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Introduction: 

Photosynthesis
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Photosynthesis (from the Greek φώτο- [photo-], "light," and σύνθεσις [synthesis], "putting together.", "composition") is a process that converts carbon dioxide into organic compounds, especially sugars, using the energy from sunlight. Photosynthesis occurs in plants, algae, and many species of Bacteria, but not in Archaea. Photosynthetic organisms are called photoautotrophs, since it allows them to create their own food. In plants, algae and cyanobacteria photosynthesis uses carbon dioxide and water, releasing oxygen as a waste product. Photosynthesis is vital for life on Earth. As well as maintaining the normal level of oxygen in the atmosphere, nearly all life either depends on it directly as a source of energy, or indirectly as the ultimate source of the energy in their food (the exceptions are chemoautotrophs that live in rocks or around deep sea hydrothermal vents). The amount of energy trapped by photosynthesis is immense, approximately 100 terawatts: which is about six times larger than the power consumption of human civilization. As well as energy, photosynthesis is also the source of the carbon in all the organic compounds within organisms' bodies. In all, photosynthetic organisms convert around 100,000,000,000 tonnes of carbon into biomass per year. 

Although photosynthesis can happen in different ways in different species, some features are always the same. For example, the process always begins when energy from light is absorbed by proteins called photosynthetic reaction centers that contain chlorophylls. In plants, these proteins are held inside organelles called chloroplasts, while in bacteria they are embedded in the plasma membrane. Some of the light energy gathered by chlorophylls is stored in the form of adenosine triphosphate (ATP). The rest of the energy is used to remove electrons from a substance such as water. These electrons are then used in the reactions that turn carbon dioxide into organic compounds. In plants, algae and cyanobacteria this is done by a sequence of reactions called the Calvin cycle, but different sets of reactions are found in some bacteria, such as the reverse Krebs cycle in Chlorobium. Many photosynthetic organisms have adaptations that concentrate or store carbon dioxide. This helps reduce a wasteful process called photorespiration that can consume part of the sugar produced during photosynthesis.

Photosynthesis evolved early in the evolutionary history of life, when all forms of life on Earth were microorganisms and the atmosphere had much more carbon dioxide. The first photosynthetic organisms probably evolved about 3,500 million years ago, and used hydrogen or hydrogen sulfide as sources of electrons, rather than water. Cyanobacteria appeared later, around 3,000 million years ago, and changed the Earth forever when they began to oxygenate the atmosphere, beginning about 2,400 million years ago. This new atmosphere allowed the evolution of complex life such as protists. Eventually, no later than a billion years ago, one of these protists formed a symbiotic relationship with a cyanobacterium, producing the ancestor of the plants and algae. The chloroplasts in modern plants are the descendants of these ancient symbiotic cyanobacteria. 

Photosynthetic organisms are photoautotrophs, that means that they are able to synthesize food directly from carbon dioxide using energy from light. However, not all organisms that use light as a source of energy carry out photosynthesis, since photoheterotrophs use organic compounds, rather than carbon dioxide, as a source of carbon. In plants, algae and cyanobacteria, photosynthesis releases oxygen. This is called oxygenic photosynthesis. Although there are some differences between oxygenic photosynthesis in plants, algae and cyanobacteria, the overall process is quite similar in these organisms. However, there are some types of bacteria that carry out anoxygenic photosynthesis, which consumes carbon dioxide but does not release oxygen.

Carbon dioxide is converted into sugars in a process called carbon fixation. Carbon fixation is a redox reaction, so photosynthesis needs to supply both a source of energy to drive this process, and also the electrons needed to convert carbon dioxide into carbohydrate, which is a reduction reaction. In general outline, photosynthesis is the opposite of cellular respiration, where glucose and other compounds are oxidized to produce carbon dioxide, water, and release chemical energy. However, the two processes take place through a different sequence of chemical reactions and in different cellular compartments.

The general equation for photosynthesis is therefore:

2n CO2 + 2n H2O + photons → 2(CH2O)n + n O2 + 2n A

Carbon dioxide + electron donor + light energy → carbohydrate + oxygen + oxidized electron donor

Since water is used as the electron donor in oxygenic photosynthesis, the equation for this process is:

2n CO2 + 2n H2O + photons → 2(CH2O)n + 2n O2
carbon dioxide + water + light energy → carbohydrate + oxygen

Other processes substitute other compounds (such as arsenite) for water in the electron-supply role; the microbes use sunlight to oxidize arsenite to arsenate: The equation for this reaction is:

(AsO33-) + CO2 + photons → CO + (AsO43-)

carbon dioxide + arsenite + light energy → arsenate + carbon monoxide 
(used to build other compounds in subsequent reactions)

Photosynthesis occurs in two stages. In the first stage, light-dependent reactions or light reactions capture the energy of light and use it to make the energy-storage molecules ATP and NADPH. During the second stage, the light-independent reactions use these products to capture and reduce carbon dioxide.

Most organisms that utilize photosynthesis to produce oxygen use visible light to do so, although at least three use infrared radiation. 

Photosynthetic membranes and organelles




Chloroplast ultrastructure:
1. outer membrane
2. intermembrane space
3. inner membrane (1+2+3: envelope)
4. stroma (aqueous fluid)
5. thylakoid lumen (inside of thylakoid)
6. thylakoid membrane

7. granum (stack of thylakoids)
8. thylakoid (lamella)
9. starch
10. ribosome
11. plastidial DNA
12. plastoglobule (drop of lipids)

The proteins that gather light for photosynthesis are embedded within cell membranes. The simplest way these are arranged is in photosynthetic bacteria, where these proteins are held within the plasma membrane. However, this membrane may be tightly-folded into cylindrical sheets called thylakoids, or bunched up into round vesicles called intracytoplasmic membranes. These structures can fill most of the interior of a cell, giving the membrane a very large surface area and therefore increasing the amount of light that the bacteria can absorb. 

In plants and algae, photosynthesis takes place in organelles called chloroplasts. A typical plant cell contains about 10 to 100 chloroplasts. The chloroplast is enclosed by a membrane. This membrane is composed of a phospholipid inner membrane, a phospholipid outer membrane, and an intermembrane space between them. Within the membrane is an aqueous fluid called the stroma. The stroma contains stacks (grana) of thylakoids, which are the site of photosynthesis. The thylakoids are flattened disks, bounded by a membrane with a lumen or thylakoid space within it. The site of photosynthesis is the thylakoid membrane, which contains integral and peripheral membrane protein complexes, including the pigments that absorb light energy, which form the photosystems.

Plants absorb light primarily using the pigment chlorophyll, which is the reason that most plants have a green color. Besides chlorophyll, plants also use pigments such as carotenes and xanthophylls. Algae also use chlorophyll, but various other pigments are present as phycocyanin, carotenes, and xanthophylls in green algae, phycoerythrin in red algae (rhodophytes) and fucoxanthin in brown algae and diatoms resulting in a wide variety of colors.

These pigments are embedded in plants and algae in special antenna-proteins. In such proteins all the pigments are ordered to work well together. Such a protein is also called a light-harvesting complex.
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Although all cells in the green parts of a plant have chloroplasts, most of the energy is captured in the leaves. The cells in the interior tissues of a leaf, called the mesophyll, can contain between 450,000 and 800,000 chloroplasts for every square millimeter of leaf. The surface of the leaf is uniformly coated with a water-resistant waxy cuticle that protects the leaf from excessive evaporation of water and decreases the absorption of ultraviolet or blue light to reduce heating. The transparent epidermis layer allows light to pass through to the palisade mesophyll cells where most of the photosynthesis takes place.

