
10.  Photosynthesis

We've mentioned that Jan Baptista van Helmont planted a willow tree in a bucket and watered it using only rain water for five years.  After five years, the tree grew significantly, but the bucket lost negligible weight.  Van Helmont concluded that the tree growth must have come from the water.  Stephen Hales, the English botanist, observed that it was "air" that the plants used for growth.  In the 1770's, the English chemist Joseph Priestley, did some experiments with fixed air.  After burning a candle until the combustion self-extinguished, he showed that a mouse placed in the atmosphere of fixed air died.  However, a mint continued to thrive in the fixed air for weeks.  Subsequent to the green plant's growth, Priestly found that a candle could burn again and a mouse could breath successfully again in the replenished air.  Towards the end of that decade, the Dutch physician Jan Ingenhousz was inspired by Priestley's experiments and himself performed experiments in 1779 showing that sunlight was necessary and that only the green parts of plants participated in replenishing the air.  He also demonstrated that, in the dark, plants, like animals, consumed oxygen and gave off carbon dioxide.  He wrote up his results that year in a book entitled “Experiments upon Vegetables, discovering Their Great Power of Purifying the Common Air in Sunshine and Injuring it in the Shade and at Night.”  In 1783, a Swiss minister named Jean Senebier observed that plants utilized carbon dioxide that was "dissolved in water".  After the turn of the century, a Swiss physicist, Nicolas de Saussure, the son of an agricultural scientist, concluded from quantitative studies on the organic matter and oxygen produced by plants that they required not only carbon dioxide, but water as well.
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Ingenhousz                                                Pelletier and Caventou

Two French chemists, Pierre Joseph Pelletier and Joseph Caventou, both sons of pharmacists, in 1817 separated out the green component of plant leaves responsible for plant respiration and named it chlorophyll.  (A few years later they made their most important discovery, quinine, from the bark of the cinchona tree.)  By the middle of the nineteenth century, Julius Mayer, a German physician represented photosynthesis as

CO2 + H2O + light ( O2 + organic matter + chemical energy
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Julius Mayer                               Jean Baptiste Boussingault

If it weren't for the oxygen produced by photosynthesis, the oxygen used by living things to convert carbohydrates and fuels into carbon dioxide, water and usable (or wasted) energy would be completely consumed in about three thousand years.

In 1864, the French agricultural chemist, Jean Baptiste Boussingault, found out that the ratio of oxygens generated to carbon dioxides consumed in photosynthesis was essentially one to one.  That year, the German botanist Julius von Sachs did an elegant experiment using the ability of iodine to detect starch.  When iodine comes in contact with starch, the starch turns characteristically purple. Sachs isolated some green leaves in the dark for many hours so that their metabolism consumed any starch that might be in the leaves.  He then covered half the leaf and exposed the other half to sunlight.  After awhile, he exposed the entire leaf to iodine and only the exposed portion turned color.  In 1865, Sachs proved that chlorophyll occurred only in certain cellular bodies, later called chloroplasts.
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Julius von Sachs

Early ideas of how photosynthesis worked were quite simple.  In the first quarter of the twentieth century, it was thought that light split carbon dioxide into oxygen and carbon, the latter subequently reacting with water to produce organic compounds.  However, bacteria were found which could use carbon dioxide and water to synthesize essentially the same organic compounds that were made by photosynthesis, but the bacteria didn't need light.  Later, the Dutch microbiologist Cornelis van Niel found bacteria that could utilize the carbon dioxide in the presence of light, but that did not evolve oxygen.

In 1941, oxygen enriched in the isotope 18O became available which allowed Sam Ruben and Martin Kamen to use water enriched in the heavy oxygen isotope as a tag for the photosynthesis reactions.  The oxygen evolved had the same composition as the percent tag used in the water and not the composition of the carbon dioxide's oxygen.  This showed that the oxygen released was not from the carbon dioxide which was surprising.  Ruben and Martin tried to trace the path of carbon, but the only viable method was to use a very short-lived radioisotope of carbon, C-11, making the experiments very difficult.  Furthermore, the carbon ended up in a variety of organic compounds which could not easily be separated from each other at that time.  In a few years, Ruben and Kamen discovered the longer-lived radioactive isotope of carbon, 14C.  It enabled Melvin Calvin, an American biochemist, to begin tracing the steps of photosynthesis by which carbon dioxide and water, under the empowerment of light, are able to assemble large complex organic matter such as sugars and starches, a venture launched nearly three hundred years earlier by van Helmont.

