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Get the most from this book



Welcome to the Edexcel A level Biology 2 Student’s Book. This book covers Year 2 of the Edexcel A level Biology specification.


The following features have been included to help you get the most from this book.


Key terms and formulae


These are highlighted in the text and definitions are given in the margin to help you pick out and learn these important concepts.


Examples


Examples of questions and calculations feature full workings and sample answers.


Test yourself questions


These short questions, found throughout each chapter, are useful for checking your understanding as you progress through a topic.


Activities and Core practicals


These practical-based activities will help consolidate your learning and test your practical skills. Edexcel’s Core practicals are clearly highlighted.


In this edition the authors describe many important experimental procedures to conform to recent changes in the A level curriculum. Teachers should be aware that, although there is enough information to inform students of techniques and many observations for exam purposes, there is not enough information for teachers to replicate the experiments themselves, or with students, without recourse to CLEAPSS Hazcards or Laboratory worksheets that have undergone a risk assessment procedure.


Exam practice questions


You will find Exam practice questions at the end of every chapter. These follow the style of the different types of questions you might see in your examination and are colour coded to highlight the level of difficulty. Test your understanding even further with Maths questions and Stretch and challenge questions.


Tips


These highlight important facts, common misconceptions and signpost you towards other relevant topics.


Dedicated chapters for developing your Maths and Preparing for your exam are also included online.
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1 Cellular respiration
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Prior knowledge


In this chapter you will need to recall that:





•  chemical reduction involves the gain of electrons



•  chemical oxidation involves the loss of electrons



•  hydrogen atoms have one proton and one electron



•  hydrogen ions have just one proton and hence are positively charged



•  ATP and ADP molecules are used to transfer energy within cells



•  mitochondria are the sites of ATP formation



•  glucose is the most common respiratory substrate



•  energy is neither created nor destroyed but simply transformed from one form into another



•  aerobic respiration yields more ATP than anaerobic respiration



•  the end products of aerobic respiration are carbon dioxide, water and ATP.





[image: ]







[image: ]


Test yourself on prior knowledge





1  State why reactions are referred to as REDOX reactions rather than simply oxidation or reduction.



2  We very rarely find hydrogen atoms moving around freely. Why is this?



3  Explain why ATP is described as the ‘energy currency’ of the cell.



4  Galactose is a 6-carbon monosaccharide with the formula C6H12O6. Whilst this is the same as glucose, many organisms cannot use galactose as a respiratory substrate. Explain why this is the case.



5  State the most common form of energy, apart from chemical energy, found in an actively respiring cell.



6  State what other compounds form respiratory substrates in animals apart from glucose.
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Aerobic respiration


Organisms require energy to maintain all their living cells and to carry out their activities and functions. Respiration is the process by which that energy is transferred in usable form. Cellular respiration that involves oxygen is described as aerobic respiration. Most animals and plants and very many microorganisms respire aerobically most, if not all of the time.
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Key term


Aerobic respiration The chemical breakdown of substrate molecules in cells to release energy in the form of ATP when oxygen is present.
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In aerobic respiration, sugar is oxidised to carbon dioxide and water and much energy is made available. The steps involved in aerobic respiration can be summarised by a single equation. Note that this equation is equivalent to a balance sheet of inputs (the raw materials) and outputs (the products), but it tells us nothing about the steps.
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Sometimes aerobic respiration is compared to combustion – for example, people may talk about ‘burning up food’ in respiration. In fact this comparison is unhelpful. In combustion, the energy in fuel is released in a one-step reaction, as heat. Such a violent change would be disastrous for body tissues. In cellular respiration, a very large number of small steps occur, each catalysed by a specific enzyme (Figure 1.1). Because energy in respiration is transferred in small quantities, much of the energy is made available and may be trapped in the energy currency molecule, ATP. However, some energy is still lost as heat in each step.
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ATP – the universal energy currency


Energy made available within the cytoplasm is transferred to a molecule called adenosine triphosphate (ATP). (Remember, the cytoplasm comprises both the fluid part – the cytosol – and the organelles.) ATP is referred to as ‘energy currency’, because like money it is constantly recycled (see Figure 9.6 of Edexcel A level Biology 1). ATP as the universal energy currency was discussed in Chapter 9 of Edexcel A level Biology 1. Refresh your memory of the structure, roles and importance of this nucleotide now.
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The steps involved in aerobic cell respiration


The overall outcome of aerobic respiration is that the respiratory substrate, glucose, is broken down to release carbon dioxide, and the hydrogen of glucose is combined with atmospheric oxygen, with the transfer of a large amount of energy. Much of the energy transferred is lost in the form of heat energy, but cells are able to retain significant amounts of chemical energy in ATP.


During aerobic cellular respiration, glucose undergoes a series of enzyme-catalysed oxidation reactions. These reactions are grouped into three major phases:





1  Glycolysis, in which glucose is converted to pyruvate.



2  The link reaction and the Krebs cycle, in which pyruvate is converted to carbon dioxide.



3  Oxidative phosphorylation (the electron-transport system), in which hydrogen removed in the oxidation reactions of glycolysis and the Krebs cycle, is converted to water, and the bulk of the ATP is synthesised.
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Key terms


Glycolysis The first stage in respiration in which glucose is broken down to pyruvic acid.


Krebs cycle An intermediate stage in aerobic respiration during which the products of glycolysis are decarboxylated to form carbon dioxide and reduced coenzymes.


Oxidative phosphorylation The stage of aerobic respiration where protons and electrons are passed through a series of carriers to produce ATP.


[image: ]







[image: ]




1 Glycolysis


Glycolysis is a linear series of reactions in which a six-carbon sugar is broken down to two molecules of the three-carbon pyruvate ion. The enzymes of glycolysis are located in the cytosol (that is, the cytoplasm outside the organelles) rather than in the mitochondria. Glycolysis occurs in four stages.