Light-dependent reactions of 
photosynthesis at the thylakoid membrane

In the light reactions, one molecule of the pigment chlorophyll absorbs one photon and loses one electron. This electron is passed to a modified form of chlorophyll called pheophytin, which passes the electron to a quinone molecule, allowing the start of a flow of electrons down an electron transport chain that leads to the ultimate reduction of NADP to NADPH. In addition, this creates a proton gradient across the chloroplast membrane; its dissipation is used by ATP synthase for the concomitant synthesis of ATP. The chlorophyll molecule regains the lost electron from a water molecule through a process called photolysis, which releases a dioxygen (O2) molecule. The overall equation for the light-dependent reactions under the conditions of non-cyclic electron flow in green plants is: 

2 H2O + 2 NADP+ + 2 ADP + 2 Pi + light → 2 NADPH + 2 H+ + 2 ATP + O2
Not all wavelengths of light can support photosynthesis. The photosynthetic action spectrum depends on the type of accessory pigments present. For example, in green plants, the action spectrum resembles the absorption spectrum for chlorophylls and carotenoids with peaks for violet-blue and red light. In red algae, the action spectrum overlaps with the absorption spectrum of phycobilins for blue-green light, which allows these algae to grow in deeper waters that filter out the longer wavelengths used by green plants. The non-absorbed part of the light spectrum is what gives photosynthetic organisms their color (e.g., green plants, red algae, purple bacteria) and is the least effective for photosynthesis in the respective organisms.
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In plants, light-dependent reactions occur in the thylakoid membranes of the chloroplasts and use light energy to synthesize ATP and NADPH. The light-dependent reaction has two forms: cyclic and non-cyclic. In the non-cyclic reaction, the photons are captured in the light-harvesting antenna complexes of photosystem II by chlorophyll and other accessory pigments (see diagram at right). When a chlorophyll molecule at the core of the photosystem II reaction center obtains sufficient excitation energy from the adjacent antenna pigments, an electron is transferred to the primary electron-acceptor molecule, Pheophytin, through a process called photoinduced charge separation. These electrons are shuttled through an electron transport chain, the so called Z-scheme shown in the diagram, that initially functions to generate a chemiosmotic potential across the membrane. An ATP synthase enzyme uses the chemiosmotic potential to make ATP during photophosphorylation, whereas NADPH is a product of the terminal redox reaction in the Z-scheme. The electron enters the Photosystem I molecule. The electron is excited due to the light absorbed by the photosystem. A second electron carrier accepts the electron, which again is passed down lowering energies of electron acceptors. The energy created by the electron acceptors is used to move hydrogen ions across the thylakoid membrane into the lumen. The electron is used to reduce the co-enzyme NADP, which has functions in the light-independent reaction. The cyclic reaction is similar to that of the non-cyclic, but differs in the form that it generates only ATP, and no reduced NADP (NADPH) is created. The cyclic reaction takes place only at photosystem I. Once the electron is displaced from the photosystem, the electron is passed down the electron acceptor molecules and returns back to photosystem I, from where it was emitted, hence the name cyclic reaction.

The NADPH is the main reducing agent in chloroplasts, providing a source of energetic electrons to other reactions. Its production leaves chlorophyll with a deficit of electrons (oxidized), which must be obtained from some other reducing agent. The excited electrons lost from chlorophyll in photosystem I are replaced from the electron transport chain by plastocyanin. However, since photosystem II includes the first steps of the Z-scheme, an external source of electrons is required to reduce its oxidized chlorophyll a molecules. The source of electrons in green-plant and cyanobacterial photosynthesis is water. Two water molecules are oxidized by four successive charge-separation reactions by photosystem II to yield a molecule of diatomic oxygen and four hydrogen ions; the electron yielded in each step is transferred to a redox-active tyrosine residue that then reduces the photoxidized paired-chlorophyll a species called P680 that serves as the primary (light-driven) electron donor in the photosystem II reaction center. The oxidation of water is catalyzed in photosystem II by a redox-active structure that contains four manganese ions and a calcium ion; this oxygen-evolving complex binds two water molecules and stores the four oxidizing equivalents that are required to drive the water-oxidizing reaction. Photosystem II is the only known biological enzyme that carries out this oxidation of water. The hydrogen ions contribute to the transmembrane chemiosmotic potential that leads to ATP synthesis. Oxygen is a waste product of light-dependent reactions, but the majority of organisms on Earth use oxygen for cellular respiration, including photosynthetic organisms. 

In the Light-independent or dark reactions the enzyme RuBisCO captures CO2 from the atmosphere and in a process that requires the newly formed NADPH, called the Calvin-Benson Cycle, releases three-carbon sugars, which are later combined to form sucrose and starch. The overall equation for the light-independent reactions in green plants is: 

3 CO2 + 9 ATP + 6 NADPH + 6 H+ → C3H6O3-phosphate + 9 ADP + 8 Pi + 6 NADP+ + 3 H2O
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Overview of the Calvin cycle and carbon fixation

To be more specific, carbon fixation produces an intermediate product, which is then converted to the final carbohydrate products. The carbon skeletons produced by photosynthesis are then variously used to form other organic compounds, such as the building material cellulose, as precursors for lipid and amino acid biosynthesis, or as a fuel in cellular respiration. The latter occurs not only in plants but also in animals when the energy from plants gets passed through a food chain.

The fixation or reduction of carbon dioxide is a process in which carbon dioxide combines with a five-carbon sugar, ribulose 1,5-bisphosphate (RuBP), to yield two molecules of a three-carbon compound, glycerate 3-phosphate (GP), also known as 3-phosphoglycerate (PGA). GP, in the presence of ATP and NADPH from the light-dependent stages, is reduced to glyceraldehyde 3-phosphate (G3P). This product is also referred to as 3-phosphoglyceraldehyde (PGAL) or even as triose phosphate. Triose is a 3-carbon sugar (see carbohydrates). Most (5 out of 6 molecules) of the G3P produced is used to regenerate RuBP so the process can continue (see Calvin-Benson cycle). The 1 out of 6 molecules of the triose phosphates not "recycled" often condense to form hexose phosphates, which ultimately yield sucrose, starch and cellulose. The sugars produced during carbon metabolism yield carbon skeletons that can be used for other metabolic reactions like the production of amino acids and lipids.
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Overview of C4 carbon fixation

In hot and dry conditions, plants will close their stomata to prevent loss of water. Under these conditions, CO2 will decrease, and oxygen gas, produced by the light reactions of photosynthesis, will decrease in the stem, not leaves, causing an increase of photorespiration by the oxygenase activity of ribulose-1,5-bisphosphate carboxylase/oxygenase and decrease in carbon fixation. Some plants have evolved mechanisms to increase the CO2 concentration in the leaves under these conditions.

C4 plants chemically fix carbon dioxide in the cells of the mesophyll by adding it to the three-carbon molecule phosphoenolpyruvate (PEP), a reaction catalyzed by an enzyme called PEP carboxylase and which creates the four-carbon organic acid, oxaloacetic acid. Oxaloacetic acid or malate synthesized by this process is then translocated to specialized bundle sheath cells where the enzyme, rubisco, and other Calvin cycle enzymes are located, and where CO2 released by decarboxylation of the four-carbon acids is then fixed by rubisco activity to the three-carbon sugar 3-Phosphoglyceric acids. The physical separation of rubisco from the oxygen-generating light reactions reduces photorespiration and increases CO2 fixation and thus photosynthetic capacity of the leaf. C4 plants can produce more sugar than C3 plants in conditions of high light and temperature. Many important crop plants are C4 plants including maize, sorghum, sugarcane, and millet. Plants lacking PEP-carboxylase are called C3 plants because the primary carboxylation reaction, catalyzed by rubisco, produces the three-carbon sugar 3-phosphoglyceric acids directly in the Calvin-Benson Cycle.

Xerophytes such as cacti and most succulents also use PEP carboxylase to capture carbon dioxide in a process called Crassulacean acid metabolism (CAM). In contrast to C4 metabolism, which physically separates the CO2 fixation to PEP from the Calvin cycle, CAM only temporally separates these two processes. CAM plants have a different leaf anatomy than C4 plants, and fix the CO2 at night, when their stomata are open. CAM plants store the CO2 mostly in the form of malic acid via carboxylation of phosphoenolpyruvate to oxaloacetate, which is then reduced to malate. Decarboxylation of malate during the day releases CO2 inside the leaves thus allowing carbon fixation to 3-phosphoglycerate by rubisco.

The overall process of photosynthesis takes place in four stages. The first, energy transfer in antenna chlorophyll takes place in the femtosecond (1 femtosecond (fs) = 10−15 s) to picosecond (1 picosecond (ps) = 10−12 s) time scale. The next phase, the transfer of electrons in photochemical reactions, takes place in the picosecond to nanosecond time scale (1 nanosecond (ns) = 10−9 s). The third phase, the electron transport chain and ATP synthesis, takes place on the microsecond (1 microsecond (μs) = 10−6 s) to millisecond (1 millisecond (ms) = 10−3 s) time scale. The final phase is carbon fixation and export of stable products and takes place in the millisecond to second time scale. The first three stages occur in the thylakoid membranes.
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Plants usually convert light into chemical energy with a photosynthetic efficiency of 3-6%. Actual plants' photosynthetic efficiency varies with the frequency of the light being converted, light intensity, temperature and proportion of carbon dioxide in the atmosphere, and can vary from 0.1% to 8%. By comparison, solar panels convert light into electric energy at a photosynthetic efficiency of approximately 6-20% for mass-produced panels, and up to 41% in a research laboratory. 

