedling A
seedling B

Day 2
0.65
0.70

Day 4
0.35
0.91

Day 6
0.48
0.98

Day 8
0.68
1.0

Day 10
0.70
1.0

1 Explain the reason why the RQ due to fat respiration is significantly lower than when
carbohydrates are respired.
2 Plot a graph to compare the changes in RQ of the two species during early germination.
3 Comment as fully as you can on the possible respiratory substrates being respired in
seedlings A and B.

■■ Temperature and the rate of photosynthesis
The effect of temperature on the amount of gas given off by an aquatic plant shoot (stem
and leaves) in the light can be investigated using the apparatus shown in Figure 2.71
(page 125). A freshly cut shoot of pondweed is used which, when inverted, produces a
vigorous stream of gas bubbles from the base. The bubbles confirm the pondweed is actively
photosynthesizing.
The apparatus contains a dilute solution of sodium hydrogencarbonate, which supplies carbon
dioxide (as HCO3– ions) required by the plant for photosynthesis. The quantity of oxygen
evolved in a given time (30 minutes) is a measure of how much photosynthesis had occurred in
that period. This was estimated by drawing the gas bubble that collects into the capillary tube
and measuring the length of the bubble. This length is then converted to a volume.
In one experiment the effect of temperature on the rate of photosynthesis at both high and
low light intensities was measured. Light intensity was varied by having the light source at
different distances from the pondweed.
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Data handling questions
The result of one experiment is given in the table.
Temperature ( C)
5
10
15
17.5
20
22.5
25
o

Oxygen produced in 30 minutes (cm3):
at high light intensity
at low light intensity
26
20
39
25
66
28
95
30
128
33
110
30
76
28

1 Construct a graph to show the effects of temperature on gas production at high and low
light intensity.
2 Describe, in your own words, the effect of a rise in temperature of between 10°C and 20°C
on gas production by pondweed in high and low light intensities.
3 Suggest the likely cause of the change in rates of photosynthesis at the higher
temperatures.
4 The result of this experiment was interpreted as showing that photosynthesis is made up
of two sequential steps or reactions. Explain what these reactions are, and why a rise in
temperature has a different effect on the two reactions.
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‘Do and understand’ activities
■■ Complete the text
Review the following passage then make a list of the missing words.
In cellular respiration glucose undergoes a series of enzyme-catalysed oxidation reactions.
These reactions are grouped into four phases:
n

glycolysis, in which glucose is converted to pyruvate

n

a

n

the Krebs cycle, in which acetyl CoA is converted to carbon dioxide

n

1

in which pryuvate is converted to acetyl CoA

2
the electron-transport system, in which
removed in the
oxidation reactions of glycolysis and the Krebs cycle is converted to water. Most of the
3
is synthesized in this phase.

In aerobic respiration, sugar is oxidized. This is brought about as all the hydrogen atoms
are gradually removed from glucose. They are added to hydrogen acceptors, which are
then reduced. In respiration, most hydrogens are added to the acceptor molecule known as
4
. The process of removal of hydrogen from a compound is known
5
as
, and the enzyme involved in such a reaction is
6
called a
.
7
,
Now, a hydrogen atom consists of an electron and a
and tissue respiration is a series of oxidation–reduction reactions. In fact, the best
8
definition of oxidation is the
of electrons, and reduction
9
is the
of electrons. The short-hand name for these is
10
.
Oxidation–reduction reactions take place in biological systems because of the presence of
compounds with a strong tendency to take electrons from another compound
11
) or the presence of compounds with a strong
(
12
tendency to donate electrons to another compound (

).

Another feature of oxidation and reduction is an energy change. When reduction occurs
13
). When oxidation
energy is absorbed (it is an
14
occurs, energy is released (an
). An example of
energy release in oxidation is the burning of a fuel in air. Here, energy is given out as heat.
In fact, the amount of energy in a molecule depends on its degree of oxidation. An oxidized
15
substance has
stored energy than a reduced
substance. An example of this is the fuel molecule methane (CH4) which has more stored
chemical energy than carbon dioxide (CO2).

■■ Complete the text
Review the following passage then make a list of the missing words.
In the grana of the chloroplasts, the synthesis of ATP is coupled to
1
2
via the movement of
by chemiosmosis, as it was in mitochondria. Here, it is the hydrogen ions trapped within the
3
4
space which flow out via
enzymes,
5
down their
gradient. At the same time, ATP is
6
synthesized from
.
We have seen that the excited
synthesis originated from
in the reaction centre of
10
moved on to the
11
NADP.

8

7

that provided the energy for ATP
, and move on to fill the vacancies
9
. They are subsequently
centre in photosystem I, and finally are used to
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‘Do and understand’ activities
Secondly, the excited electrons from photosystem I are picked up by a different electron
acceptor. Two at a time, they are passed to NADP, which, with the addition of hydrogen ions
12
from photolysis, is reduced to form
.
By this sequence of reactions, repeated again and again at very great speed throughout every
13
reactions
second of daylight, the products of the
(ATP and reduced NADP) are formed. However, they do not normally accumulate. They
14
are immediately used in the fixation of
in the
surrounding stroma.

