Chapter 10: Photosynthesis

* Organisms can be classified based on how they obtain energy and how they obtain carbon
(chemotrophs vs. phototrophs; autotrophs vs heterotrophs) So we have four major groups:

1. photoautotrophs – carry out photosynthesis (use light energy to fix CO2, storing energy in chemical bonds of organic molecules); includes green plants, algae, and some bacteria

2. photoheterotrophs – use light energy but cannot fix CO2; only nonsulfur purple bacteria

3. chemoautotrophs – obtain energy from reduced inorganic molecules to fix CO2; some bacteria

4. chemoheterotrophs – use organic molecules as both carbon and energy sources; dependent completely on other organisms 

* The electromagnetic spectrum and visible light

- visible light is a form of electromagnetic radiation
- electromagnetic radiation consists of particles or packets of energy (photons) that travel as waves

- amount of energy carried is inversely proportional to wavelength (distance from one wave peak to another)

* chloroplasts have both an inner and outer membrane (stroma – fluid-filled region inside the inner membrane and thylakoids –  
disklike membranous sacs found in stroma (interconnected with each other and inner membrane)

= granum – stack of thylakoids (plural: grana)

 -chlorophyll, the main light-harvesting molecule, is found in the thylakoid membrane
 
- chlorophyll-binding proteins associate with chlorophyll in the membrane

- 
chlorophyll has several forms; in plants, typically chlorophyll a (chl a) initiates photosynthesis

- accessory pigments are also found in the thylakoid membrane (pigments are compounds that absorb light; chl b is the main accessory pigment; carotenoids are important yellow and orange accessory pigments)
- the relative rate of photosynthesis for a given radiation wavelength is an action spectrum
- blue and red light are most effective for photosynthesis

- action spectra can vary depending on species

II. Photosynthesis overview

A. photosynthesis converts energy from light into stored energy in chemical bonds

B. in the process, CO2 is fixed and used in synthesizing carbohydrates

C. overall reaction:
6 CO2 +12 H2O ( C6H12O6 + 6 O2 + 6 H2O

1. water is on both; overall, there is a net use of water

2. hydrogen atoms are transferred from water to carbon dioxide; yet another redox reaction
D. usually divided into light reactions and the C3 cycle:

· light reactions occur in the thylakoids; they capture light energy and consume water, producing O2; energy is placed in ATP and NADPH in the stroma
· the C3 cycle occurs in the stroma; it consumes CO2, ATP and NADPH producing carbohydrates
III. The light reactions of photosynthesis

A. overall:
12 H2O + 12 NADP+ + 18 ADP + 18 Pi + light energy ( 6 O2 + 12 NADPH + 12 H+ + 18 ATP + 18 H2O

B. light is captured in photosystems that contain antenna complexes and a reaction center
1. there are two types, Photosystem I and Photosystem II
2. antenna complexes are organized arrangements of pigments, proteins, and other molecules to capture light
3. energy is transferred to a reaction center where electrons are actually moved into electron transport chains

· Photosystem I reaction center has a chl a absorption peak at 700 nm (P700)

· Photosystem II reaction center has a chl a absorption peak at 680 nm (P680)

4. chlorophyll molecule + light energy ( an excited electron in the chlorophyll
5. the excited electron is captured by a carrier in the photosynthetic electron transport chain
6. the electron can then be transferred down the electron transport chain, with energy harvest possible
C. noncyclic electron transport produces ATP and NADPH
1. P700 absorbs energy and sends an electron to an electron transport chain
2. eventually, the electron winds up on ferredoxin
3. when 2 electrons have reached ferredoxin, they can be used to make NADPH from NADP+ + H+
4. the electrons are passed down one at a time, and are replaced in P700 by electrons donated from P680

5. P680 absorbs energy and sends an electron to an electron transport chain

· eventually, the electron winds up on plastocyanin
· the ultimate electron acceptor for this chain is P700