Plant cells with visible chloroplasts 
(from a moss, Plagiomnium affine).

Early photosynthetic systems, such as those from green and purple sulfur and green and purple non-sulfur bacteria, are thought to have been anoxygenic, using various molecules as electron donors. Green and purple sulfur bacteria are thought to have used hydrogen and sulfur as an electron donor. Green nonsulfur bacteria used various amino and other organic acids. Purple nonsulfur bacteria used a variety of non-specific organic molecules. The use of these molecules is consistent with the geological evidence that the atmosphere was highly reduced at that time.

Fossils of what are thought to be filamentous photosynthetic organisms have been dated at 3.4 billion years old. 

The main source of oxygen in the atmosphere is oxygenic photosynthesis, and its first appearance is sometimes referred to as the oxygen catastrophe. Geological evidence suggests that oxygenic photosynthesis, such as that in cyanobacteria, became important during the Paleoproterozoic era around 2 billion years ago. Modern photosynthesis in plants and most photosynthetic prokaryotes is oxygenic. Oxygenic photosynthesis uses water as an electron donor which is oxidized to molecular oxygen (O2) in the photosynthetic reaction center.

Several groups of animals have formed symbiotic relationships with photosynthetic algae. These are most common in corals, sponges and sea anemones, possibly due to these animals having particularly simple body plans and large surface areas compared to their volumes. In addition, a few marine mollusks Elysia viridis and Elysia chlorotica also maintain a symbiotic relationship with chloroplasts that they capture from the algae in their diet and then store in their bodies. This allows the molluscs to survive solely by photosynthesis for several months at a time. Some of the genes from the plant cell nucleus have even been transferred to the slugs, so that the chloroplasts can be supplied with proteins that they need to survive. 

An even closer form of symbiosis may explain the origin of chloroplasts. Chloroplasts have many similarities with photosynthetic bacteria including a circular chromosome, prokaryotic-type ribosomes, and similar proteins in the photosynthetic reaction center. The endosymbiotic theory suggests that photosynthetic bacteria were acquired (by endocytosis) by early eukaryotic cells to form the first plant cells. Therefore, chloroplasts may be photosynthetic bacteria that adapted to life inside plant cells. Like mitochondria, chloroplasts still possess their own DNA, separate from the nuclear DNA of their plant host cells and the genes in this chloroplast DNA resemble those in cyanobacteria. DNA in chloroplasts codes for redox proteins such as photosynthetic reaction centers. The CoRR Hypothesis proposes that this Co-location is required for Redox Regulation.

The biochemical capacity to use water as the source for electrons in photosynthesis evolved once, in a common ancestor of extant cyanobacteria. The geological record indicates that this transforming event took place early in Earth's history, at least 2450-2320 million years ago (Ma), and possibly much earlier. Available evidence from geobiological studies of Archean (>2500 Ma) sedimentary rocks indicates that life existed 3500 Ma, but the question of when oxygenic photosynthesis evolved is still unanswered. A clear paleontological window on cyanobacterial evolution opened about 2000 Ma, revealing an already-diverse biota of blue-greens. Cyanobacteria remained principal primary producers throughout the Proterozoic Eon (2500-543 Ma), in part because the redox structure of the oceans favored photoautotrophs capable of nitrogen fixation. Green algae joined blue-greens as major primary producers on continental shelves near the end of the Proterozoic, but only with the Mesozoic (251-65 Ma) radiations of dinoflagellates, coccolithophorids, and diatoms did primary production in marine shelf waters take modern form. Cyanobacteria remain critical to marine ecosystems as primary producers in oceanic gyres, as agents of biological nitrogen fixation, and, in modified form, as the plastids of marine algae. 

Although some of the steps in photosynthesis are still not completely understood, the overall photosynthetic equation has been known since the 1800s.

Jan van Helmont began the research of the process in the mid-1600s when he carefully measured the mass of the soil used by a plant and the mass of the plant as it grew. After noticing that the soil mass changed very little, he hypothesized that the mass of the growing plant must come from the water, the only substance he added to the potted plant. His hypothesis was partially accurate—much of the gained mass also comes from carbon dioxide as well as water. However, this was a signaling point to the idea that the bulk of a plant's biomass comes from the inputs of photosynthesis, not the soil itself.

Joseph Priestley, a chemist and minister, discovered that when he isolated a volume of air under an inverted jar, and burned a candle in it, the candle would burn out very quickly, much before it ran out of wax. He further discovered that a mouse could similarly "injure" air. He then showed that the air that had been "injured" by the candle and the mouse could be restored by a plant.

In 1778, Jan Ingenhousz, court physician to the Austrian Empress, repeated Priestley's experiments. He discovered that it was the influence of sunlight on the plant that could cause it to revive a mouse in a matter of hours.

In 1796, Jean Senebier, a Swiss pastor, botanist, and naturalist, demonstrated that green plants consume carbon dioxide and release oxygen under the influence of light. Soon afterwards, Nicolas-Théodore de Saussure showed that the increase in mass of the plant as it grows could not be due only to uptake of CO2, but also to the incorporation of water. Thus the basic reaction by which photosynthesis is used to produce food (such as glucose) was outlined.

Cornelis Van Niel made key discoveries explaining the chemistry of photosynthesis. By studying purple sulfur bacteria and green bacteria he was the first scientist to demonstrate that photosynthesis is a light-dependent redox reaction, in which hydrogen reduces carbon dioxide.

Robert Emerson discovered two light reactions by testing plant productivity using different wavelengths of light. With the red alone, the light reactions were suppressed. When blue and red were combined, the output was much more substantial. Thus, there were two photosystems, one aborbing up to 600 nm wavelengths, the other up to 700. The former is known as PSII, the latter is PSI. PSI contains only chlorophyll a, PSII contains primarily chlorophyll a with most of the available chlorophyll b, among other pigments. 

Further experiments to prove that the oxygen developed during the photosynthesis of green plants came from water, were performed by Robert Hill in 1937 and 1939. He showed that isolated chloroplasts give off oxygen in the presence of unnatural reducing agents like iron oxalate, ferricyanide or benzoquinone after exposure to light. The Hill reaction is as follows:

2 H2O + 2 A + (light, chloroplasts) → 2 AH2 + O2

where A is the electron acceptor. Therefore, in light the electron acceptor is reduced and oxygen is evolved. Cyt b6, now known as a plastoquinone, is one electron acceptor.

Samuel Ruben and Martin Kamen used radioactive isotopes to determine that the oxygen liberated in photosynthesis came from the water.

Melvin Calvin and Andrew Benson, along with James Bassham, elucidated the path of carbon assimilation (the photosynthetic carbon reduction cycle) in plants. The carbon reduction cycle is known as the Calvin cycle, which inappropriately ignores the contribution of Bassham and Benson. Many scientists refer to the cycle as the Calvin-Benson Cycle, Benson-Calvin, and some even call it the Calvin-Benson-Bassham (or CBB) Cycle.

A Nobel Prize winning scientist, Rudolph A. Marcus, was able to discover the function and significance of the electron transport chain.
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The leaf is the primary site of photosynthesis in plants.

There are three main factors affecting photosynthesis and several corollary factors. The three main are:

· Light irradiance and wavelength

· Carbon dioxide concentration

· Temperature.

In the early 1900s Frederick Frost Blackman along with Albert Einstein investigated the effects of light intensity (irradiance) and temperature on the rate of carbon assimilation.

· At constant temperature, the rate of carbon assimilation varies with irradiance, initially increasing as the irradiance increases. However at higher irradiance this relationship no longer holds and the rate of carbon assimilation reaches a plateau.

· At constant irradiance, the rate of carbon assimilation increases as the temperature is increased over a limited range. This effect is only seen at high irradiance levels. At low irradiance, increasing the temperature has little influence on the rate of carbon assimilation.

These two experiments illustrate vital points: firstly, from research it is known that photochemical reactions are not generally affected by temperature. However, these experiments clearly show that temperature affects the rate of carbon assimilation, so there must be two sets of reactions in the full process of carbon assimilation. These are of course the light-dependent 'photochemical' stage and the light-independent, temperature-dependent stage. Second, Blackman's experiments illustrate the concept of limiting factors. Another limiting factor is the wavelength of light. Cyanobacteria, which reside several meters underwater, cannot receive the correct wavelengths required to cause photoinduced charge separation in conventional photosynthetic pigments. To combat this problem, a series of proteins with different pigments surround the reaction center.This unit is called a phycobilisome.

