Chapter 6: Photosynthesis
	Outline
· Chloroplasts are the sites of photosynthesis in plants
· The splitting of water molecules in photosynthesis
· The light reactions and the Calvin cycle cooperate in converting light energy to the chemical energy of food
· The light reactions convert solar energy to the chemical energy of ATP and NADPH
· Photoexcitation of chlorophyll
· Photosystems: Light-harvesting complexes of the thylakoid membrane
· Noncyclic electron flow
· Cyclic electron flow
· The Calvin cycle uses ATP and NADPH to convert CO2 to sugar
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Life on earth is solar powered. Chloroplasts capture light energy and convert it to chemical energy stored in sugar and other organic molecules in a process called photosynthesis. In this chapter, we learn how photosynthesis works.
Chloroplasts are the sites of photosynthesis in plants
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	· Leaves are major sites of photosynthesis. There are about 1/2 million chloroplasts per mm2 of leaf surface ( Fig 10.3).
· Green color of leaves derived from chlorophyl, a pigment present in chloroplasts which absorbs light energy and drives photosynthesis.
· Chloroplasts mainly present in mesophyl cells (~ 30-40 per cell).
Stroma = dense fluid within chloroplast enclosed by double membrane.
thylakoid = interconnected network of membrane sacs within chloroplast. Chlorophyl embedded in these membranes.
Grana = stacks of thylakoid membranes. 
	


Evidence that chloroplasts split water molecules enabled researchers to track atoms through photosynthesis
	· Photosynthesis can be summarized by following equation:
· Note: this is reverse of what occurs in cellular respiration 
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The splitting of water
· Oxygen derived from photosynthesis comes from the splitting of water and not from CO2 (Fig 10.4).
evidence 
· some photosynthetic bacteria fix CO2but do not release O2.
· some bacteria oxidize H2S instead of water, and produce S2
· radioactively labeled oxygen in H2O given to plants results in labeled O2.
· The most important result of shuffling atoms in photosynthesis is the extraction of hydrogen from water and its incorporation into sugar. O2 is given off as a waste product, restoring atmospheric oxygen consumed in respiration.
· Like respiration, photosynthesis is also a redox process (but in reverse). Water is split, electrons are transferred along with hydrogen ions from water to CO2, reducing it to sugar. The energy boost is provided by light. 

The light reactions and the Calvin cycle cooperate in converting light energy to the chemical energy of food
· Photosynthesis involves two stages, each with many steps (Fig 10.5):
· 1. Light reactions
· use solar energy to make ATP (photophosphorylation) and NADPH, which function as chemical energy and reducing power, respectively, in the Calvin cycle.
· occurs in thylakoid membranes.
· 2. Calvin cycle (dark reactions)
· incorporates CO2 into organic molecules (carbon fixation).
· occurs in stroma. 

The light reactions convert solar energy to the chemical energy of ATP and NADPH
· Light is a form of energy known as electromagnetic energy (radiation) (Fig 10.6 ).
wavelength = distance between crests of electromagnetic waves
electromagnetic spectrum = entire range of radiation 
visible light = radiation from ~ 380 to 750 nm in wavelength. Most important for photosynthesis (life in general)
Photons = discrete "particles" of light, each with a fixed quantity of energy.
· Energy is inversely proportional to wavelength. E.g. Photons of UV light have more energy than those of infrared. 
· Visible light drives photosynthesis. Blue and red are colors most effectively absorbed by chlorophyll, and thus most effective for photosynthesis. 

Photosynthetic pigments
· When light meets matter it can be reflected, transmitted, or absorbed.
Pigments = substance that absorb visible light. Different pigments absorb different wavelengths. Absorbed wavelengths disappear. 

· Leaves are green because chlorophyll and the other pigments present in chloroplasts do not absorb these wavelengths (Fig 10.7).
· Wavelengths most effective in driving photosynthesis (fig 10.9).
· Absorption spectrum = graph plotting a pigment's light absorption versus wavelength.
· Action spectrum = profiles relative performance of the different wavelengths. More accurate than absorption spectrum. 
· Done by illuminating chloroplasts with different wavelengths and then plotting wavelength against photosynthetic rate.
Chlorophyll a = main photosynthetic pigment in chloroplast. Blue-green. Only pigment that participates directly in light reactions. Has a light absorbing "porphyrin ring" containing a magnesium atom at the center. Hydrocarbon tail interacts with hydrophobic membrane.
Chlorophyll b = yellow-green pigment. Accessory pigment. Absorbs energy and passes it on to chlorophyll a.
Carotenoids = yellow-orange accessory pigments. Absorb light that chlorophyll a can not, thus broadening the range of wavelengths that can drive photosynthesis.
· Photosynthetic pigments are imbedded in the thylakoid membranes. 