6. P680+ can accept electrons from water in the thylakoid lumen; thus:

· 2 P680+ + H2O ( 2 P680 + ½ O2 + 2 H+
· this is a big deal, nothing else in living systems can readily take electrons from water
· this consumes water and releases O2
7. a proton gradient is established, with high [H+] in the thylakoid lumen

· H+ produced in the lumen when water is split

· H+ consumed in stroma when NADPH is made

· H+ pumped into lumen using energy released as electrons move along the electron transport chain between P680 and P700

· the overall gradient winds up being about a 1000-fold difference in [H+]

· gradient provides an energy source for making ATP using ATP synthase (chemiosmosis)

D. overall ATP generation is variable, depending on how much cyclic electron transport occurs

IV. carbon fixation by the C3 cycle (AKA the Calvin-Benson cycle or Calvin cycle)

A. overall:

12 NADPH + 12 H+ + 18 ATP + 18 H2O + 6 CO2 ( C6H12O6 + 12 NADP+ + 18 ADP + 18 Pi + 6 H2O
B. the C3 cycle is broken into three phases: carbon fixation, carbon reduction, and RuBP regeneration
C. carbon fixation (AKA CO2 uptake):

1. CO2 combines with the 5-carbon compound ribulose 1,5-bisphosphate (RuBP)
· catalyzed by the enzyme ribulose bisphosphate carboxylase/oxygenase (abbreviated rubisco)
· rubisco is one of the most abundant proteins on earth
2. the resulting 6-carbon compound is unstable and splits into two molecules of 3-phosphoglycerate (3-PGA)
3. the overall reaction is:

RuBP + CO2 ( 2 (3-PGA)
4. to assimilate 6 CO2:

6 RuBP + 6 CO2 ( 12 (3-PGA)
D. carbon reduction

1. 3-PGA is reduced to glyceraldehyde 3-phosphate (G3P) in two steps; in the process, ATP and NADPH are used

2. from 6 CO2 you get 12 G3P

3. 2 G3P are removed and used to make glucose or fructose (thus 6 carbons leave to make C6H12O6)

4. the remaining 10 G3P are used to regenerate RuBP

V. photorespiration 

A. sometimes, rubisco adds O2 to RuBP rather than a CO2 (the oxygenase function of RUBISCO)

B. this is most likely under conditions of conditions of low [CO2] and high [O2]

C. the product cannot be used in the C3 cycle, and photorespiration is a drain on the overall efficiency of photosynthesis

D. called photorespiration because it occurs in the light and consumes O2, while producing CO2 and H2O
E. the effect of photorespiration is minimal in C4 and CAM plants because they keep [CO2] high for RUBISCO
VI. supplemental carbon fixation pathways: C4 and CAM pathways

A. while the C3 pathway is used by all plants, some plants have supplemental pathways that increase the efficiency of photosynthesis in either intense light or arid conditions
B. C4 pathway (AKA Hatch-Slack pathway) (include corn and sugar cane)
· in mesophyll cells: (pyruvate + ATP + H2O ( phosphoenolpyruvate (PEP) + AMP + Pi )
· PEP carboxylase binds CO2 even at very low [CO2] (binds it much better than RUBISCO binds CO2); PEP carboxylase catalyzes: PEP + CO2 ( oxaloacetate (oxaloacetate ( malate (usually)

· malate is then sent to bundle sheath cells (in bundle sheath cells: malate ( CO2 + pyruvate)

· greatly increases [CO2] in bundle sheath cells (10-60x), allowing the C3 pathway to proceed in those cells

2. CAM pathway (crassulacean acid metabolism) ((at night, when stomata are open and gas exchange can occur, cells perform reactions like the “mesophyll cell C4 reactions”; malate is stored in vacuoles))
3. during the day, the malate is released and cells perform reactions like the “bundle sheath cell C4 reactions”; this allows the C3 pathway to proceed during the day (when stomata are closed to prevent excessive water loss)

4. CAM plants include many desert plants such as cactuses

C. C4 works by altering the location of initial CO2 fixation, while CAM works by altering the time of initial CO2 fixation; all of the plants still use the C3 cycle
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