As carbon dioxide concentrations rise, the rate at which sugars are made by the light-independent reactions increases until limited by other factors. RuBisCO, the enzyme that captures carbon dioxide in the light-independent reactions, has a binding affinity for both carbon dioxide and oxygen. When the concentration of carbon dioxide is high, RuBisCO will fix carbon dioxide. However, if the carbon dioxide concentration is low, RuBisCO will bind oxygen instead of carbon dioxide. This process, called photorespiration, uses energy, but does not produce sugars.

RuBisCO oxygenase activity is disadvantageous to plants for several reasons:

1. One product of oxygenase activity is phosphoglycolate (2 carbon) instead of 3-phosphoglycerate (3 carbon). Phosphoglycolate cannot be metabolized by the Calvin-Benson cycle and represents carbon lost from the cycle. A high oxygenase activity, therefore, drains the sugars that are required to recycle ribulose 5-bisphosphate and for the continuation of the Calvin-Benson cycle.

2. Phosphoglycolate is quickly metabolized to glycolate that is toxic to a plant at a high concentration; it inhibits photosynthesis.

3. Salvaging glycolate is an energetically expensive process that uses the glycolate pathway and only 75% of the carbon is returned to the Calvin-Benson cycle as 3-phosphoglycerate. The reactions also produce ammonia (NH3) which is able to diffuse out of the plant leading to a loss of nitrogen.

A highly-simplified summary is:

2 glycolate + ATP → 3-phosphoglycerate + carbon dioxide + ADP +NH3
The salvaging pathway for the products of RuBisCO oxygenase activity is more commonly known as photorespiration, since it is characterized by light-dependent oxygen consumption and the release of carbon dioxide.

Cellular Respiration

Cellular respiration, also known as 'oxidative metabolism', is one of the key ways a cell gains useful energy. It is the set of the metabolic reactions and processes that take place in organisms' cells to convert biochemical energy from nutrients into adenosine triphosphate (ATP), and then release waste products. The reactions involved in respiration are catabolic reactions that involve the oxidation of one molecule and the reduction of another.

Nutrients commonly used by animal and plant cells in respiration include glucose, amino acids and fatty acids, and a common oxidizing agent (electron acceptor) is molecular oxygen (O2). Bacteria and archaea can also be lithotrophs and these organisms may respire using a broad range of inorganic molecules as electron donors and acceptors, such as sulfur, metal ions, methane or hydrogen. Organisms that use oxygen as a final electron acceptor in respiration are described as aerobic, while those that do not are referred to as anaerobic.

The energy released in respiration is used to synthesize ATP to store this energy. The energy stored in ATP can then be used to drive processes requiring energy, including biosynthesis, locomotion or transportation of molecules across cell membranes.

Aerobic respiration requires oxygen in order to generate energy (ATP). Although carbohydrates, fats, and proteins can all be processed and consumed as reactant, it is the preferred method of pyruvate breakdown from glycolysis and requires that pyruvate enter the mitochondrion in order to be fully oxidized by the Krebs cycle. The product of this process is energy in the form of ATP (Adenosine Triphosphate), by substrate-level phosphorylation, NADH and FADH2.

	Simplified reaction:
	C6H12O6 (aq) + 6 O2 (g) → 6 CO2 (g) + 6 H2O (l)

	
	ΔG = -2880 kJ per mole of C6H12O6


The negative ΔG indicates that the products of the chemical process store less energy than the reactants and the reaction can happen spontaneously; In other words, without an input of energy.

The reducing potential of NADH and FADH2 is converted to more ATP through an electron transport chain with oxygen as the "terminal electron acceptor". Most of the ATP produced by aerobic cellular respiration is made by oxidative phosphorylation. This works by the energy released in the consumption of pyruvate being used to create a chemiosmotic potential by pumping protons across a membrane. This potential is then used to drive ATP synthase and produce ATP from ADP. Biology textbooks often state that 38 ATP molecules can be made per oxidised glucose molecule during cellular respiration (2 from glycolysis, 2 from the Krebs cycle, and about 34 from the electron transport system). However, this maximum yield is never quite reached due to losses (leaky membranes) as well as the cost of moving pyruvate and ADP into the mitochondrial matrix and current estimates range around 29 to 30 ATP per glucose. 

Aerobic metabolism is 19 times more efficient than anaerobic metabolism (which yields 2 mol ATP per 1 mol glucose). They share the initial pathway of glycolysis but aerobic metabolism continues with the Krebs cycle and oxidative phosphorylation. The post glycolytic reactions take place in the mitochondria in eukaryotic cells, and in the cytoplasm in prokaryotic cells.

Glycolysis is a metabolic pathway that is found in the cytoplasm of cells in all living organisms and is anaerobic (that is, oxygen is not required). The process converts one molecule of glucose into two molecules of pyruvate, and makes energy in the form of two net molecules of ATP. Four molecules of ATP per glucose are actually produced; however, two are consumed for the preparatory phase. The initial phosphorylation of glucose is required to destabilize the molecule for cleavage into two triose sugars. During the pay-off phase of glycolysis, four phosphate groups are transferred to ADP by substrate-level phosphorylation to make four ATP, and two NADH are produced when the triose sugars are oxidized. The overall reaction can be expressed this way:

Glucose + 2 NAD+ + 2 Pi + 2 ADP → 2 pyruvate + 2 NADH + 2 ATP + 2 H+ + 2 H2O

The pyruvate is oxidized to acetyl-CoA and CO2 by the Pyruvate dehydrogenase complex, a cluster of enzymes—multiple copies of each of three enzymes—located in the mitochondria of eukaryotic cells and in the cytosol of prokaryotes. In the process one molecule of NADH is formed per pyruvate oxidized, and 3 moles of ATP are formed for each mole of pyruvate. This step is also known as the link reaction, as it links glycolysis and the Krebs cycle.

This is also called the Krebs cycle or the tricarboxylic acid cycle. When oxygen is present, acetyl-CoA is produced from the pyruvate molecules created from glycolysis. Once acetyl-CoA is formed, two processes can occur, aerobic or anaerobic respiration. When oxygen is present, the mitochondria will undergo aerobic respiration which leads to the Krebs cycle. However, if oxygen is not present, fermentation of the pyruvate molecule will occur. In the presence of oxygen, when acetyl-CoA is produced, the molecule then enters the citric acid cycle (Krebs cycle) inside the mitochondrial matrix, and gets oxidized to CO2 while at the same time reducing NAD to NADH. NADH can be used by the electron transport chain to create further ATP as part of oxidative phosphorylation. To fully oxidize the equivalent of one glucose molecule, two acetyl-CoA must be metabolized by the Krebs cycle. Two waste products, H2O and CO2, are created during this cycle.

The citric acid cycle is an 8-step process involving 8 different enzymes. Throughout the entire cycle, acetyl-CoA changes into citrate, isocitrate, α-ketoglutarate, succinyl-CoA, succinate, fumarate, malate, and finally, oxaloacetate. The net energy gain from one cycle is 3 NADH, 1 FADH, and 1 ATP. Thus, the total amount of energy yield from one whole glucose molecule (2 pyruvate molecules) is 6 NADH, 2 FADH, and 2 ATP.

In eukaryotes, oxidative phosphorylation occurs in the mitochondrial cristae. It comprises the electron transport chain that establishes a proton gradient (chemiosmotic potential) across the inner membrane by oxidizing the NADH produced from the Krebs cycle. ATP is synthesised by the ATP synthase enzyme when the chemiosmotic gradient is used to drive the phosphorylation of ADP. The electrons are finally transferred to exogenous oxygen and, with the addition of two protons, water is formed.

	Step
	coenzyme yield
	ATP yield
	Source of ATP

	Glycolysis preparatory phase
	
	-2
	Phosphorylation of glucose and fructose 6-phosphate uses two ATP from the cytoplasm.

	Glycolysis pay-off phase
	
	4
	Substrate-level phosphorylation

	
	2 NADH
	4 (6)
	Oxidative phosphorylation. Only 2 ATP per NADH since the coenzyme must feed into the electron transport chain from the cytoplasm rather than the mitochondrial matrix. If the malate shuttle is used to move NADH into the mitochondria this might count as 3 ATP per NADH.

	Oxidative decarboxylation of pyruvate
	2 NADH
	6
	Oxidative phosphorylation

	Krebs cycle
	
	2
	Substrate-level phosphorylation

	
	6 NADH
	18
	Oxidative phosphorylation

	
	2 FADH2
	4
	Oxidative phosphorylation

	Total yield
	36 (38) ATP
	From the complete oxidation of one glucose molecule to carbon dioxide and oxidation of all the reduced coenzymes.