Photoexcitation of chlorophyll
· When a pigment absorbs a photon, one of the molecule's electrons is elevated to an orbital with more potential energy (excited unstable state) (Fig 10.11). 
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· Only photons absorbed are those whose energy is exactly equal to the energy difference between the ground state and the excited state. This energy difference varies between pigments.
· Fluorescence = caused by photons given off when electrons fall from excited to ground state. Occurs with chlorophyll isolated from chloroplasts. 

Photosystems: Light-harvesting complexes of the thylakoid membrane
· Chlorophyll and the other accessory pigments are embedded in the thylakoid membrane and are organized into photosystems (Fig 10.12). 
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· Photosystems = light gathering "antenna complex" consisting of a cluster of a few hundred chlorophyll a, b, and carotenoid molecules held in a particular configuration by a scafolding of integral proteins.
· All the pigments absorb light energy, but only chlorophyll a passes electrons to an electron acceptor. This is because its located in the reaction center, along with the primary electron acceptor (PEA).
· Transfer of electrons from chlorophyll a to primary electron acceptor is a redox reaction. 
· This redox reaction occurs when light excites the electron to a higher energy level in chlorophyll and the electron acceptor traps the high-energy electron before it can return to the ground state in the chlorophyll.
· Each photosystem ( reaction center chlorophyll and PEA surrounded by an antenna complex) functions as a light-harvesting unit.
· There are two photosystems: photosystem I and photosyatem II.
· each absorb light differently (P700 and P680)
· Each is associated with different primary electron acceptor. 

Noncyclic electron flow (refer to Fig 10.13)(Click here for animation)
· Light drives synthesis of NADPH and ATP by energizing the two photosystems embedded in the thylakoid membranes.
· In noncyclic electron flow, electrons ejected from chlorophyll molecules do not cycle back to the ground state in chlorophyll. 
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· 1. Photosystem II absorbs light, electron gets bumped to higher energy level in reaction center (P680) and captured by PEA. (Chlorophyll now oxidized)
· 2. To fill electron "hole," an enzyme extracts electrons and supplies them to P680. This reaction splits water into 2 H+ and oxygen atom (combines with another O to form O2)
· 3. Electrons passed from P680 to P700 by an electron transport chain (similar to cellular respiration) consisting of a carrier plastoquinone (Pq) , a cytochrome complex, and a plastocyanin (Pc).
· 4. As electrons cascade down ETC, energy lost is harnessed to make ATP (noncyclic phosphorylation) by chemiosmosis. This ATP will be used to provide chemical energy for sugar synthesis in chloroplast only (Calvin cycle).
· 5. Electron reaches bottom of ETC and is passed to P700, where it fills an electron hole generated when electron from P700 was donated to its PEA.
· 6. PEA of P700 passes electron to ferredoxin (Fd). An enzyme, NADP+ reductase then transfers electrons from Fd to NADP+. This redox reaction stores high-energy electrons from photosynthesis in NADPH, which will provide reducing power for the synthesis of sugar in Calvin cycle. 
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Cyclic electron flow
· Uses photosystem I but not photosystem II ( Fig 10.15). 
	
	· Electrons cycle back to P700 via same ETC that functions in noncyclic electron flow.
· There is no production of NADPH, but it does generate ATP (cyclic photophosphorylation).
· Why cyclic electron flow? Because Calvin cycle uses more ATP than NADPH. Cyclic               electron flow makes up the difference. 
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Comparison of chemiosmosis in chloroplasts and mitochondria
Refer to Fig 10.16 and 17
The Calvin cycle uses ATP and NADPH to convert CO2 to sugar (click here for animation)
· Calvin cycle fixes CO2 into sugars using ATP and NADPH produced from photosynthesis ( Fig 10.18).
· Occurs in stroma of chloroplast.
· Divided into 3 phases:
· 1. Carbon fixation
· CO2 attached to a 5-carbon sugar, ribulose biphosphate. Catalysed by RuBP carboxylase (Rubisco, the most abundant protein on earth). Six carbon sugar splits into two 3-carbon molecules (3-phosphoglycerate)
· 2. Reduction
· 3-phosphoglycerate gets phosphorylated and reduced to glyceraldehyde 3-phosphate (G3P).
· 3. Regeneration of CO2 acceptor (RuBP)
· 5 molecules of G3P get rearreanged in a series of steps into 3 molecules of RuBP.
· G3P is primary output of Calvin cycle. These can then be made into other sugars.
· For each G3P synthesized, the Calvin cycle spends 9 molecules of ATP and 6 molecules of NADPH. 
