8.3 Photosynthesis

Understandings:
· Light-dependent reactions take place in the intermembrane space of the thylakoids
· Light-independent reactions take place in the stroma
· In plants, photosynthesis occurs within a specialised organelle called the chloroplast[image: photosynthesis equation]
· Photosynthesis is a two step process:
· The light dependent reactions convert light energy from the Sun into chemical energy (ATP)
· The light independent reactions use the chemical energy to synthesise organic compounds (e.g. carbohydrates)

	Step 1:  Light Dependent Reactions
· occur in the intermembrane space of membranous discs called thylakoids
	· Light is absorbed by chlorophyll, which releases energised electrons that are used to produce ATP
· The electrons are donated to carrier molecules (NADP+), which is used in the light independent reactions 
· The electrons lost from the chlorophyll are replaced by water, which is split (photolysis) to produce oxygen and hydrogen

	Step 2:  Light Independent Reactions
· occur within the fluid-filled interior of the chloroplast called the stroma
	· ATP and hydrogen / electrons are transferred to the site of the light independent reactions
· The electrons are combined with carbon dioxide to form complex organic compounds 
· The ATP provides the required energy to power these anabolic reactions and fix the carbon molecules together



· Reduced NADP and ATP are produced in the light-dependent reactions[image: cyclic vs noncyclic table]
· Cyclic photophosphorylation can be used to produce a steady supply of ATP in the presence of sunlight
· However, ATP is a highly reactive molecule and hence cannot be readily stored within the cell
· Both NADPH and ATP are required to produce organic molecules via the light independent reactions（Only non-cyclic） 
· only non-cyclic photophosphorylation allows for the synthesis of organic molecules and long term energy storage
· Transfer of excited electrons occurs between carriers in thylakoid membranes
· Absorption of light by photosystems generates excited electrons
· The light dependent reactions use photosynthetic pigments (organised into photosystems) to convert light energy into chemical energy (specifically ATP and NADPH)
· These reactions occur within specialised membrane discs within the chloroplast called thylakoids and involve three steps:
	Step 1:  Excitation of Photosystems by Light Energy


	
· Photosystems are classed according to their maximal absorption wavelengths (PS I = 700 nm ; PS II = 680 nm)
· When a photosystem absorbs light energy, delocalised electrons within the pigments become energised or ‘excited'
· These excited electrons are transferred to carrier molecules within the thylakoid membrane

	Step 2:  Production of ATP via an Electron Transport Chain(photophosphorylation)
· Excited electrons from Photosystem II are used to contribute to generate a proton gradient
· ATP synthase in thylakoids generates ATP using the proton gradient
	· Excited electrons from Photosystem II are transferred to an electron transport chain within the thylakoid membrane
· As the electrons are passed through the chain they lose energy, which is used to translocate H+ ions into the thylakoid
· This build up of protons within the thylakoid creates an electrochemical gradient
· The H+ ions return to the stroma (along the proton gradient) via chemiosmosis
· ATP synthase uses the passage of H+ ions to catalyse the synthesis of ATP (from ADP + Pi)

	Step 3:  Reduction of NADP+ and the Photolysis of Water
· Excited electrons from Photosystem I are used to reduce NADP
· Photolysis of water generates electrons for use in the light-dependent reactions

	· Excited electrons from Photosystem I may be transferred to a carrier molecule and used to reduce NADP+
· This forms NADPH – which is needed for the reactions
· The electrons lost from Photosystem I are replaced by de-energised electrons from Photosystem II
· The electrons lost from Photosystem II are replaced by electrons released from water via photolysis
· Water is split by light energy into H+ ions (used in chemiosmosis) and oxygen (released as a by-product)


The light independent reactions are collectively known as the Calvin cycle and involve three main steps:

	· Step 1:  Carbon Fixation
· In the light-independent reactions a carboxylase catalyses the carboxylation of ribulose bisphosphate
	· It begins with a 5C compound called ribulose bisphosphate (or RuBP)
· An enzyme,Rubisco, catalyses the attachment of a CO2 molecule to RuBP
· The resulting 6C compound is unstable, and breaks down into two 3C compounds – called glycerate-3-phosphate (GP)
· A single cycle involves three molecules of RuBP combining with three molecules of CO2 to make six molecules of GP

	Step 2:  Reduction of Glycerate-3-Phosphate
· Glycerate-3-phosphate is reduced to triose phosphate using reduced NADP and ATP
	· GP is converted into triose phosphate (TP) using NADPH and ATP
· Reduction by NADPH transfers hydrogen atoms to the compound, while the hydrolysis of ATP provides energy
· Each GP requires one NADPH and one ATP to form a triose phosphate – so a single cycle requires six of each molecule

	Step 3:  Regeneration of RuBP
· Triose phosphate is used to regenerate RuBP and produce carbohydrates
· Ribulose bisphosphate is reformed using ATP

	· Of the six molecules of TP produced per cycle, one TP molecule may be used to form half a sugar molecule
· Hence two cycles are required to produce a single glucose monomer
· The remaining five TP molecules are recombined to regenerate stocks of RuBP  (5 × 3C = 3 × 5C) 
· The regeneration of RuBP requires energy derived from the hydrolysis of ATP


[image: Image result for calvin cycle]
· The structure of the chloroplast is adapted to its function in photosynthesis
Chloroplasts are the ’solar energy plants’ of a cell – they convert light energy into chemical energy
· This chemical energy may be either ATP (light dependent) or organic compounds (light independent)
· Only photosynthetic tissue possess chloroplasts (e.g. is present in leaves but not roots of plants)
Chloroplasts are thought to have once been independent prokaryotes that were internalised by eukaryotes via endosymbiosis
· They have a double membrane structure
· They have their own DNA (circular and naked) and ribosomes (70S)
· Their metabolic processes are susceptible to certain antibiotics
The structure of the chloroplast is adapted to the function it performs:
· Thylakoids – flattened discs have a small internal volume to maximise hydrogen gradient upon proton accumulation 
· Grana – thylakoids are arranged into stacks to increase SA:Vol ratio of the thylakoid membrane
· Photosystems – pigments organised into photosystems in thylakoid membrane to maximise light absorption
· Stroma – central cavity that contains appropriate enzymes and a suitable pH for the Calvin cycle to occur
· Lamellae – connects and separates thylakoid stacks (grana), maximising photosynthetic efficiency
[image: chloroplast functions]




Application:
· Calvin’s experiment to elucidate the carboxylation of RuBP
· Lollipop Experiment
· Radioactive carbon-14 is added to a ‘lollipop’ apparatus containing green algae 
· Light is shone on the apparatus to induce photosynthesis
· After different periods of time, the algae is killed by running it into a solution of heated alcohol (stops cell metabolism)
· Dead algal samples are analysed using 2D chromatography, which separates out the different carbon compounds
· Any radioactive carbon compounds on the chromatogram were then identified using autoradiography 
· By comparing different periods of light exposure, the order by which carbon compounds are generated was determined
Calvin used this information to propose a sequence of events known as the Calvin cycle 

Skill:
· Annotation of a diagram to indicate the adaptations of a chloroplast to its function
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