The yields in the table on the (page before) are for one glucose molecule being fully oxidized into carbon dioxide. It is assumed that all the reduced coenzymes are oxidized by the electron transport chain and used for oxidative phosphorylation.

Although there is a theoretical yield of 36-38 ATP molecules per glucose during cellular respiration, such conditions are generally not realized due to losses such as the cost of moving pyruvate (from glycolysis), phosphate, and ADP (substrates for ATP synthesis) into the mitochondria. All are actively transported using carriers that utilise the stored energy in the proton electrochemical gradient.

· Pyruvate is taken up by a specific, low km transporter to bring it into the mitochondrial matrix for oxidation by the pyruvate dehydrogenase complex.

· The phosphate translocase is a symporter and the driving force for moving phosphate ions into the mitochondria is the proton motive force.

· The adenine nucleotide carrier is an antiporter and exchanges ADP and ATP across the inner membrane. The driving force is due to the ATP (-4) having a more negative charge than the ADP (-3) and thus it dissipates some of the electrical component of the proton electrochemical gradient.

The outcome of these transport processes using the proton electrochemical gradient is that more than 3 H+ are needed to make 1 ATP. Obviously this reduces the theoretical efficiency of the whole process and the likely maximum is closer to 28-30 ATP molecules. In practice the efficiency may be even lower due to the inner membrane of the mitochondria being slightly leaky to protons. Other factors may also dissipate the proton gradient creating an apparently leaky mitochondria. An uncoupling protein known as thermogenin is expressed in some cell types and is a channel that can transport protons. When this protein is active in the inner membrane it short circuits the coupling between the electron transport chain and ATP synthesis. The potential energy from the proton gradient is not used to make ATP but generates heat. This is particularly important in brown fat thermogenesis of newborn and hibernating mammals.

Without oxygen, pyruvate is not metabolized by cellular respiration but undergoes a process of fermentation. The pyruvate is not transported into the mitochondrion, but remains in the cytoplasm, where it is converted to waste products that may be removed from the cell. This serves the purpose of oxidizing the hydrogen carriers so that they can perform glycolysis again and removing the excess pyruvate. This waste product varies depending on the organism. In skeletal muscles, the waste product is lactic acid. This type of fermentation is called lactic acid fermentation. In yeast, the waste products are ethanol and carbon dioxide. This type of fermentation is known as alcoholic or ethanol fermentation. The ATP generated in this process is made by substrate-level phosphorylation, which does not require oxygen.

Fermentation is less efficient at using the energy from glucose since 2 ATP are produced per glucose, compared to the 38 ATP per glucose produced by aerobic respiration. This is because the waste products of fermentation still contain plenty of energy. Ethanol, for example, can be used in gasoline (petrol) solutions. Glycolytic ATP, however, is created more quickly. For prokaryotes to continue a rapid growth rate when they are shifted from an aerobic environment to an anaerobic environment, they must increase the rate of the glycolytic reactions. For multicellular organisms, during short bursts of strenuous activity, muscle cells use fermentation to supplement the ATP production from the slower aerobic respiration, so fermentation may be used by a cell even before the oxygen levels are depleted, as is the case in sports that do not require athletes to pace themselves, such as sprinting.

Anaerobic respiration is used by some microorganisms in which neither oxygen (aerobic respiration) nor pyruvate or pyruvate derivative (fermentation) is the final electron acceptor. Rather, an inorganic acceptor (for example, Sulfur) is used.

Spectrometry

The visible spectrum is the portion of the electromagnetic spectrum that is visible to (can be detected by) the human eye. Electromagnetic radiation in this range of wavelengths is called visible light or simply light. A typical human eye will respond to wavelengths from about 380 to 750 nm. In terms of frequency, this corresponds to a band in the vicinity of 790–400 terahertz. A light-adapted eye generally has its maximum sensitivity at around 555 nm (540 THz), in the green region of the optical spectrum (see: luminosity function). The spectrum does not, however, contain all the colors that the human eyes and brain can distinguish. Unsaturated colors such as pink, or purple variations such as magenta, are absent, for example, because they can only be made by a mix of multiple wavelengths.

Visible wavelengths also pass through the "optical window", the region of the electromagnetic spectrum that passes largely unattenuated through the Earth's atmosphere. Clean air scatters blue light more than wavelengths toward the red, which is why the mid-day sky appears blue. The human eye's response is defined by subjective testing (see CIE), but atmospheric windows are defined by physical measurement.

The "visible window" is so called because it overlaps the human visible response spectrum. The near infrared (NIR) windows lie just out of human response window, and the Medium Wavelength IR (MWIR) and Long Wavelength or Far Infrared (LWIR or FIR) are far beyond the human response region.
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Many species can see wavelengths that fall outside the "visible spectrum". Bees and many other insects can see light in the ultraviolet, which helps them find nectar in flowers. Plant species that depend on insect pollination may owe reproductive success to their appearance in ultraviolet light, rather than how colorful they appear to us. Birds too can see into the ultraviolet (300–400 nm), and some have sex-dependent markings on their plumage, which are only visible in the ultraviolet range. 

Vernier’s Spectroscope


A type of lab spectroscope

Spectroscopy was originally the study of the interaction between radiation and matter as a function of wavelength (λ). In fact, historically, spectroscopy referred to the use of visible light dispersed according to its wavelength, e.g. by a prism. Later the concept was expanded greatly to comprise any measurement of a quantity as function of either wavelength or frequency. Thus it also can refer to a response to an alternating field or varying frequency (ν). A further extension of the scope of the definition added energy (E) as a variable, once the very close relationship E = hν for photons was realized (h is the Planck constant). A plot of the response as a function of wavelength—or more commonly frequency—is referred to as a spectrum; see also spectral linewidth.

Example of how to use a spectrophotometer from : http://biology.clc.uc.edu/fankhauser/Labs/Microbiology/Growth_Curve/Spectrophotometer.htm

Spectrometry is the spectroscopic technique used to assess the concentration or amount of a given species. In this case, the instrument that performs such measurements is a spectrometer or spectrograph.

Spectroscopy/spectrometry is often used in physical and analytical chemistry for the identification of substances through the spectrum emitted from or absorbed by them.

Spectroscopy/spectrometry is also heavily used in astronomy and remote sensing. Most large telescopes have spectrometers, which are used either to measure the chemical composition and physical properties of astronomical objects or to measure their velocities from the Doppler shift of their spectral lines.

Absorption spectroscopy is a technique in which the power of a beam of light measured before and after interaction with a sample is compared. Specific absorption techniques tend to be referred to by the wavelength of radiation measured such as ultraviolet, infrared or microwave absorption spectroscopy. Absorption occurs when the energy of the photons matches the energy difference between two states of the material.

	



	SPECTROPHOTOMETER USE

©David B. Fankhauser, Ph.D., 
Professor of Biology and Chemistry 
University of Cincinnati Clermont College, 
Batavia OH 45103
	



	spectrophotometer
	"Spectrophotometer.htm" was last modified on 16 Jul 2007. 
15 November 1982, rvsd 3 June '94, 9 July '95, 30 June '96, 3 July '97, 5 Sept '97
	 spectrophotometer dial


The spectrophotometer is an instrument that measures the amount of light of a specified wavelength which passes through a medium. According to Beer's law, the amount of light absorbed by a medium is proportional to the concentration of the absorbing material or solute present. Thus the concentration of a colored solute in a solution may be determined in the lab by measuring the absorbency of light at a given wavelength.  Wavelength (often abbreviated as lambda) is measured in nm.  The spectrophotometer allows selection of a wavelength pass through the solution.  Usually, the wavelength chosen which corresponds to the absorption maximum of the solute. Absorbency is indicated with a capital A. 

To familiarize yourself with the spectrophotometer, illustrate and label the following features which are important to its proper use. You should know the function and/or significance of each of these features before you use the instrument. 

At the spectrophotometer, you should have two cuvettes in a plastic rack.  Solutions which are to be read are poured into cuvettes which are inserted into the machine. One should be marked "B"for the blank and one "S" for your sample.  A wipette should be available to polish them before insertion into the cuvette chamber.  Cuvettes are carefully manufactured for their optical uniformity and are quite expensive.  They should be handled with care so that they do not get scratched, and stored separate from standard test tubes.  Try not to touch them except at the top of the tube to prevent finger smudges which alter the reading.  For experiments in which minor inprecision is acceptible, clean, unscratched 13 x 100 mm test tubes may be used. 

	power switch and zero adjust knob 
blank adjust knob 
wavelength 
wavelength selection knob 
absorbency 
% transmittance (not used here)
	read-out dial in absorbency and % transmittance : show numbers 
cuvettes, marked B and S (blank and sample) 
cuvette chamber 
blank 
parallax error (error due to reading a dial from the side, see example in step 8 below) 
Beer's Law


SPECTROPHOTOMETER USE 

	


	WARM-UP: 
1. Plug in and turn on (left hand front dial, labeled ZERO in the illustration). Allow about 30 minutes for warm up.