•  Phosphorylation by reactions with ATP is the way glucose is first activated, eventually forming a six-carbon sugar with two phosphate groups attached (called fructose bisphosphate). At this stage of glycolysis two molecules of ATP are consumed per molecule of glucose.



•  Lysis (splitting) of the fructose bisphosphate now takes place, forming two molecules of a three-carbon sugar (called glycerate 3-phosphate (GP)).



•  Oxidation of the three-carbon sugar molecules occurs by removal of hydrogen. The enzyme for this reaction (a dehydrogenase) works with a coenzyme, nicotinamide adenine dinucleotide (NAD+). NAD+ is a molecule that can accept hydrogen ions (H+) and electrons (e−). In this reaction, the NAD is reduced to NADH and H+ (known as reduced NAD):
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    (Reduced NAD can pass hydrogen ions and electrons on to other acceptor molecules, as described below, and when it does it becomes oxidised back to NAD.)



•  ATP formation occurs twice in the reactions, by which each triose phosphate molecule is converted to pyruvate. This form of ATP synthesis is referred to as being ‘at substrate level’ in order to differentiate it from the bulk of ATP synthesis that occurs later in cell respiration, during operation of the electron transport chain (see below). At this stage of glycolysis as two molecules of glycerate 3-phosphate (GP) are converted to pyruvate, four molecules of ATP are synthesised. So, in total, there is a net gain of two ATPs in glycolysis.
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Test yourself





1  Explain why two molecules of ATP are used to phosphorylate glucose at the start of glycolysis.



2  State the name of the three-carbon sugar formed by the splitting of fructose bisphosphate.



3  State the end products of glycolysis.



4  Describe where in the cell the reactions of glycolysis take place.
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2 The link reaction and Krebs cycle


The subsequent steps in aerobic respiration occur in the organelles known as mitochondria.


In the link reaction, pyruvate diffuses into the matrix of the mitochondrion as it forms, and is metabolised there. First, the three-carbon pyruvate is decarboxylated by removal of carbon dioxide and, at the same time, oxidised by removal of hydrogen. Reduced NAD is formed. The product of this oxidative decarboxylation reaction is an acetyl group – a two-carbon fragment. This acetyl group is then combined with a coenzyme called coenzyme A, forming acetyl coenzyme A.
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Key term


Coenzyme An organic non-protein molecule that binds to an enzyme to allow it to carry out its function.
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The production of acetyl coenzyme A from pyruvate is known as the link reaction because it connects glycolysis to reactions of the Krebs cycle, details of which now follow.
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In the Krebs cycle, acetyl coenzyme A reacts with a four-carbon organic acid (oxaloacetate, OAA). The products of this reaction are a six-carbon acid (citrate) and, of course, coenzyme A. This latter, on release, is re-used in the link reaction.


The Krebs cycle is named after Hans Krebs who discovered it, but it is also sometimes referred to as the citric acid cycle, after the first intermediate acid formed.


Then the citrate is converted back to the four-carbon acid (an acceptor molecule, in effect) by the reactions of the Krebs cycle. These involve the following changes:





•  Two molecules of carbon dioxide are given off in separate decarboxylation reactions.



•  A molecule of ATP is formed as part 1 of the reactions of the cycle – as with glycolysis, this ATP synthesis is ‘at substrate level’ too.



•  Three molecules of reduced NAD are formed.



•  One molecule of another hydrogen accepter – FAD (flavin adenine dinucleotide) is reduced. (NAD is the chief hydrogen-carrying coenzyme of respiration but FAD is another coenzyme with this role in the Krebs cycle).
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Because glucose is converted to two molecules of pyruvate in glycolysis, the whole Krebs cycle sequence of reactions ‘turns’ twice for every molecule of glucose that is metabolised by aerobic cellular respiration.


This gives us the products shown in Table 1.1.
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As you can see, this table shows a very small yield of ATP but a large yield of reduced NAD and some reduced FAD. The final stage of aerobic respiration explains how these reduced coenzymes can be converted into ATP and exactly how the remaining product, water, is formed.
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Test yourself





5  State which final product of respiration is generated in the link reaction and Krebs cycle.



6  Describe where exactly in the cell the reactions of the link reaction and the Krebs cycle take place.



7  Describe how reduced NAD is formed in the link reaction.



8  State which product of the link reaction enters the Krebs cycle.



9  Explain why NAD and FAD are known as coenzymes.



10 The Krebs cycle completes the breakdown of glucose molecules. Explain why the ATP yield is so low.
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3 Oxidative phosphorylation and terminal oxidation


This section depends on your knowledge of mitochondrial structure, which you met in Chapter 4 of Edexcel A level Biology 1, Figure 4.6. It is important that you look back at your notes before continuing.
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Tip


Before attempting to understand this section, make sure you are very clear about hydrogen ions and atoms. Hydrogen atoms lose their only electron so a hydrogen ion is left as a proton. This is why you will see H+ and proton as alternatives in the diagram. The electrons move down a chain of carriers.
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The removal of pairs of hydrogen atoms from various intermediates of the respiratory pathway is a feature of several of the steps in glycolysis and the Krebs cycle. On most occasions, oxidised NAD is converted to reduced NAD, but in the Krebs cycle it is an alternative hydrogen-acceptor coenzyme known as FAD that is reduced.


In this final stage of aerobic respiration, the hydrogen atoms (or their electrons) are transported along a series of carriers, from the reduced NAD (or FAD), to be combined with oxygen to form water. Hence the role of oxygen in this process is that of the final hydrogen acceptor. Note that this final reaction to form water only occurs after the energy level has been lowered by a series of transfers between carriers, bringing about the gradual transfer of energy shown in Figure 1.1.