Calvin photosynthesis cycle
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Melvin Calvin

By 1945, the availability of 14C in conjunction with simple techniques for separating complex mixtures into their chemical components enabled American chemist Melvin Calvin and his colleagues to begin working out the complex path of carbon in photosynthesis.  A simplified description of the technique employed goes as follows.  Green algae are exposed to light for a very brief time in the presence of carbon dioxide that has some radioactive carbon component.  The algae are rapidly dumped into methanol (wood alcohol) which stops all steps of the photosynthetic process.  The chemical components are then separated from each other and scanned to see where the radioactive carbon appears.  Logically, if the reaction is stopped soon enough, only the first chemical or chemicals made will contain radioactive carbon.  Even after just five seconds of photosynthesis, the radioactive carbon shows up in a number of chemicals.  Prominent among these is one called phosphoglyceric acid or PGA.  Its chemical structure is indicated on the right below in a diagram that represents how the radioactive carbon dioxide, indicated as *CO2, is first incorporated into the more complex structure by reacting with the five-carbon compound
 "RuBP" to produce two PGA's (only one of which, of course, is radioactively labeled).  An enzyme, a natural catalyst, called “rubisco” speeds this up.  (Rubisco is also involved in photorespiration and in metabolism.)
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The surprising outcome was not what was anticipated.  A simple scheme would have had CO2 somehow picking up hydrogens from water to form something like CH2O and then doubling and tripling, for example, to form [CH2O]2 and [CH2O]3.  Instead, it was found that CO2 combined with a five-carbon molecule already present in chloroplasts to form a pair of three-carbon molecules.  The cycle that Calvin revealed with ingenious experiments showed that actually three carbon dioxide molecules and a number of light photons were required not only to generate a three-carbon sugar, triose P, but also to regenerate the initial five-carbon "RuBP" and a number of other compounds needed to supply the energy requirements to assemble that triose P.  These other compounds are abbreviated as
 NADPH2 and ATP.  During the Calvin cycle, a total of 12 NADPH are consumed (forming NADP+) and 18 ATP are consumed (forming ADP
 and the phosphate ion, abbreviated as P-).  They require a variety of enzymes, nature's catalysts, to work their magic.  

6 CO2 + 18 ATP + 12 NADPH + 12 H2O ( C6H12O6 + 18 ADP + 18 P- + 12 NADP+ + 6 H+

Observe that this now introduces the need for consideration of “phosphate” as an influential requirement.

A very much abbreviated version of what goes on is diagrammed below.  To keep relatively simple what is extraordinarily intricate, only the number of carbons in a participating species is indicated, except for carbon dioxide itself.  There are actually a variety of different important intermediates lumped together this way.  C3 could be any of several different three-carbon compounds.  We have divided the process into three diagram regions.

[image: image8.wmf]
On the top is the overall need for 6 carbon dioxides, which individually attach to a 5-carbon species (RuBP) in the plant followed by the break-up of the combination into a pair of 3-carbon compounds for each such combination.  These combinations do not occur simultaneously but are lumped together as a way of assembling the overall process.  Half of the C3 species are eventually paired up to give three 6-carbon sugars abbreviated here as C6.  We also have the other half of the C3 species remaining on the diagram.  Why do we need all these extra pieces if we’ve made three sugars from six carbon dioxides?  Because if we ever want to perform another cycle of sugar production, we need more C5 (RuBP) species.  Where are these to come from?  As indicated in the bottom region of the illustration, two of the three 6-carbon sugars and the six “extra” 3-carbon species can react (also in a quite complicated manner involving a number of steps) to re-form the six C5 species needed for the next round of sugar production.  One net sugar has been produced.  Left out of this simplification is the necessary water and the fact that oxygen is produced as a by-product.  We can now look at the actual steps in more detail to explore the fascinating complexity of the photosynthetic assembly line.

