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G436 Biogeochemistry

Assoc. Prof. A. Jay Kaufman

Oxygenic photoautotrophy

Having now reviewed the various heterotrophic metabolisms in normal and extreme environments, we will now move on photoautotrophy, the base of the food chain.   There is no better topic on which to focus biogeochemistry than photoautotrophy, which is a process that captures the energy from sunlight to drive chemical reactions:
6CO2 + 6H2O → C6H12O6 + 6O2
If you were to calculate the G for this reaction you would find it positive (stongly endergonic – requires energy), thus carbon dioxide and water do not spontaneously form oxygen and glucose.  The glucose, of course, provides fixed carbon for all kinds of biosynthesis.  The products (glucose and oxygen) are metastable in each other’s presence, so that biological catalysts, in particular cellular respiration, can produce a smooth energy-yielding reaction (biochemical or metabolic combustion).


As we have discussed, the oxygen is an important geochemical reactant, and photosynthesis is the main source of the Earth’s O2.  If one looks at the redox state of meteorites and solar abundances of elements, it is most likely that the planet was initially reduced.


Shine a light on a reduced planet and it finds an incredible way to oxidize its surface, and create a dynamic surface chemistry.  Everything that follows photoautotrophy is exorgonic (yields energy), so reactions would continue in the dark until we run out of oxygen or oxidizable materials.  If the process is this important to life, we better know how it works.
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The organization of the process is modular:

-The lefthand box can also be chemoautotrophic or photosynthetic with e- sources other than H2O


-The righthand box is common across a wide range of autotrophs (same enzymes)

Energy


Photophosphorylation is the process that converts light energy to chemical energy in the form of ATP.  Adenosine triphosphate is an organic compound composed of adenine, the sugar ribose, and three phosphate groups. ATP serves as the major energy source within the cell to drive a number of biological processes such as photosynthesis, muscle contraction, and the synthesis of proteins. It is broken down by hydrolysis to yield adenosine diphosphate (ADP), inorganic phosphorus, and energy. ADP can be further broken down to yield adenosine monophosphate (AMP), additional phosphorus, and more energy.
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ATP works by losing the endmost phosphate group when instructed to do so by an enzyme. This reaction releases a lot of energy.  The reaction product is adenosine diphosphate (ADP), and the phosphate group either ends up as orthophosphate (HPO4) or attached to another molecule (e.g. an alcohol). Even more energy can be extracted by removing a second phosphate group to produce adenosine monophosphate (AMP).  When the organism is resting and energy is not immediately needed, the reverse reaction takes place and the phosphate group is reattached to the molecule using energy obtained from food or sunlight. Thus the ATP molecule acts as a chemical 'battery', storing energy when it is not needed, but able to release it instantly when the organism requires it.


The fact that ATP is Nature's 'universal energy store' explains why phosphates are a vital ingredient in the diets of all living things. Modern fertilizers often contain phosphorus compounds that have been extracted from animal bones. These compounds are used by plants to make ATP. We then eat the plants, metabolize their phosphorus, and produce our own ATP. When we die, our phosphorus goes back into the ecosystem to begin the cycle again.

Reducing power


NADPH (nicotinamid diphosphate) is a molecule that acts as an electron carrier.  It exists in two forms that vary in whether or not they are carrying electrons. NADPH is the reduced form of the molecule (has electrons). NADP+ is the oxidized form of the same molecule (lacks electrons).  Photosynthesis is a key source of NADPH.
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In the reaction from NADPH to NADP+ two electrons are transferred and 2 carbon atoms are reduced.
NADPH + H+ → NADP+ + 2H+ + 2e- (or NADP+ + H2)
Photosystems I and II

Recall that photosynthesis is the process that converts energy in sunlight to chemical forms of energy that can be used by biological systems.  Carbon dioxide is reduced to carbohydrates through electrons that ultimately come from the splitting of water, which is converted to protons and molecular oxygen.  The energy for this process comes from light.

1.) Light energy between 700 and 1000 nm (near infra-red) absorbed by reaction centers P(690) by chlorophyll b and antennae pigments (100-5000) that harvest the light to start electron transport chain (charge separation).  The large number of these allows electron transport even under low light conditions.
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Why do the leaves change colors in the fall?
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2.) The reaction centers are localized in thylacoid membranes – in eukaryotes these are in chloroplasts.
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Recall that bacteria have no chloroplasts or other organelles, so photosynthetic complexes occur in membranes around the cytoplasm or complex thylacoid membranes within the cell.