As electrons are passed between the carriers in the series, energy is transferred. Transfer of energy in this manner is controlled and can be used by the cell. The energy is transferred to ADP and Pi, forming ATP. Normally, for every molecule of reduced NAD that is oxidised (that is, for every pair of hydrogens) approximately three molecules of ATP are produced.


The process is summarised in Figure 1.6. The total yield from aerobic respiration is about 38 ATPs per molecule of glucose respired. This is obviously much more than from glycolysis. There are other pathways associated with this process, which means the overall yield is given as ‘about’ 38 ATPs.
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ATP formation by chemiosmosis


In Book 1 we discussed how scientists suggested new ideas or models that formed the basis of predictions that could be tested experimentally. Only when sufficient experimental data accumulate does the model gradually become accepted.


The ‘chemiosmotic model’ grew out of studies of bacterial metabolism carried out by biochemist Peter Mitchell in 1961. Gradually, over the next decade and more, scientists were able to confirm the presence of the correct gradients of H+ ions and the necessary protein pumps in the mitochondrial membranes. The model stood up well to these investigations and in 1975 Mitchell was awarded the Nobel Prize for his work, confirming that this had indeed become the accepted model.


Chemiosmosis is a process by which the synthesis of ATP is coupled to electron transport via the movement of protons as shown in Figure 1.7. Electron-carrier proteins are arranged in the inner mitochondrial membrane in a highly ordered way. These carrier proteins oxidise the reduced coenzymes, and energy from this process is used to pump hydrogen ions (protons) from the matrix of the mitochondrion into the space between inner and outer mitochondrial membranes.
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Key term


Chemiosmosis The process by which the movement of protons across the inner mitochondrial membrane is coupled to the synthesis of ATP.
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Here the H+ ions accumulate – incidentally, causing the pH to drop. Because the inner membrane is largely impermeable to ions, a significant difference in hydrogen ion concentration builds up, generating an electrochemical gradient across the inner membrane – a store of potential energy.


Eventually, the protons do flow back into the matrix, via channels in ATP synthetase enzymes, also found in the inner mitochondrial membrane. As the protons flow down their concentration gradient through the enzyme, the energy is transferred and ATP synthesis occurs.
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Key term


ATP synthetase An enzyme found in the inner mitochondrial membrane, which channels hydrogen ions through the membrane during ATP synthesis by chemiosmosis.
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Test yourself





11 During oxidative phosphorylation electrons are passed from one carrier to another. Explain why they do this.



12 Explain why hydrogen is combined with oxygen to form water only at the end of the chain of carriers.








13 a) State where in the mitochondria there is a high concentration of H+ ions.


     b) Describe how a high concentration of H+ ions is built up in this region.








14 Explain why a high H+ ion concentration means a drop in pH.



15 In what ways is ATP synthetase unlike a normal enzyme?
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Anaerobic respiration or fermentation


In the absence of oxygen, many organisms (and sometimes certain tissues in organisms when deprived of sufficient oxygen) will continue to respire by a process known as fermentation or anaerobic respiration, at least for a short time.
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Key term


Anaerobic respiration The process by which substrate molecules are broken down in cells to release energy in the form of ATP in the absence of oxygen.
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A knowledge of aerobic respiration shows us the effect that a lack of oxygen will have. If oxygen is the final hydrogen acceptor, then without it the carriers of oxidative phosphorylation will all become reduced and the flow of electrons and protons will cease. This will also mean that the supply of NAD+ will be halted and the Krebs cycle will also come to a stop.


With only glycolysis operating, you can see that there is a net gain of only 2ATPs per glucose molecule compared with about 38ATPs from complete aerobic respiration. Therefore, whilst anaerobic respiration can continue without oxygen it is a very inefficient process.


A second consequence of a lack of oxygen is that the end-product of glycolysis, pyruvic acid, will begin to accumulate. As the concentration of pyruvic acid increases it is channelled into other biochemical pathways, as shown in Figure 1.8. In animal cells this results in the formation of lactate (lactic acid) as the pyruvate acts as the acceptor for reduced NAD, whilst in plant cells ethanal acts as this acceptor and this results in the formation of ethanol. In effect these compounds are replacing oxygen as the final hydrogen acceptor to allow glycolysis to continue.


Both lactate and ethanol contain large quantities of chemical energy, indicating that the glucose has only been partially broken down and explaining the low ATP yield.
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Anaerobic respiration in vertebrate muscle


Active vertebrate muscles have a high oxygen demand. If they continue to work at a high rate their demand for oxygen quickly exceeds the maximum rate of supply. In order to continue working, the muscles need to respire anaerobically. This means that the concentration of lactate will begin to rise. The effect of this lactate is to gradually inhibit the muscle contractions.


You are probably familiar with this effect. If you begin to sprint, you will quickly begin to experience lactate build up in your muscles and the effect we know as fatigue. No matter how much you try to run faster, your muscles will not respond, and then begin to feel painful.


If you then rest, your muscles can begin to feel quite stiff, another symptom of lactate presence. However, the lactate is slowly transported to the liver where it is converted back to sugars and used in glycolysis.


Anaerobic fermentation in plants and yeast


The ability of plant cells and particularly the fungus, yeast, to produce ethanol by anaerobic fermentation is the basis of a very large international alcohol industry. As ethanal is formed from pyruvate it is quickly reduced to ethanol. Most plant cells cannot metabolise ethanol and as its concentration rises they are often killed by its toxic effects.


In addition to the drinks industry, ethanol is an important raw material for the chemical industry as well as being an excellent fuel.