The common six-carbon sugar is glucose whose ring structure is shown below.  The right half version is just a shorthand notation, leaving out the carbons (C) at the ring vertices.
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The overall process to this point is deceptively summarized, leaving out a large number of intermediate details, as
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Enzymes can be likened to those functionaries that can perform quick marriages or divorces.  Their role as individuals is to bring two others together to make a couple or divorce a couple without being consumed themselves.  The twosome can be pushed in either direction.  Likewise an enzyme facilitates a combination or de-combination of parts without itself being used up.
Water

In the scheme where the three-carbon intermediates appear early in the complicated photosynthetic path, there is a need for about one thousand water molecules per carbon dioxide consumed.  Yes, one thousand.  This is not a chemical need, but a balance to drive the reaction efficiently.  Where water is scarce or even when water just when water is scarce, there are plants that have an alternative photosynthetic path requiring half the water of the three-carbon sequence.  In this alternative scheme, an enzyme combines carbon dioxide with “phosphoenolpyruvate” to form oxaloacetate, a four-carbon intermediate and then on to malate which is effectively delivered to chloroplasts.  Here, interestingly, CO2 is de-coupled from the malate and dropped into the three-carbon Calvin cycle as before.  The remnant from decoupling CO2 from malate is pyruvate which returns for another round after phosphate is added making it phosphoenolpyruvate.
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The three-carbon path is one that saturates in high light intensities and does best at 15-25 (C.  The four-carbon alternative does not saturate and does best at 30-45 (C.  An obvious interpretation is the the C4 path is adapted to very warm climates and aridity.  But less obvious is that it is also to effective in low CO2 levels as might occur in aqueous subsurface environments.  These differences between photosynthetic pathways for different species becomes a tool for studing temperature changes in the past.

Still another variation that has evolved to minimize the loss of water involves absorbing CO2 at night, converting it to oxaloacetate and malate.  During daylight, plant leaf stomata close and sunlight enables decarboxylation and photosynthesis.  Aloe and pineapples are examples of plants that use this variation.
Light

Many, many steps and intermediates are involved in the photosynthetic process.  And there are a number of variations on the main theme as well.  Light is absorbed by chlorophyll which is extremely efficient for “visible” light from the sun reaching the Earth.  The chlorophyll molecule

[image: image12.wmf]
has a magnesium ion, Mg2+, at its core.  It absorbs red light wavelengths at around 680 nanometers and also shorter wavelength blue-violet light at ~400 nanometers.  Since red and blue are taken from “white” sunlight, and white sunlight is the fully mixed set of colors from a rainbow, what’s left over appears green to our eyes.  There are actually two slightly different chlorophylls involved in most photosynthetic set ups.  Their make-up differs slightly, but it’s enough to shift the colors absorbed.  

The three-dimensional rendition of chlorophyll looks like
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Below is shown the intensity of sunlight over the various wavelengths that we’re familiar with.  Also shown are the efficiencies for the two chlorophylls, a and b, in absorbing the colors.
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Red algae and cyanobacteria (blue green algae) use different “antennae” than chlorophylls; they use phycoerythrin and phycocyanin to grab the central part of the visible spectrum.

Among the many steps not detailed is that the regeneration of NADPH2 from the action of light on NADP in the presence of water, generating oxygen from the water.  The oxygen does not come from the carbon dioxide.  

Within the chloroplast, the triose P is the building block for starches.  When transported out of the chloroplast, the triose P doubles with another triose P to begin the sequence of steps that leads to formation of the six-carbon sugar glucose and subsequently to a twelve-carbon sugar sucrose.  But only one-sixth of the triose P molecules made is used for these syntheses.  The other five-sixths are needed to regenerate the RuBP for the cycle to continue another loop.

Changes

If exposures to light and tagged C*O2 were only as long as one-and-a-half minutes, the 14C could appear in more than a dozen different chemical compounds.