(The image to the left is linked to a labeled image of a spectrophotometer.)

	


 HYPERLINK "http://biology.clc.uc.edu/Fankhauser/Labs/Microbiology/Growth_Curve/spectrophotometer/02_zeroed_P7114813.JPG" 
[image: image6.jpg]




	ZERO ADJUST: 
2. With no cuvette in the chamber, a shutter cuts off all light from passing though the cuvette chamber. Under this condition therefore, the machine may be adjusted to read infinite absorbance (zero% transmittance) by rotating zero adjust knob (front left on Spectronic 20). Do not touch this knob again during the rest of the following procedure.

	


	SELECT WAVELENGTH: 
3. Select the desired wavelength of light at which absorbance will be determined by rotating wavelength selection knob (top right knob) until the desired wavelength in nanometers appears in the window. A nanometer (nm), formerly millimicron, equals 10-9 meter.

	



 HYPERLINK "http://biology.clc.uc.edu/Fankhauser/Labs/Microbiology/Growth_Curve/spectrophotometer/05_insert_blank_P7114819.JPG" 
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 HYPERLINK "http://biology.clc.uc.edu/Fankhauser/Labs/Microbiology/Growth_Curve/spectrophotometer/07_close_cuvette_chamber_P7114821.JPG" 
[image: image11.jpg]




	BLANK ADJUST: 

4. Fill the B (blank) cuvette with the solvent used to dissolve specimen (often distilled water). Polish to clean, insert into the cuvette chamber, aligning mark to front. Close chamber cover. 
 

	


	5. Rotate blank adjust knob (front right knob) to adjust absorbance to read zero . 

6. Remove blank cuvette, place in plastic test tube rack.

	



 HYPERLINK "http://biology.clc.uc.edu/Fankhauser/Labs/Microbiology/Growth_Curve/spectrophotometer/10_blank_and_culture_P7114822.JPG" 
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	READ SPECIMEN: 

7. Pour the sample into the S (specimen) cuvette, polish and insert into the chamber, aligning mark to the front.

	


	8.  Note that the scale for absorbance is the lower scale on the dial, and should be read from R to L .

	Correct alignment to dial: 



	For for all readings of the dial, line up the reflection of the needle in the mirror behind the dial with the needle itself.  Otherwise, parallax error will occur, giving an erroneous reading.  The illustration shows the correctly aligned dial with a reading of 0.116. 

	


	PARALLAX ERROR: 
Here, the picture was taken of the identical solution as in the previous image, but with the point of view too far to the right.  Note that the needle reflection is to the right of the needle.  The apparent reading is 0.120.

	


	PARALLAX ERROR: 
Here, the picture was taken of the identical solution as in the previous image but with the point of view too far to the left.  Note that the needle reflection is to the left of the needle.  The apparent reading is 0.113.

	A: 
 

	9. If you read additional specimens, you should confirm that the machine is still zeroed and blanked out, as in steps 2, 4 and 5 for all readings.  

Here are a few practice dials to read: 

What is the reading of dial A? 

	B: 
 

	What is the reading of dial B? 

	C: 
 

	What is the reading of dial C?  

	
	CLEAN UP: 
10. Remove cuvette from machine, carefully wash and store spectrophotometer cuvettes keeping them separate from regular test tubes.

	
	Return spectrophotometer to its storage location.


Paper chromatography is an analytical chemistry technique for separating and identifying mixtures that are or can be colored, especially pigments. This can also be used in secondary or primary colors in ink experiments. This method has been largely replaced by thin layer chromatography, however it is still a powerful teaching tool. Two-way paper chromatography, also called two-dimensional chromatography, involves using two solvents and rotating the paper 90° in between. This is useful for separating complex mixtures of similar compounds, for example, amino acids.

A small concentrated spot of solution that contains the sample of the solute is applied to a strip of chromatography paper about two centimeters away from the base of the plate, usually using a capillary tube for maximum precision. This sample is absorbed onto the paper and may form interactions with it. Any substance that reacts or bonds with the paper cannot be measured using this technique. The paper is then dipped into a suitable solvent, such as ethanol or water, taking care that the spot is above the surface of the solvent, and placed in a sealed container.

[image: image33.png]


The solvent moves up the paper by capillary action, which occurs as a result of the attraction of the solvent molecules to the paper; this can also be explained as differential adsorption of the solute components into the solvent. As the solvent rises through the paper it meets and dissolves the sample mixture, which will then travel up the paper with the solvent solute sample. Different compounds in the sample mixture travel at different rates due to differences in solubility in the solvent, and due to differences in their attraction to the fibres in the paper. The more soluble the component the further it goes. Paper chromatography takes anywhere from several minutes to several hours.

In some cases, paper chromatography does not separate pigments completely; this occurs when two substances appear to have the same values in a particular solvent. In these cases, two-way chromatography is used to separate the multiple-pigment spots.

Ascending Chromatography: In this method, the solvent is in pool at the bottom of the vessel in which the paper is supported.  The ascending cromatogram is folded over the glass rod whose other half become the descending chromatogram.  This technique gives quick separation as that of the individual techniques.

Descending chromatography:  In this method, the solvent is kept in a trough at the top of the chamber and is allowed to flow down the paper. The liquid moves down by capillary action as well as by the gravitational force, thus this method is also known as the gravitational method.  In this case, the flow is more rapid as compared to the ascending method, and the chromatography is completed more quickly. The apparatus needed for this case is more sophisticated. The developing solvent is placed in a trough at the top that is usually made up of an inert material. The paper is then suspended in the solvent. Substances that cannot be separated by ascending method can sometimes be separated by the descending method.

Rƒ value may be defined as the ratio of the distance traveled by the substance to the distance traveled by the solvent. Rƒ values are usually expressed as a fraction of two decimal places but it was suggested by Smith that a percentage figure should be used instead. If Rƒ value of a solution is zero, the solute remains in the stationary phase and thus it is immobile. If Rƒ value = 1 then the solute has no affinity for the stationary phase and travels with the solvent front.

Readily Available Solvents for Paper Chromatography

You can find these solvents at grocery, drug, and /or hardware stores.

http://www.sciencebuddies.org/science-fair-projects/project_ideas/Chem_Chromatography_resources.shtml

	Solvent
	Polarity (arbitrary scale of 1-5)
	Suitability
	Comments

	Water
	1 – Most polar
	Good
	 

	Rubbing alcohol (ethyl type) or denatured alcohol
	2 – High polarity
	Good
	POISONOUS!
Primary ingredient is ethyl alcohol (ethanol), but it is mixed with other ingredients to make it poisonous. 

	Rubbing alcohol (isopropyl type)
	3 – Medium polarity
	Good
	POISONOUS!
Primary ingredient is isopropyl alcohol (isopropanol). 

	Vinegar
	3 – Medium polarity
	Good
	 

	Nail polish remover (acetone)
	4 – Low polarity
	Good
	POISONOUS!
USE OUTSIDE or with good ventilation. You might be able to find pure acetone at a hardware store. 

	Turpentine
	5 – Least polar
	Good
	POISONOUS!
USE OUTSIDE or with good ventilation-it really smells bad. 

	Vegetable oil
	5 – Least polar
	Poor
	Too thick / viscous

	Mineral oil
	5 – Least polar
	Poor
	Too thick / viscous


Overview of Exercises in this Lab

Exercise 1: Plant Pigments and Paper chromatography- students extract plant pigments from spinach (and as extensions, other plant leaves (red cabbage, fall leaves, flowers, etc.) and separate pigments in paper chromatography.

Exercise 2: Why Leaves Are Green: Absorption of Chlorophyll – students, using a solution of suspended chloroplasts, collect data on the wavelengths of light absorbed by the chloroplasts in photosynthesis, and consequently, determine the color of the leave by the light transmitted.  This exercise is suitable for a scientific inquiry work sample.

Exercise 3: Absorption of other Plant Pigments – students, using the separated plant pigments, students collect the wavelengths of light absorbed by each of the plant pigments separated in the paper chromatography lab.  This exercise is suitable for a scientific inquiry work sample.

Exercise 4: Cellular Respiration in Yeast – students determine the rate of cellular respiration in yeast with two variables: available food and temperature.  This exercise is suitable for a scientific inquiry work sample.