[image: ]


Test yourself





16 State which intermediate accepts hydrogen in alcoholic fermentation in plant cells.



17 Suggest in what way a build up of lactate in muscles could cause them to function less efficiently.



18 Suggest why further gentle exercise would help to reduce the effects of lactate in muscles.



19 State the percentage difference in the yield of ATP between aerobic respiration and anaerobic respiration.
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Core practical 9


Investigate the factors affecting the rate of aerobic or anaerobic respiration using a respirometer


Background information


The rate of respiration of an organism is normally measured as the volume of oxygen taken up in a given time. A respirometer is a form of manometer, which will measure changes in pressure or volume. Enclosing a living organism in a chamber attached to a manometer will show any changes in volume. Unfortunately the volume of carbon dioxide given off in respiration will be the same as the volume of oxygen taken in, so no change would be seen. To overcome this, a carbon dioxide absorber is placed in the chamber. The volume/pressure inside will therefore decrease and the liquid in the manometer will move according to the volume of oxygen taken up. The apparatus shown in Figure 1.9 is a simple respirometer where the manometer is a straight piece of capillary tubing with a small drop of coloured liquid moving along it.
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Carrying out the investigation


Aim: to measure the rate of respiration of a living organism.


Risk assessment: Common carbon dioxide absorbers contain calcium, sodium and potassium hydroxides. Soda lime is a mixture of all three, but fresh, concentrated sodium or potassium hydroxide solution is an excellent carbon dioxide absorber. All are extremely corrosive and eye protection should be worn at all times. If you are handling the chemicals yourself, you must wear chemically resistant (nitrile) gloves and goggles. Your teacher will show you the safe procedure and supervise closely.


Your teacher may decide to provide place the alkaline solutions/solids in the respirometer before the lesson, in which case you will not need to handle the chemicals directly.


Any living animals used in the investigation must be treated with respect. Care must be taken to wash hands thoroughly after handling organisms such as blowfly larvae. Higher-order animals should not be used in this investigation.





1  Your first step will be to select some suitable respiring tissue. The most common are germinating seeds that have been soaked in water for at least 24 hours or blowfly larvae (maggots), which are easily available from your local angling shop. Check the size of the tube or chamber of the respirometer and estimate a suitable mass of tissue to use.



2  Weigh out the respiring tissue and add it to the empty tube.



3  Taking note of the risk assessment above, half-fill the metal cage with a carbon dioxide absorber. Slide the metal cage into the chamber above the respiring tissue but remember, the absorber is corrosive so make sure the cage fits tightly into the tube and does not touch the tissue below.



4  Make sure that the screw clip shown in the diagram is open and push the rubber bung firmly into the top of the chamber to form an airtight seal. Leave the apparatus to equilibrate for 5 minutes.



5  Close the screw clip and after a few moments hold a small drop of coloured liquid on the end of a glass rod against the open end of the capillary tube for a short time.



6  If all is well then a small amount of liquid should be drawn slowly into the capillary. As soon as there is a small visible amount of liquid in the tube, take away the glass rod.



7  You will now need to decide on a suitable time interval for recording the movement. Place a ruler alongside the capillary tube and measure how much movement the liquid drop makes in 1 minute. Choose your timing period so that the liquid moves at least 1 centimetre along the scale in each period. The actual volume of gas consumed can be calculated from the radius of the capillary (r) and the distance moved by the coloured liquid (l) as πr 2l. When the coloured liquid reaches the end of the capillary tube you can introduce another drop of liquid at the end of the capillary. Some simple respirometers have a syringe attached to the screw clip tube, which will enable you to gently push the coloured fluid back to the end of the capillary after each series of measurements.



8  Repeated measurements will provide you with a mean respiration rate and, if time permits, you might consider investigating the effect of some variables such as temperature on the overall rate.





Questions





1  What is the main variable that can cause large errors in respirometry?



2  Figure 1.10 shows a modified respirometer. How will the design of this apparatus compensate for temperature changes?



3  Why is it important to use germinating seeds that do not show any evidence of green leaves?



4  Why is it important to record the mass of tissue used?



5  How could the respirometer shown in Figure 1.9 be used to measure the rate of respiration of a culture solution of a green photosynthetic alga?



6  Why does using active animals such as blowfly larvae introduce extra variables that are difficult to control?
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Exam practice questions




•



1  A coenzyme can be described as:







    A a protein catalyst


    B a non-protein catalyst


    C a protein essential for some enzyme activity


    D a non-protein essential for some enzyme activity


(1)







•



2  During chemiosmosis in mitochondria, energy is used to pump hydrogen ions:







    A across the outer membrane into the cytoplasm


    B across the outer membrane into the space between membranes


    C across the inner membrane into the matrix


    D across the inner membrane into the space between membranes


(1)
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Tip


Question 2 is a straightforward recall question but it does illustrate the level of detail you must aim at learning in your revision.
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•



3  The end product of the link reaction in aerobic respiration is:







    A acetyl coenzyme A


    B pyruvic acid


    C citric acid


    D glycerate-3-phosphate


(1)







•



4  The diagram shows an outline of part of the biochemical pathways of anaerobic respiration in plant and animal cells.


    Name the following parts of this diagram:







    a) the stage of respiration labelled A


(1)


    b) the coenzyme formed at B


(1)


    c) the compound labelled C


(1)


    d) the compound labelled D


(1)


    e) the 1C molecule labelled E


(1)
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•



5  A student investigated the rate of respiration of germinating seeds at two different temperatures using the apparatus shown in the diagram.
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    a) Name one compound that would be added to the wire cage X and explain its purpose.


(2)


    b) The student assembled the apparatus as shown in the diagram by adding 8 g of germinating wheat seeds to the tube, which was then immersed in a water bath at 20 °C for 10 minutes. The screw clip was then closed and readings taken of the movement of the coloured liquid each minute for 10 minutes. This was then repeated using a water bath maintained at 30 °C.


        Explain why the screw clip was left open for 10 minutes before the investigation was started.


(2)


    c) The graph shows the results of this investigation.
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        i) Temperature or pressure fluctuations often cause problems when using respirometers. Explain what the graph shows about the effectiveness of variable control in this investigation.