The rate of photosynthesis depends, of course, on how much carbon dioxide is present in the atmosphere.  This dependence varies from species to species.  For example, in tobacco, the net rate hits zero (photosynthesis consumption of CO2 equals repiration release of CO2) at .05 ppt carbon dioxide; maize (which has a different biochemistry of the photosynthesis cycle, one adapted to low concentrations of carbon dioxide) can continue down to a few ppm.  Geologic records imply that the carbon dioxide level has not been below this during the past 400 My.  However, interpretation of those records also depends on the physiology of plant photosynthesis for ancient plant life.  As far as increasing carbon dioxide concentrations go, the rate of photosynthesis consumption of carbon dioxide grows with increasing levels, but stops increasing at about double the current level.  Data from spinach plants is shown below for three different levels of light expressed as energy incident on a unit area per second (erg sec-1 cm-2).  At still higher levels, the photosynthesis rate begins to fall; for some plants this sets in at 0.02 atmospheres (20 ppt or 2%).  Algal growth seems to be able to be sustained up to about 0.3 atmospheres pressure.  To orient this value, be reminded that the current level of oxygen in the atmosphere is 0.2 atmospheres pressure.

Photosynthesis has been referred to as the key shaper of evolution.  As a significant process, it dates back to more than 2 billion years before the present to the “Archaean” eon.  At about that time, oxygen-evolving cyanobacteria were thriving, consuming carbon dioxide, forming matted conglomerates and leaving behind fossil stromatolites.  An astounding outcome of this environmental change was that rising oxygen concentration oxidized the more-abundant-than-now greenhouse gas, methane, CH4.  The loss of greenhouse gas arguably led to severe drops in temperature, averaging at their “worst” perhaps fifty degrees below 0 (C.  There is growing evidence, discussed elsewhere, that such cycles interspersed with extreme warming periods occurred a number of times during the Precambrian era, most recently about 750-600 million years ago.  The transition from warm climate to “snowball earth” might have taken as little as a thousand years, freezing oceans and extending glaciers even to equatorial regions, eliminating many lifeforms during the freeze-out.

(How did the ancient carbon dioxide atmosphere disappear?)

Starch, essentially a chain of glucoses, is used as a nutritional storage substance in plants.  If instead of linking the glucoses to give a helix-like structure which is what we have in starch, we link glucoses to form a linear chain, we get cellulose.  Cellulose is the most abundant organic compound in the biosphere, containing more than half of all organic carbon.  Its linear molecular structure gives the resulting fibers high tensile strength.   Comparable sections of the chains (or polymers) of glucose in starch and in cellulose are shown here.  The helical structure in starch makes the glucose building units accessible for use as “food”.  Of slight interest is the fact that yeasts and bacteria store glucose in yet another polymeric structure called dextrans.
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The second most abundant organic substance on the planet is the structural component of wood: lignin.  Lignin is not a single structure but quite complex.  It provides plants with their ability to survive in a terrestrial environment where gravity, wind, and weather would otherwise make things very unconducive to survival.  Lignins (and related lignans) account for 20-25% of the weight of a woody plant and 30-40% of the organic carbon contained therein.  One picture of what a section of the lignin polymer looks like is illustrated here just for completeness sake.  The details are absolutely unimportant to us.
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The reason to even mention it is that the very first step in the biochemistry of making lignin by a plant involves the combination of two simple phosphate derivatives of sugar-like chemicals.  They are erythrose-4-phosphate and 3-phosphoglycerate.  These are both made from glucose (or starch) by plants through a series of many steps after which even more complicated chemistry begins to assemble the huge lignin molecule of which a section was just shown above.  And we are to keep in mind that the glucose from which this starts is all assembled by photosynthesis with carbon dioxide as the underlying construction material.

Ocean plantlife is much too small a fraction of all plants now.  But their turnover is so fast that their contribution to photosynthesis is comparable to that of terrestrial plantlife.  The carbon dioxide fate becomes complicated, though, because plant respiration in the oceans returns most (90%) of the CO2 to surface waters for re-use by phytoplankton or to the atmosphere directly.  The rest does sink though as a nearly continuous rain of microscopic sedimentary particles amounting to about 100 million tons per year.

Currently, the annual consumption of carbon dioxide by photosynthesis is about 73 X 1015 grams of carbon or 270 Gt of carbon dioxide.  This produces, reciprocally, 190 Gt of oxygen gas.  The total oxygen content of the atmosphere is 1,200,000 Gt from which we can estimate a cycle time for oxygen (dividing the latter value by the former value) of ≈ 6000 years (since the total has been constant for much longer than that).