Exercise 1

Plant Pigments and Paper chromatography
CHROMATOGRAPHY OF PLANT PlGMENTS 
It was in the early 1940's that paper chromatography was invented by an observant person who saw application in how inks made rainbox hues when they "ran" on rain spattered paper. If you do not understand the principles behind "affinity" chromatography, you might find it helpful to look at an analogy. 

Imagine that it is the Grand Opening of a new department store for children's clothes, accessories and toys. On this opening day, the clothes are an especially good buy, and that is what adults have in mind. So hundreds of people are milling around at the front door waiting for it to be unlocked. Many are adults shopping alone, but there are also many who are parents and have one or more kids in tow. Unbeknownst to them beforehand is that the large toy department is the first thing they will encounter. Suddenly the doors open, and this horde stampedes inside.

What happens as the adults try to move quickly to the clothing department? Those adults without children rush right through to the clothing department. However those adults with kids almost instantly find themselves being held back by their children wishing to see all the new toys. Of course, the more kids, the harder it is for the parent to move the group along. 

So you see that lone adults have little propensity to stop to look at the toys before moving to the clothing section. 'Little propensity' means little affinity. Kids, on the other hand, have lots of affinity for new toys, and therefore have to stop and look at every one of them and so delay the movement towards the rear of the store, where the parent wants to look at clothes. Thus lone adults are easily swept along with the crowd and reach the clothing section far ahead of those adults shepherding children.
In the department store scenario, the mobile phase is the crowd of moving people, and the fixed or immobile phase are the attractive shelves full of toys. In the laboratory, the mobile phase is the solvent, and the immobile or fixed phase is the paper that is made up of cellulose molecules, with all their hydrophilic hydroxyl groups for which other hydrophilic solutes have more affinity than to the mostly hydrophobic solvent. Mobility of the solutes is proportional to the "partition coefficient," which is the ratio of the amounts of solute in the hydrophilic versus the hydrophobic phases. "Rf" is the classical way to express how far the solute moved: it is expressed as how far it moved relative to how far the solvent front moved.
Materials
· 600 mL beaker

· chromatography paper (remember to handle paper strips by the edges only)
· chromatography solvent

· solvent: 9 parts petroleum ether/l part acetone (5 mls/group). 
· lighter fluid is petroleum ether and fingernail polish remover has acetone!) 
· ruler

· pencil

· leaf (variety)

· scissors

· Various leaves 

· a coin (quarters and halves work well) 

Place a leaf over a piece of chromatography paper and roll the knerled edge of a coin over the leaf (using a ruler as a guide) so that the pigments of the leaf are driven into the chromatography paper 1.5 cm from the bottom. This will produce a straight line of pigment that can be chromatographed in a system such as: 
[image: image23.png]‘arious Chromatography
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The solvent of 1 part acetone and 6 to 9 parts of petroleum ether (or cigarette lighter fluid or naphtha or mineral spirits) should be used in a fume hood or outside (unless you want to get a headache or have the excitement of an exploded lab). 

In this part, students will utilize paper chromatography to separate plant pigments.  They will then calculate Rf values for each plant pigment.

Background Information:  

The plant life around us is full of wonderfully rich and vibrant colors. From red to violet, the entire color spectrum can be found in plant materials.  These colors come from a surprisingly small number of plant pigments.  The three primary groups of plant pigments are anthocyanins, carotenoids, and chlorophyll.  Each of these absorbs light at different parts of the visible light spectrum and has a different function in the plant.


Anthocyanins attract insects for pollination by absorbing light in the UV spectrum, serve as a sunscreen to protect plants from sun damage, and provide protection against predators because of their foul taste.


Carotenoids and chlorophyll both serve as light-harvesting pigments in the photosynthetic processes of plants.  


It is possible to separate these pigments from one another by the use of paper chromatography.  In this process, plant tissue is applied to filter paper and an organic solvent is allowed to move up the filter paper.  Some pigments have a higher affinity for the solvent than others and move at different rates up the filter paper.  Because of these

differences, several color bands would be expected if there is more than one pigment present. Based on the bands formed on the filter paper, the retention factor, or Rf, value can be calculated for each pigment.  This is done by dividing the distance the pigment traveled by the distance the solvent traveled.

Eqn. 1           Rf = distance pigment traveled



                      distance solvent traveled

Procedure:

1. Obtain all materials and bring them to your lab station.

2. Cut chromatography paper in half lengthwise.

3. Cut one end of the chromatography paper into a point or tip.  Make a light pencil line about 1.0 cm from the end of the paper you just cut.

4. Use the coin to extract plant pigments from the leaf.  Take the leaf and place it over the pencil line you have drawn.  Roll the penny over the leaf at the same position as the pencil line.  You should see plant pigment across the pencil line you have drawn.  Move the leaf around and repeat this step 8-10 times using different parts of the leaf.

5. Pour about 1.0 cm of solvent into the bottom of the 600 mL beaker.  Place the tip of the filter paper in the solvent being careful not to let the solvent touch the plant pigment line you have made.

6. Place a watch glass over the 600 mL beaker.  The solvent should travel up the filter paper.

7. When the solvent is about 1-2 cm from the top of the filter paper remove the filter paper and make a pencil mark where the solvent stopped before the solvent evaporated.  

8. Allow the paper to dry.  Once the paper dries, draw a pencil line at the bottom of each distinguishable pigment band on the filter paper.  Depending on the leaf you used, you should see 4-5 bands.

9. Repeat the procedure one more time with a different leaf or petal.

Example of filter paper for a green leaf

[image: image34.emf]
Discuss the pigments: what colors (wavelengths) do they absorb? Why is there more than one? 
What are auxilliary pigments all about in chloroplasts? Some texts say that they capture the light and direct it over to the main chloroplast excitation location where an electron is boosted up to a high orbital. WRONG! The light is not routed around - an electron is. And free electrons can only go one way - downhill a la one of the laws of thermodynamics. And what does downhill mean? Falling towards the RED, because longer wave red light has less energy in it that does blue light. 

Now if a photon hits the main chlorophyll "a" or "b", that is what we want because that electron is bounced up to a highly excited orbital and when it falls back (yielding RED fluorescence IF its fall goes to waste, or otherwise it is sent into the ATP mill to make ATP. But if one of the many other bluer colors (anything shorter wavelength than red such as yellow or blue), then that is absorbed by one of the auxiliary pigments which bounces up one of its higher energy electrons. But before that electron falls back in a flash of orange, yellow or blue fluorescence, it finds itself stolen by another, "lower" pigment, and then on to yet a further "lower" pigment until it finally finds itself possessing the energy of an chlorophyll "a" or "b". And from there is can fall through the ATP mill and onwards back down to ground state. 

In a fashion, this microscopic collection of pigment molecules is for a millionth of a second something like a metal where the excited electrons don't really know where their home atom is located, and they wander about - jumping from one atom's excited orbital to that of another atom. 

Ah, but you ask: "Why doesn't a chloroplast fluoresce at least a little blue or a little green or a little yellow? Why only RED? The answer is that it does fluoresce various shades of infrared. Those are the wavelengths emitted as the highly excited blue electron drops down a short step (relatively low energy) to the highly excited green quantum orbit on its inexorable swirling way to finding the low energy excited RED quantum orbit, where the ATP mill acts like a slurping, sucking drain. So indeed there are other colors fluorescing - it's just that they are in the infrared, which is also known as HEAT! 
Student Data and Calculations:


After the filter paper has dried, you are ready to begin calculating Rf values using Equation. 1.  Using your ruler, fill in the following tables and calculate Rf values for one of your pieces of filter paper.

Band Distances

	Band
	Distance (mm)


	Band Color



	1


	
	

	2
	
	

	3
	
	

	4
	
	

	5
	
	


Distance solvent moved in mm _________________________

Rf values for pigments

	Pigment
	Rf

	Carotene (yellow orange)
	

	Xanthophylls (yellow)
	

	Chlorophyll A (bright green)
	

	Chlorophyll B (olive or yellow green)
	

	Anthocyanin (red)
	


Questions and Applications:

1. Did you find all five pigments in your plant sample?  If not, suggest a reason why the pigment may have been missing.

2. Compare your Rf values to the group next to you.  Are your values close?  Calculate the percent difference between the two Rf values for each pigment.

3. The accepted Rf values for each pigment in this solvent are as follows:


carotene - 0.98


chlorophyll a - 0.59


chlorophyll b - 0.42

   xanthophylls – 0.67

Calculate the percent error using these values as the accepted value and your values as the experimental value.