(2)


        ii) The diameter of the capillary tube was 3 mm. Calculate the rate of oxygen uptake of the germinating seeds at each temperature during the course of this investigation.


(4)


        iii) Calculate the percentage increase in respiration rate caused by raising the temperature from 20 °C to 30 °C.


(2)
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Tip


Question 5 contains typical elements of a core practical-based question. Some parts are designed to test your understanding of the experimental procedure itself and others test your application of Level 2 maths or interpretation of data.
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•



6  Explain how the structure and properties of cell membranes are essential for the production of ATP in aerobic respiration.


(7)
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Tip


Question 6 is a typical synoptic question that you will find in A level papers. It asks you to show knowledge and understanding of membrane structure and the biochemistry of aerobic respiration, and then to apply your knowledge to explain some selected detail of the process (AO2). As this is a slightly extended prose question, take care to keep to the rubric without straying into lots of details of respiration or mitochondria, which are not relevant.
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Stretch and challenge




•



7  Most organisms use other respiratory substrates in addition to glucose. Both lipids and proteins can be channelled into respiration by various biochemical pathways.







    a) What is meant by a ‘biochemical pathway’?


    b) Many plants and animals use lipids as energy storage molecules. Suggest what the advantages of this would be to a groundnut seed and a mammal such as a fox.


    c) If germinating seeds with a very high lipid content are used in a respirometer, the results show that a much greater volume of oxygen is required for the respiration of the fatty acids they contain compared to respiration of glucose.


        The summary equation for the respiration of fatty acids is shown below.
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        i) Explain how this equation shows that more oxygen will be needed to oxidise one molecule of fatty acid compared to one molecule of glucose.


        ii) How do the proportions of hydrogen and oxygen in glucose and fatty acid help to explain this difference?







•



8  Training programmes for endurance sports such as long-distance running and cycling involve careful monitoring of lactate levels in the blood by taking blood samples.


    The graph below shows the blood lactate levels (Blood [La]) of an athlete at increasing workloads, measured in Watts (W) achieved by increasing speeds on a treadmill. LT indicates the lactate threshold.
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    a) Explain the changes in lactate levels at work rates below the threshold and the changes at work rates above the threshold.


    b) Suggest how the results of such monitoring might be used to design individual training programmes for endurance athletes.
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2 Photosynthesis
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Prior knowledge


In this chapter you will need to recall that:





•  green plants are able to manufacture sugars using light energy, carbon dioxide and water



•  oxygen is a waste product of photosynthesis



•  several stages of photosynthesis take place in cell organelles called chloroplasts



•  light is absorbed by plant cells using pigments such as chlorophyll



•  colours of light are determined by different wavelengths



•  photosynthesis using sunlight energy is the starting point for the large majority of food chains



•  plants need to respire to produce ATP for cellular processes; photosynthesis produces the respiratory substrates required.
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Test yourself on prior knowledge





1  State where chlorophyll molecules are attached in chloroplasts.



2  Explain why a solution of ink will appear blue when white light is shone through it.



3  If photosynthesis produces sugars that are respired to produce ATP, suggest why many plants accumulate large food stores.



4  Explain why many plant cells have food stores consisting of starch rather than sugars.



5  Name the organisms that cause the Earth’s oceans to be a major contributor to atmospheric oxygen.
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Photosynthetic pigments


The purpose of photosynthetic pigments is to absorb light energy and convert it into chemical energy. Higher plants have two types of pigments – chlorophylls and carotenoids. The most important pigments are the chlorophylls, which play a direct role in the first stages of photosynthesis. Carotenoids absorb light energy, which is passed on to chlorophyll, so they are called accessory pigments. Other plants such as marine algae (seaweeds) have other accessory pigments. Some common photosynthetic pigments are listed in Table 2.1.
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Key term


Accessory pigments Light-absorbing molecules that pass on the energy they absorb to chlorophyll molecules at the start of photosynthesis.
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The structure of chlorophyll


The chlorophyll molecule has two parts. The head of the molecule is a hydrophilic ring structure with a magnesium atom at its centre. Attached to this is a long hydrophobic hydrocarbon tail. This arrangement means that chlorophyll molecules are attached to the membranes of the chloroplast by their long tails whilst the heads lie flat on the membrane surface to absorb the maximum amount of light. The structure of chlorophyll can be seen in Figure 2.1. You will see how this is linked to the first stage of photosynthesis later in this chapter.
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Key terms


Hydrophilic Having an affinity for water and soluble in water.


Hydrophobic Substances that repel water. They are mainly insoluble in water but can be soluble in lipids.
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Absorption and action spectra


To investigate the roles of photosynthetic pigments it is important to know more about their absorption of light. You can do this by simply shining light of different wavelengths through a solution of the pigment and measuring how much is absorbed. The graph of the amount of light absorbed at each wavelength, as shown in Figure 2.2, is known as an absorption spectrum.


To provide evidence that these pigments do play an important part in the process of photosynthesis, you can produce an action spectrum by plotting a graph of the rate of photosynthesis of a green plant (measured as explained in Core practical 10) at different wavelengths. As you can see in Figure 2.2, the action spectrum for photosynthesis shows a very similar pattern to that of the absorption spectrum for the pigments. This provides good evidence to support the model of light being trapped by these pigments and used in photosynthesis.
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Why do plants need more than one photosynthetic pigment?


If you look carefully at the absorption spectra in Figure 2.2 you can see that the absorption of chlorophyll a and b is not quite the same. Both chlorophyll a and b absorb strongly in the blue and red ends of the spectrum but in the blue end of the spectrum chlorophyll a absorbs most strongly at about 430 nm, whilst chlorophyll b absorbs most strongly at 470 nm. In this way a combination of two or more pigments means that a greater range of wavelengths can be absorbed efficiently. You can see a very similar pattern at the red end of the spectrum. Almost all plants use chlorophylls as their primary pigments at the start of photosynthesis but the range of accessory pigments can vary considerably depending upon their habitat.
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Key terms


Absorption spectrum A graph of the amount of light absorbed at different wavelengths by a pigment.