3.) Electron flow in photosynthesis 

a. Cyclic – in PS II the electrons flow from the reaction center to plastoquinone and then to cytochromeb6f complex.  In the process of ATP formation an electron is passed back to the reaction center, while one moves on to PS I.

b. Non-cyclic – in PS I the electron donated from PS II with light energy pushes chlorophyll a to a higher energy state, and then the electron is passed off to ferredoxin.  Electrons then flow to NADP+ to produce NADPH.  

The “light” reactions refer to the parts of PS II and PS I, which require light energy, but the fixation of carbon dioxide in the Calvin-Bensen cycle is independent of light and is thus called the “dark” reactions.

The “light” reactions: 2 H2O + 2 NADP+ → 2 NADPH + 2 H+ + O2
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Carbon Fixation

Electron flow from water to NADP requires light energy and is coupled to the generation of a proton gradient across the thylakoid membrane.  The proton gradient is used for the synthesis of ATP.  The ATP and NADP produced in the light reactions are used for CO2 fixation referred to as the Calvin-Bensen cycle, otherwise known as the “dark” reaction.
CO2 + 2 NADPH + 2 H+ → CH2O + H2O + 2 NADP+ + ATP4- + H2O → ADP3- + Pi2- + H+
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The initial CO2 fixation reaction involves the enzyme ribulose 1,5-bisphosphate carbonxylase/oxygenase (RuBisCO or RuBP), which can react with either CO2 or O2 (photorespiration) – depending on the concentration of the two molecules at the site of fixation.  
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Inside the stroma, five enzymes get together to produce glucose.  The stroma is located inside the chloroplast, but outside of the thylakoid sac.  For simplicity the enzymes responsible for this transformation are numbered 1 through 5.

The Calvin-Bensen cycle

a. Enzyme 1 (Rubisco) takes 3 CO2 molecules from the surrounding air and attaches them to three 5-carbon sugars.
b. Enzyme 2 takes the three 6-carbon sugars from the first enzyme and rearranges them to six 3-carbon sugars.

c. Enzyme 3 adds hydrogen to the six 3-carbon sugars and then discards one of them.

d. Enzyme 4 takes the remaining five 3-carbon sugars and changes them into three 5-carbon sugars

e. Enzyme 5 energizes these sugars with ATP

Note that for one trip through the photosynthetic cycle only one glucose is produced for the plant’s immediate use, the other 5 carbon atoms are used to fuel the next attempt at fixation.


In sum, the Calvin cycle uses ATP and NADPH formed in the “light” reaction to convert CO2 to sugar in three phases:
     1. Carbon fixation: CO2 is combined with a sugar--thus the inorganic CO2 is now in organic form (3-phosphoglycerate) 

     2. Reduction: ATP and NADPH are consumed to form glyceraldehyde-3-phosphate 

     3. Regeneration: RuBP is regenerated to allow another turn of the cycle
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The biochemistry supporting life on earth depends in terms of gain of energy on oxidative reactions. The final product of metabolic pathways based on carbon is carbon dioxide, which is released into the atmosphere. To close the carbon cycle it is necessary to feed the carbon dioxide back to the food chain. The only enzyme capable of this task is ribulose-1,5-bisphosphate carboxylase (rubisco). It comprises the starting point of any food chain. 
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Figure 8. A schematic view of the flow of carbon in the Calvin Cycle. Subscripted
Cs represent carbohydrates for which the net oxidation number for carbon is zero.
PGA represents 3-phosphoglyceric acid. Six moles of NADPH + H" are required to
provide the 12 electrons required to reduce three moles of carbon initially in the
form of CO, to the level of carbohydrate. Energy provided by the hydrolysis of ATP
(not shown) is required to drive the overall process.





The Calvin Cycle has two primary goals:
1. regenerate CO2 acceptor (RuBP)

2. provide reduced C to build biomass

The Calvin Cycle has to be passed three times in order to produce one molecule of 3-phosphoglyceraldehyde via photosynthesis since just one molecule of carbon dioxide is fixed in every round.  Note that 9ATP/3CO2, which actually works out well with the energy available from the H+ gradient across the thylokoid membrane and ATPase.

1. basic view of organization, energy conversion and carbon processing

2. knowledge that cells have soluble, chemical carriers of energy and reducing power

3. an impression of how electromagnetic energy is converted to chemical energy

4. fixation of C by formation of C-C bonds and prompt (irreversible) formation of stable products

5. use of ATP to produce reactants that can be exorgonically reduced

6. development of a network of reactions such that key reactants are regenerated (cyclical reactions)


Biological catalysis is a universal component of low-temperature geochemistry.  Just as you would not attempt to interpret high-temperature geochemical or geophysical processes without some knowledge of crystal chemistry, mineral structure, rock mechanics, and tectonics, you cannot understand low-temperature processes without some appreciation of biochemistry.
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