4. Why do you think some pigments moved farther than others?

5. Why is it important for plants to have more than one pigment?

Exercise 2

Why Leaves Are Green: Absorption of Chlorophyll

Spectrophotometer Lab

Photosynthesis in plants takes place in organelles called chloroplasts.  Chloroplasts contain a number of colored compounds, known as pigments, in their thylakoids, where light dependent reactions occur (Mitchelsl, Reece).  Spinach leaves contain chlorophyll a and b and b -carotene as major pigments as well as smaller amounts of other pigments such as xanthophylls.  The two forms of chlorophyll are identical except that a methyl group in a is replaced by an aldehyde in b.  In terrestrial plants, the most important pigments are chlorophyll a (blue-green), chlorophyll b (yellow-green), xanthophyll (yellow) and carotene (orange-yellow; Pavia, D.L.).  Each pigment has a characteristic absorption spectrum, showing which wavelengths of visible light it absorbs best (Campbell, Neil).  

In this experiment, by observing the transmittance percentage and absorbance of light when shone at spinach at different wavelengths, we will determine which wavelengths are best absorbed by spinach, and thus support the color we see in spinach leaves.  Chlorophyll is the dominant pigment in plants.  Plants have accessory pigments (as seen in the chromatography), but their absorbance is swamped by the more efficient chlorophyll.

Materials: 

· 6.1 mL Spinach solution 

· cold sucrose (or sugar water works)

· blender

· ice

· ice bucket

· cheesecloth

· funnel

· large beaker (500ml)

· microscopes

· blank microscope slides

· pipettes

· slip covers

· * 2 Cuvettes 

· * Spectrophotometer 

Chloroplast suspensions: To prepare and prime the chloroplasts, incubate fresh spinach leaves under a light for a few hours. Do not allow the leaves to become hot. Pour 0.5-M cold sucrose into a blender so that it just covers the blender blades. This is probably 100 mL or 200 mL of solution. Pack fresh spinach leaves into the blender to a level one inch above the blades. Set up a beaker in ice with 2 layers of cheesecloth folded over a funnel. Blend spinach (about three short bursts - errrrrrr; errrrrr; errrrrrr!). Squeeze through cheesecloth (a cotton sock is better!) into a large funnel leading into a large beaker that is placed in an ice bucket.
1. Before you go any further, look at the chloroplasts under a microscope; draw what you see. (Use a "wet mount:" Place a drop of the chloroplast suspension on a slide, use a cover-slip, and then start looking using the lowest magnification first. Obviously, look for green things!)

Variables: Controlled: 

· * Room temperature 

· * Concentration of spinach 

· * Amount of spinach 

· * Type of spectrophotometer 

· * Pressure Dependent: 

· * Transmittance percentage 

· * Absorption Percentage Independent: 

· * Wavelength of light 

Procedure: 

1) The instrument was turned on by rotating the amplifier control (c) in a clock-wise direction.  5 minutes were allowed for the instrument to warm up. 

2) A blank cuvette was placed in the sample compartment and the guide mark was aligned on the cuvette at the front of the sample compartment.  The lid was closed. It was often checked that the meter needle reads 100% Transmittance when the blank cuvette was in the sample compartment with the lid closed. 

3) The amplifier control was adjusted with the sample compartment lid closed until the meter needle read 0 on the % Transmittance scale. 

4) The blank cuvette was removed and the ground-up spinach was inserted. The cuvette was placed in the sample compartment. The guide mark on the cuvette was aligned with the guide mark at the front of the sample compartment. The lid was closed. 

5) The wavelength was set to zero nm using the wavelength control knob. 

6) The transmittance percent and absorption were recorded from the Transmittance/Absorbance scale. 

7) It was often checked that the meter needle reads 0 on the % Transmittance scale with the sample compartment empty and the lid closed. 
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Steps 1 - 8 were repeated using the wavelengths of 360 nm to 900 nm, at every 20 nm. 

9) Graph Absorbance on the Y axis and Wavelength on the X axis.

10) Why are leaves green?

11) The graph students draw should look similar to the one on the right.

Exercise 3

The Absorption Spectra of Leaves

Materials:

· test tubes

· isopropyl alcohol (at least 95%)

· scissors

· pencil

· plastic wrap

· Chromatography paper with plant pigments

Extraction of pigments: 

1. Use chromatography paper with separated pigments. 

2. Measure distance from the first pencil line to the solvent front. Then measure the distance from the pencil line to the highest point of each color band and the original pencil line band. Record your results. 

3. Ideally there should be three distinct colored bands. Cut the bands apart carefully and trim off excess paper being careful not to cut colored band. 

4. Cut each strip into pieces small enough to fit into a large test tube. Label each tube and record the color and order of pigment. Place paper pieces in the appropriate test tubes. 

5. Add 5 mL of isopropyl alcohol to each tube and seal with small piece of plastic wrap. Allow to stand until color is completely eluted from the paper. STOPPING POINT! 
6. Calculate rf values for each pigment. The rf values should be written on the chalkboard. 

rf = distance color travels 
distance solvent front travels 

DAY TWO 
UPON ENTERING LAB TURN THE POWER CONTROL KNOB ON THE SPECTROPHOTOMETER TO THE "ON" POSITION 

Preparation of samples for spectrophotometric analysis 
1. Fill to 1/3 a spectrophotometer cuvet with isopropyl alcohol. Label "bl" using a marking pen. This is the blank used to standardize the spectrophotometer. 

2. Transfer solution from test tube containing chlorophyll a pigment to a second spectrophotometer cuvet. Label "a". 

3. Transfer solution from test tube containing chlorophyll b pigments to a third cuvet. Label "b". 

4. Transfer solution from test tube containing carotene pigments to a fourth cuvet. Label "c". 

5. Wipe sides of cuvet with Accuwipe and avoid touching surfaces with fingers. Be sure that the label does not interfere with the path of the light beam. 

Measuring absorbance of pigments 
1. Turn wavelength control knob to 360 nm. If using Flinn spectrophotometer, turn dial on lower front of case to the blue filter. 

2. With the sample chamber lid closed set the 0 % transmittance to 0. 

3. Insert cuvet labeled "bl" into the sample chamber and close lid. 

4. Set the 100% transmittance to 100% and remove cuvet. 

5. Insert cuvet "b" into sample chamber, close lid and read the ABSORBANCE shown. Record results. Remove cuvet. 

6. Insert cuvet "c" into sample chamber, close lid and read the ABSORBANCE shown. Record results. Remove cuvet. 

7. Turn wavelength control knob to 380 nm. 

8. Continue to record results for wavelengths at 20 nm increments, remember to repeat steps #2-6 for each new wavelength. The final reading is 720 nm. If using the Flinn spectrophotometer, change to the yellow filter at 520 nm. 

Optional 
1. If directed by teacher, obtain four polystyrene cuvets. Handle by grooved edge only. 

2. Transfer samples from each of the cuvets into three microcuvets, filling each cuvet almost to the top. Transfer chlorophyll b sample to a fourth microcuvet. 

3. Label each cuvet near the top with a marking pen. 

4. Place all four microcuvets into the cell carrier of the Beckmann DU64 spectrophotometer. 

5. Program the spectrophotometer according to the direction supplied with the instrument for a range of 720 nm to 360 nm and scan the absorbance for the four samples. 

6. Remove samples and print out the data obtained. 

7. Rinse microcuvets well with water and return to container. 

Question: Which color light has the more energy per photon - red or blue?
Question: Would you expect the auxilliary pigments to be nearer the blue end of the spectrum than the primary acceptor, or closer to the red end? (Hint: this is a tough one! Why not take a peek at a link called "photonics.") 

Plant Pigments Absorbance of Light

Name: 


Data Table:

	Wavelength (nm)
	Chlorophyll a
	Chlorophyll b
	Carotenoids

	360 
	
	
	

	380 
	
	
	

	400 
	
	
	

	420 
	
	
	

	440 
	
	
	

	460 
	
	
	

	480 
	
	
	

	500 
	
	
	

	520 
	
	
	

	540 
	
	
	

	560 
	
	
	

	580 
	
	
	

	600 
	
	
	

	620 
	
	
	

	640 
	
	
	

	660 
	
	
	

	680 
	
	
	

	700 
	
	
	

	720 
	
	
	


Exercise 4

Cellular Respiration

Use Microbial Discovery Activity found at:

http://www.asmcue.org/documents/EarthHistoryBWPDF.FINAL.pdf
Overview of cycle between autotrophs and heterotrophs. Photosynthesis is the main means by which plants, algae and many bacteria produce organic compounds and oxygen from carbon dioxide and water (green arrow).
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