As photosynthesis rises and ebbs with sunlight hours in a forest, the carbon dioxide concentration can fluctuate.  It has been found to reach as high as 400 ppm at night (when consumption of CO2 is low and respiration occurs in plants) and drops to ~300 ppm at midday at tree top level.  Because the [O2]/[CO2] is so large (.2/.00035 = 570), fluctuations in carbon dioxide levels even as high as 10 do not noticeably affect the amount of oxygen around.

Carbon in organic debris material is reduced by microbacterial action generating about 3.2 X 1014 g of oxygen per year.  This magnitude would grow to 1.2 X 1021 grams in four million years corresponding to a doubling of the oxygen concentration in the atmosphere since that’s the amount currently present.  But weathering processes consume about three-quarters of the production.
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Seasonal amplitudes

(S. A. Zimov et al., Science 284 1973 ’99)  The “amplitude” is the day flux of carbon dioxide input and the night flux output.  It varies with seasons.  It also varies with geographical latitude.  Winter, in northern latitudes, has zero flux.  Summer there has day/night fluxes nearly canceling.  But in “disturbed sites” where fire or excessive reindeer grazing has occurred, day influx increases more the a factor of two.  The efflux …(read article carefully).
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Photosynthesis alternatives

Anaerobes are living species that operate in the absence of oxygen.  “Facultative” anaerobes can live with or without oxygen and change their metabolic chemistry accordingly.  The ubiquitos E. coli bacteria are an example.  It is probably the most common bacterium in the human large intestine numbering ten to a hundred billion cells per gram.  Another type is clostridium which includes in its family the botulinium bacteria (“botox”) and also the bacterium that is responsible for tetanus.

But there are also “obligative” anaerobes to whom oxygen is deadly.  These are usually found in lake bottoms (and are responsible for marsh gas) and the rumens of herbivorous animals.  They are also found in rice fields and in termites.  

The presence of oxygen invariably generates some hydrogen peroxide, H2O2, and/or superoxide.  Normal cells produce enzymes such as catalase or peroxidase or superoxide dismutase to counteract these toxic substances.  But obligate anaerobes don’t have these enzymes.  Unavoidable oxidation reactions produced by the perioxides and superoxide are lethal to the cell.  In fact, when phagocytes – those cells that help fight infection – engulf bacteria, much of their mechanism of disposal is to douse the bacteria with superoxide to help kill it.

 “Methane bacteria” are (obligative or facultive) anaerobes that produce methane gas from carbon dioxide according to

CO2+ 4 H2 ( CH4 + 2 H2O + energy

(where does the hydrogen come from?)

There are also sulfur bacteria.  The two categories of such bacteria are referred to as the purple and the green variety.  Their photosynthesis, instead of being based on CO2 + H2O, is designed around CO2 + H2S.

Nobel Prizes related to photosynthesis
The complexity of the science behind unraveling photosynthesis can also be measured by the recognition given to various scientists through the Nobel Prizes.  Below is a list of such prizes at least partially relevant to photosynthesis.

	Year
	Field
	Name
	Topic

	1915
	Chemistry
	Wilstätter
	Mg in chlorophyll

	1922
	Physiology/Medicine
	Meyerhof and Hill
	Lactic acid production

	1929
	Chemistry
	Harden and Chelpin
	Yeast metabolism

	1931
	Physiology/Medicine
	Warburg
	O2 in tissue

	1947
	Physiology/Medicine
	Cori and Cori
	Sugar phosphates

	1953
	Physiology/Medicine
	Lipmann and Krebs
	ATP and Krebs cycle

	1961
	Chemistry
	Calvin
	Photosynthesis

	 1964
	Physiology/Medicine
	Lynen
	Fatty acid metabolism

	1965
	Chemistry
	Woodward
	Chlorophyll synthesis

	1970
	Chemistry
	Leloir
	Carbohydrate synthesis

	1988
	Chemistry
	Deisevhofer, Huber and Michel
	Photosynthesis proteins

	199x
	Chemistry
	Koshland
	ATP


14C* used for searching for metabolism on Mars (Viking) (G.V.Levin)

Hydroponics (uses 1000-2000 ppm carbon dioxide)

37 AD Romans grew cucumbers under transparent rock (mica) = first greenhouse

� ribulose 1,5-biphosphate


� nicotinamide and adenosine triphosphate


� adenosine diphosphate
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