Action spectrum A graph of the rate of photosynthesis of a plant at different wavelengths of light.
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Test yourself





1  Suggest why the hydrocarbon chains of a chlorophyll molecule will attach themselves easily to chloroplast membranes.



2  Describe how the ‘heads’ of chlorophyll molecules are adapted to capture the maximum number of photons.



3  State which colour of light in the visible spectrum has the longest wavelength.



4  Describe what happens to the energy trapped by accessory pigments.
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Core practical 11


Investigate the presence of different chloroplast pigments using chromatography


Background information


Chromatography is a very common technique used in biochemistry to separate and identify small quantities of different compounds. There are many different variations but all work on similar principles.


The process involves a stationary phase – the chromatogram, which can be absorptive paper in paper chromatography, a powdered solid in column chromatography or a thin film of dried solid on a glass or plastic sheet in thin-layer chromatography. In each case the mixture to be separated is loaded on to the stationary phase as a small spot and allowed to dry. The edge of the paper or other medium is then dipped in a solvent, which will be drawn up through the spot by capillarity. The different compounds in the mixture will have different solubilities in the solvent and will interact with the stationary phase in different ways, so will move up the paper at different rates. As part of this interaction it is usually necessary to ensure the chromatogram is surrounded by solvent vapour by sealing it in a container.


If the compounds are coloured then it is easy to find the bands or spots formed on the complete chromatogram; if they are not then some other treatment will be necessary such as staining or viewing them under UV light.


Carrying out the investigation


Aim: To identify the pigments present in an extract of plant leaves.


Risk assessment: The solvents used in this investigation, propanone and petroleum ether, produce highly flammable heavy vapours. These can spread unseen along benches so there should be no other naked flames in the laboratory during their use. Both solvents produce potentially harmful vapours, which should not be inhaled. Filling of chromatography vessels should be carried out in a fume cupboard. In general, you should wear eye protection. Gloves may be advisable if you have sensitive skin.





1  To prepare the extract for chromatography you will need to collect leaves of a plant that have a dark green colour. Soft leaves such as spinach, which are easier to crush, are ideal.



2  Cut the leaves into small pieces with scissors and place them into a small mortar with a sprinkling of fine sand.



3  Use a pestle to grind the leaves into a fine paste. Add a small amount of propanone to the paste as you grind. Keep the volume of propanone as low as you can to make sure your extract is as concentrated as possible.



4  Allow the mixture to settle and then draw off the dark green chlorophyll solution with a small pipette. Place this in a small, sealed tube and allow any solids to settle. The mixture can be filtered but you will need to add even more propanone as some is absorbed by the filter paper.



5  To prepare the chromatogram for loading, cut a piece of chromatography paper to fit the container you are to use. Use a pencil to draw a line about 1 cm from the bottom of your paper as shown in Figure 2.3, on the next page.



6  Assemble your chromatogram inside the container and make a mark on the outside to indicate the level of solvent you will need to add. This should be sufficient to cover the end of the paper but it must not touch the spot of extract you are about to load onto it.



7  To load the extract on the paper (the stationary phase), you will need to support the paper so that the origin does not touch any surface. Then use a very fine paintbrush or a short length of fine capillary tubing. Dip this into the extract and just touch a tiny spot onto the origin line you have marked on the paper. At this stage it is crucial to use a little patience. Your spot must be as small and as concentrated as you can make it, so you need to make several additions to it, but you must allow each addition to dry before adding the next. The final spot should not be more than about 2 mm in diameter.
The solvent you will use is made up of nine parts petroleum ether to one part propanone. (CAUTION! see Risk assessment.)



8  Add the solvent to your container until it reaches the mark you made. Attach your loaded paper to the bung and lower it carefully into the solvent so that the bung fits tightly and the bottom of the paper touches the solvent. The paper must hang freely and not touch the sides of the container. Keep the tube in a shaded position, or a dark cupboard, as several of the coloured pigments fade quickly.



9  Allow the solvent to rise almost to the top of the paper but do not allow it to continue any longer. When removing the completed chromatogram you will need to act quickly. Make sure you have a sharp pencil; quickly mark the final level of the solvent and draw around any coloured spots you see, noting their colour. Avoid inhaling the solvent vapour.



10 To help identify the pigments, measure the distances shown in Figure 2.3 and calculate their Rf values.
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Questions





1  Why is it necessary to use powerful organic solvents in this investigation?



2  Why do you need to act quickly to mark the solvent front and the pigments?



3  How can the pigments be identified from their Rf values?



4  Why is it important not to allow the solvent to touch the origin spot at the start of the investigation?



5  Why must the loading spot be as small as possible?



6  Why is it important to remove the chromatogram before the solvent front reaches the top of the paper?
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Photosynthesis


Green plants use the energy from sunlight to produce sugars from the inorganic raw materials, carbon dioxide and water, by a process called photosynthesis. The waste product is oxygen. Photosynthesis occurs in plant cells containing chloroplasts – typically, these are found mainly in the leaves of green plants. Here, light energy is trapped by the green pigment chlorophyll, and becomes the chemical energy in molecules such as glucose and ATP. (Note that we say light energy is transferred to organic compounds in photosynthesis, rather than talking of the ‘conversion’ of energy, although the latter term was used widely at one time.) This mode of nutrition is known as autotrophic as large organic molecules are built up from simple inorganic ingredients such as carbon dioxide and water.
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Key term