■■ Experimental design
The figure shows a method of investigating photosynthesis in green plant leaf tissue.
■■ A method of
investigating
photosynthesis in
green leaf tissue

1 using a small cork borer,
five discs are cut from green
leaves of a fast-growing
seedling

2 discs placed in the barrel
of a 10 cm3 plastic syringe
containing about 5 cm3 of
0.2 M NaHCO3 solution

tip of wooden spatula
supported under leaf
for cork borer to cut
against – safely

3 plunger replaced,
the syringe inverted,
and the air driven out

4 with nozzle sealed,
the plunger is
drawn back;
bubbles appear

6 stages 4 and 5 repeated
until the five discs sink

5 syringe tapped vigorously
to shake bubbles to the top;
this gas is driven out by
pressing on the plunger
7 syringe supported in sunlight / under
a light bank; time taken for all five
discs to rise and float is recorded

Examine the steps carefully, and then answer the following questions.
1 a Explain why the leaf discs initially float in the sodium hydrogencarbonate solution.
b Identify where the gas bubbles come from when the plunger is drawn back and the
barrel contents are placed under tension (negative pressure).
c Describe why the illuminated discs rise in the barrel after illumination.
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2 Design an experiment to investigate the effect of different carbon dioxide concentrations
on the rate of photosynthesis, using this procedure. In your account, pay particular
attention to:
a safety steps that are necessary
b how you can best produce results that will be significant.

■■ Calvin’s use of radioactive isotopes in investigating the path

of carbon in photosynthesis
The pathway by which carbon dioxide is reduced to glucose was investigated by supplying
radioactively labelled carbon dioxide to plant cells in the light. 14CO2 is taken up by the cells in
exactly the same way as non-labelled carbon dioxide, and is then fixed into the same products
of photosynthesis. This technique was pioneered by a team at the University of California, led
by Melvin Calvin, who was awarded a Nobel Prize in 1961. The chromatography technique that
the team exploited was then a relatively recent invention and radioactive isotopes were only just
becoming available for biochemical investigations. The steps to these experiments are illustrated
in Figure 8.22 (page 367).
A brief pulse of labelled 14CO2 was introduced into the otherwise continuous supply of
CO2 to photosynthesizing cells in the light, and its progress monitored. Samples of the
photosynthesizing cells, taken at frequent intervals after the 14CO2 had been delivered,
contained a sequence of radioactively labelled intermediates, and (later) products, of the
photosynthetic pathway. These compounds were isolated by chromatography from the sampled
cells and identified.
12

■■ Table A
The percentage
radioactivity
incorporated into
different carbon
compounds in the
first 16 seconds after
feeding
■■ Table B
The percentage
radioactivity
incorporated into
different carbon
compounds during
the first four minutes
of the experiment

Calvin expressed the percentage activity in each product, identified as a fraction of the total
activity taken up by the cells (a) in the first 16 seconds after feeding (Table A), and (b) during
the first four minutes of the experiment (Table B).
Time/s
glycerate 3-phosphate (%)
triose phosphate + other
phosphorylated sugars (%)

2
74
18

4
66
19

6
63
22

8
61
24

10
59
26

12
57
28

14
55
30

16
54
32

Time/mins
glycerate 3-phosphate (%)
triose phosphate + other
phosphorylated sugars (%)
malate and aspartate (%)
alanine (%)

0.5
43
24

1.0
33
33

1.5
27
40

2.0
24
36

2.5
21
34

3.0
20
32

3.5
19
31

4.0
18
30

5
3

7
4

9
5

11
6

12
6

14
5

16
4

17
4

1 Plot graphs of these results.
2 Calvin converted his ‘counts’ of radioactivity in individual metabolites into percentages
of the total radioactivity taken up as a function of time. What aspects of the pathway of
carbon in photosynthesis did this establish?
3 What evidence in this data supports Calvin’s claim that:
a the first product of carbon dioxide fixation is glycerate 3-phosphate
b glycerate 3-phosphate is converted into triose phosphate?
4 Explain how the results support the idea that the early products of the fixation of carbon
dioxide in photosynthesis are quickly converted into the other metabolites a plant requires.

Biology for the IB Diploma, Second edition © C. J. Clegg 2014 Published by Hodder Education

7

Further study

Further study
■■ Web resources
▶ Practical fermentation:

www.ncbe.reading.ac.uk/protocols

▶ Investigating the rate of photosynthesis. A simulation of the photosynthometer can be

used to investigate the effects of environmental factors (light intensity, CO2 concentration,
temperature) and generates results to present and discuss, as an alternative exercise to a
laboratory practical on photosynthesis:

www.oldmanhonda.com/Biology/WebLabs/Elodea/Elodea.html

or
www.explorelearning.com/index.cfm?method=cResource.dspView&ResourceID=366

or
www.cambridgeassessment.org.uk/research/innovationassessmentlearning/enigma/simulations/
elodea/elodea.html

■■ Further reading
Articles in recent editions of ‘Biological Sciences Review’:

▶
▶
▶
▶
▶

‘Photosynthesis’, 23.1, pp.20–21 (Sept 2010)
‘Respiration’, 23.2, pp.20–21 (Nov 2010)
‘Rubisco: the world’s most important enzyme’, 23.4, pp.2–5 (Feb 2011)
‘The plastid family’, 24.3, pp.16–19 (Feb 2012)
‘The real green revolution’, 26.4, pp.30–33 (Apr 2014)
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