Autotrophic nutrition The synthesis of larger organic molecules from simpler inorganic compounds as carried out by plants during photosynthesis.
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Sugar formed in photosynthesis may temporarily be stored as starch, but sooner or later most is used in metabolism. For example, plants manufacture other carbohydrates, together with lipids, proteins, growth factors, and all the other metabolites they require. For this they need, in addition, certain mineral ions, which are absorbed from the soil solution. Figure 2.4 is a summary of photosynthesis and its place in plant metabolism.
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Chloroplasts – site of photosynthesis


Just as the mitochondria are the site of many of the reactions of respiration, as we explained in Chapter 1, so the chloroplasts are the organelles where the reactions of photosynthesis occur. Remember, chloroplasts are members of a group of organelles called plastids. (Amyloplasts, where starch is stored, are also plastids.)
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The chloroplast is one of the larger organelles found in plant cells, yet typically measures only 4–10 µm long and 2–3 µm wide. (A micrometre or micron, µm, is one-millionth of a millimetre.) Consequently, while chloroplasts can be seen in outline by light microscopy, for detail of fine structure (ultrastructure) electron microscopy is used.


A transmission electron micrograph (TEM) showing chloroplasts can be produced from thin sections of mesophyll cells, specially prepared (Figure 2.5).


Ultrastructure of chloroplasts and the reactions of photosynthesis


Examine the TEM of the chloroplasts in Figure 2.5, and the diagram in Figure 2.6. You will see that the chloroplast is contained by a double membrane. The outer membrane is a continuous boundary, but the inner membrane ‘infolds’ to form branching membranes called lamellae or thylakoids within the organelle. Some of the thylakoids are arranged in circular piles called grana. Here, the photosynthetic pigment, chlorophyll, is held. Between the grana, the lamellae are loosely arranged in an aqueous matrix, forming the stroma.


It turns out that photosynthesis consists of a complex set of reactions, which take place in illuminated chloroplasts (unsurprisingly). Biochemical studies by several teams of scientists have established that the many reactions by which light energy brings about the production of sugars, using the raw materials water and carbon dioxide, fall naturally into two interconnected stages (Figure 2.7).





•  In the light-dependent reactions, light energy is used directly to split water (a process known as ‘photolysis’, for obvious reasons). Hydrogen is then removed and retained by the photosynthetic-specific hydrogen acceptor, known as NADP+. (NADP+ is very similar to the coenzyme NAD+ involved in respiration, which you met in Chapter 1, but it carries an additional phosphate group, hence the abbreviation NADP). At the same time, ATP is generated from ADP and phosphate, also using energy from light. This is known as photophosphorylation. Oxygen is given off as a waste product of the light-dependent reactions. This stage occurs in the grana of the chloroplasts.



•  In the light-independent reactions, sugars are built up using carbon dioxide. This stage occurs in the stroma of the chloroplast. Of course, the light-independent reactions require a continuous supply of the products of the light-dependent reactions (ATP and reduced hydrogen acceptor NADPH + H+), but do not directly involve light energy (hence the name). Names can be misleading, however, because sugar production is an integral part of photosynthesis, and photosynthesis is a process that is powered by transfer of light energy.
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Key terms


Grana Circular piles of membrane-bound vesicles called thylakoids found in a chloroplast.


Stroma The aqueous matrix found inside chloroplasts.


Thylakoids Infolds of the inner membranes of chloroplasts that carry photosynthetic pigments.


Photophosphorylation The production of ATP from ADP using energy from light during photosynthesis.
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In the next section we shall consider each stage in turn, in order to understand more about how these complex changes are brought about.
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Test yourself





5  Explain what is meant by transmission electron microscopy.



6  Give the general term used to describe compounds such as the hydrogen acceptor NADP+.



7  State in what form carbon dioxide enters the cytoplasm and chloroplasts of a plant cell.



8  Name the stage of photosynthesis during which oxygen is given off.



9  Describe the difference between the main hydrogen acceptors in photosynthesis and respiration.
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The light-dependent reactions


In the light-dependent stage, light energy is trapped by the photosynthetic pigment, chlorophyll. Chlorophyll molecules do not occur haphazardly in the grana. Rather, they are grouped together in structures called photosystems, held in the thylakoid membranes of the grana (Figure 2.8).


Several hundred chlorophyll molecules plus accessory pigments (carotene and xanthophylls) are arranged in each photosystem. All these pigment molecules harvest light energy, and they funnel the energy to a single chlorophyll molecule in the photosystem, known as the reaction centre. The different pigments around the reaction centres absorb light energy of slightly different wavelengths.


There are two types of photosystem present in the thylakoid membranes of the grana, identified by the wavelength of light that the chlorophyll of the reaction centre absorbs.





•  Photosystem I has a reaction centre activated by light of wavelength 700 nm. This reaction centre is also referred to as P700.



•  Photosystem II has a reaction centre activated by light of wavelength 680 nm. This reaction centre is also referred to as P680.
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Key term


Photosystems I and II Two chains of electron carriers responsible for the capture of light energy in the first stages of photosynthesis.
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Photosystems I and II have differing roles, as you shall see shortly. However, they occur grouped together in the thylakoid membranes of the grana, along with certain proteins that function quite specifically in one of the following roles:





1  Enzymes catalysing the splitting of water into hydrogen ions, electrons and oxygen atoms.



2  Enzymes catalysing the formation of ATP from ADP and phosphate (Pi).



3  Enzymes catalysing the conversion of oxidised H-carrier (NADP+) to reduced carrier (NADPH + H+).



4  Electron-carrier molecules (these are large proteins).





When light energy reaches a reaction centre, ‘ground-state’ electrons in the key chlorophyll molecule are raised to an ‘excited’ state by the light energy received. As a result, high-energy electrons are released from this chlorophyll molecule, and these electrons bring about the biochemical changes of the light-dependent reactions (Figure 2.9). The spaces vacated by the high-energy (excited) electrons are continuously refilled by non-excited or ‘ground-state’ electrons.


We will examine this sequence of reactions in the two photosystems next.





•  Firstly, the excited electrons from photosystem II are picked up by, and passed along, a chain of electron-carriers. As these excited electrons pass, some of the energy causes the pumping of hydrogen ions (protons) from the chloroplast’s matrix into the thylakoid spaces. Here they accumulate – incidentally, causing the pH to drop. The result is a proton gradient that is created across the thylakoid membrane, and which sustains the synthesis of ATP. This is an example of chemiosmosis, which is described in detail in Chapter 1.
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As a result of these energy transfers, the excitation level of the electrons falls back to ‘ground state’ and they come to fill the vacancies in the reaction centre of photosystem I. Thus, electrons have been transferred from photosystem II to photosystem I.


Meanwhile the ‘holes’ in the reaction centre of photosystem II are filled by electrons (in their ‘ground state’) from water molecules. In fact, the positively charged ‘vacancies’ in photosystem II are powerful enough to cause the splitting of water (photolysis) in the presence of a specific enzyme. The reaction this enzyme catalyses then triggers the release of hydrogen ions and oxygen atoms, as well as ‘ground-state’ electrons.


The oxygen atoms combine to form molecular oxygen, the waste product of photosynthesis. The hydrogen ions are used in the reduction of NADP+ (see below).


In the grana of the chloroplasts, the synthesis of ATP is coupled to electron transport via the movement of protons by chemiosmosis. Here, the hydrogen ions trapped within the thylakoid space flow out via ATP synthetase enzymes, down their electrochemical gradient. At the same time, ATP is synthesised from ADP and Pi. This is called photophosphorylation.


You have seen that the ‘excited’ electrons that eventually provide the energy for ATP synthesis, originate from water. They fill the vacancies in the reaction centre of photosystem II and are subsequently moved on to the reaction centre in photosystem I. Finally, they are used to reduce NADP+. The photophosphorylation reaction in which they are involved is described as non-cyclic photophosphorylation, because the pathway of electrons is linear.
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Key term


Non-cyclic photophosphorylation The production of ATP from ADP using light energy in a linear series of reactions.
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•  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 from photolysis – is reduced to form NADPH + H+.





By this sequence of reactions, repeated again and again at very great speed throughout every second of daylight, the products of the light-dependent reactions (ATP and NADPH + H+) are formed.


ATP and reduced NADP do not normally accumulate, however, as they are immediately used in the fixation of carbon dioxide in the surrounding stroma (in the light-independent reactions). Then the ADP and NADP+ diffuse back into the grana for re-use in the light-dependent reactions.
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Test yourself





10 Explain what happens to the energy from photons immediately after they are ‘captured’ by a chlorophyll molecule.



11 Describe what happens to the H+ ions released from the splitting of water in photosystem II.



12 State the similarities between ATP production in oxidative phosphorylation in respiration and here in the light-dependent stage.



13 Suggest why the ATP produced in the light-dependent stage is not available for general metabolic purposes in the cytoplasm.
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The light-independent reactions


In the light-independent reactions, carbon dioxide is converted to carbohydrate. These reactions occur in the stroma of the chloroplasts, surrounding the grana. Carbon dioxide readily diffuses into the chloroplast where it is built up into sugars in a cyclic process called the Calvin cycle.


In the Calvin cycle, carbon dioxide is combined with an acceptor molecule in the presence of a special enzyme, ribulose bisphosphate carboxylase (rubisco for short). The stroma is packed full of rubisco, which easily makes up the bulk of all the protein in a green plant. In fact, it is the most abundant enzyme present in the living world.


The acceptor molecule is a five-carbon sugar, ribulose bisphosphate (referred to as RuBP) and carbon dioxide is added in a process known as fixation (Figure 2.11). The product is not a six-carbon sugar, but rather two molecules of a three-carbon compound, glycerate-3-phosphate (GP). GP is then reduced to form another three-carbon compound called glyceraldehyde 3-phosphate (GALP). Some of the GALP is converted into the products of photosynthesis, such as glucose, or amino acids and fatty acids. The glucose may be immediately respired, or stored as starch until required. But the bulk of GALP is converted to more acceptor molecule, enabling fixation of carbon dioxide to continue.
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Key terms


Calvin cycle A sequence of reactions in the light-independent stage of photosynthesis where carbon dioxide is taken in and sugars are produced.


Rubisco The abbreviation for the enzyme ribulose bisphosphate carboxylase, which is important in fixing atmospheric carbon dioxide during photosynthesis.


Ribulose bisphosphate Important 5-carbon sugar in the light-independent stage of photosynthesis, which is used to fix carbon dioxide from the atmosphere.
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Test yourself





14 Suggest why the enzyme rubisco has justifiable claims to be the most important enzyme on Earth.



15 Name the compound that is the initial product of the reaction catalysed by rubisco.



16 State the two main uses of glyceraldehyde 3–phosphate (GALP).





[image: ]





Photosynthesis and plant metabolism


As you have seen, the first sugar produced in photosynthesis is a three-carbon compound, glycerate 3-phosphate (GP) (Figure 2.11). Some of this product is immediately converted into the acceptor molecule for more carbon dioxide fixation, by a pathway known as the Calvin cycle. The remainder is converted into the carbohydrate products of photosynthesis, mainly glucose and starch, or serves as intermediates that are the starting points for all the other metabolites the plant requires. By intermediates, we mean all the substances of a metabolic pathway from which the end product is assembled.


Glucose is also the substrate for respiration. By substrate, we mean a molecule that is the starting point for a biochemical pathway, and a substance that forms a complex with an enzyme (thereby getting the pathway ‘up and running’). The intermediates of respiration are also starting points for the synthesis of other metabolites. In other words, the biochemical pathways of both photosynthesis and respiration interact to supply metabolism with the intermediates required. These include:
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There are several other organic acid intermediates in the cycle not shown here.

Figure 1.5 A summary of the Krebs cycle
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