AP Biology Exam Bioenergetics Review
Chapter:  Cell Respiration

You Must Know:

1.  The difference between fermentation and cellular respiration

2.  The role of glycolysis in oxidizing glucose to two molecules of pyruvate.

3.  The process that brings pyruvate from the cytosol to into the mitochondria and introduces it into the Citric Acid (Krebs) Cycle.

4.  How the process of chemiosmosis utilizes the electrons from NADH and FADH2 to produce ATP.
Focus:

Oxidation-reduction reactions, fermentation, cellular respiration, and photosynthesis, are covered in one of the most technically challenging sections of your textbook.  Here, in this section, the focus is on the major steps of each of the processes, as well as the results.  Questions on the AP Biology Exam tend to focus on the net results of cell respiration and photosynthesis, not on the exact reactions that create the product.  ALSO, COMPARE AND CONTRAST THESES TWO FUNDAMENTAL PROCESSES OF ENERGY PRODUCTION.

Concept:  Catabolic pathways release energy by oxidizing organic fuels.

1.  Catabolic pathways occur when molecules are broken down and their energy is released.  Two types of catabolism are:

a. Fermentation:    The partial degradation of sugars that occurs without the use of oxygen.
b. Cellular respiration:  The most prevalent and efficient catabolic pathway, in which oxygen is consumed as a reactant along with the organic fuel (sugars or other sources).  This is also called aerobic respiration, as oxygen is required.
c. Carbohydrates, fats, and proteins can all be broken down to release energy in cellular respiration.  However, glucose is the primary nutrient molecule that is used in cellular respiration.  The usual or standard way of representing the process of cellular respiration shows glucose being broken down in the following reaction:

C6H12O6 + 6O2 ----> 6 CO2 +  6 H2O +  Energy (686 Kcal/mole of glucose)

d. The exergonic release of energy from glucose is used to phosphorylate ADP to ATP.  Life processes constantly consume ATP; cellular respiration burns fuels and uses the energy to regenerate ATP.

e. The reactions of cellular respiration are of a type termed oxidation-reduction (redox) reactions.  In redox reactions electrons are transferred from one reactant to another.
f. The loss of one or more electrons from a reactant is called oxidation.  When a reactant is oxidized, it loses electrons and consequently energy.

g. The gain of one or more electrons from a reactant is called reduction.  When a reactant is reduced, it gains electrons and, therefore energy.  
h.  At key steps in cellular respiration, electrons are stripped from glucose.  Each electron travels with a proton, thereby forming a hydrogen atom.  The hydrogen atoms are not transferred directly to oxygen, as the formula might suggest, but instead are usually passed to an electron carrier, the coenzyme NAD+ accepts two electrons, plus the stabilizing hydrogen ion, to form NADH. Note that NADH has been reduced and therefore has gained energy.  See Figure 1 below.
Figure 1
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i. The Figure 2 below shows the three stages of cellular respiration.  Each stage is discussed separately.  Use the figure below to begin to develop and understand all concepts of the processes of cellular respiration.  

Figure 2
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Concept:  Glycolysis harvests chemical  energy by oxidizing glucose to pyruvate.

1.  In glycolysis (which occurs in the cytosol), the degradation of glucose begins as it is broken down into two pyruvate molecules.  The six-carbon glucose molecule is split into two three-carbon sugars through a long series of steps.

Study Tip:  Use the Figure 3 on the next page as a guide to study the important features of glycolysis.  It is not necessary to understand each chemical step in glycolysis.
Figure 3
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2.  In the course of glycolysis, there is an ATP-consuming phase and an ATP-producing phase.  In the ATP-consuming phase, two molecules of ATP are consumed which helps destabilize glucose and make it more reactive. This phase is often called the energy investment phase.  Later in glycolysis, 4 ATP molecules are produced; thus glycolysis results in a net gain of 2 ATPs.  Two NADHs are also produced, which will be utilized in the electron transport system to produce ATP. 
3.  Notice the net energy gain in glycolysis as indicated by figure 3 is 2 ATP molecules and 2 NADH molecules.  Most of the potential energy of the glucose molecules still resides in the two remaining pyruvates.  These will now feed the citric acid cycle or krebs cycle that will be discussed next.  

Figure 4
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Concept:  The citric acid cycle or krebs cycle completes the energy-yielding oxidation of organic molecules.

1.  The junction between glycolysis and the citric acid or krebs cycle is shown in figure 4 above.  

a.  Pyruvate, in the cytosol, uses a transport protein to move into the matrix of the mitochondria.  

b.  In the matrix, an enzyme complex removes a CO2, strips away electrons to convert NAD+ to NADH, and adds coenzymes A to form acetyl CoA.
c.  Two acetyl CoA molecules are produced per glucose.  Acetyl CoA now enters the enzymatic pathway termed the citric acid or krebs cycle.

2.  In the citric acid or krebs cycle (which occurs in the mitochondrial matrix) , the job of breaking down glucose is complete with CO2 released as a waste product.  Each turn of the citric acid or krebs cycle requires the input of one acetyl CoA.  The citric acid or krebs cycle must make two turns before glucose is completely oxidized. 

3.  The citric acid cycle results in the following:

a. One turn of the cycle results in 2 CO2, 3NADH, 1 FADH2 and 1 ATP.
b. Because each glucose yields two pyruvates, the total products of the citric acid or kreb cycle are usually listed as the result of two cycles:   4 CO2, 6NADH, 2 FADH2 and 2 ATP.

4.  At the end of the citric acid or krebs cycle note the 6 original carbons in glucose have been released as CO2.  (You are exhaling this gas as you study or review.) Only 2 ATP molecules, however, have been produced.  Where is all the energy?  The energy is held in the electrons in the electron carriers, NADH and FADH2.  These electrons will be utilized by the electron transport system, explained in the next concept.  See the summary Figure 5 below

Figure 5
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Concept:  During oxidative phosphorylation, chemiosmosis couples electron transport to ATP synthesis
Figure 6
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1.  Use figure 6 above to understand the process of electron transport.

2.  The electron transport chain is embedded in the inner membrane of the mitochondria.  Notice that it is composed of three transmembrane proteins that work as hydrogen pumps and two carrier molecules that transport electrons between hydrogen pumps.  There are thousands of such electron transport chains in the inner mitochondrial membrane.

3.  The electron transport chain is powered by electrons from the electron carrier molecules NADH, FADH2 (FADH2 is also a B vitamin coenzyme that functions as an electron acceptor in the citric acid or kreb cycle).  As the electrons flow through the electron chain, the loss of energy by the electrons is used to power the pumping protons across the inner membrane. 

4.  At the end of the electron chain, the electrons combine with two hydrogen ions and oxygen to form water.  Notice that O2 is the final electron acceptor, and when it is not available, the electron transport chain comes to a screeching halt!!!  No hydrogen ions are pumped and no ATP is produced.
5.  The hydrogen ions flow back down their gradient through a channel in the transmembrane protein known as ATP synthase.  ATP synthase harnesses the proton motive force, the gradient of hydrogen ions to phosphorylate ADP, forming ATP.  The proton motive force is in place because the inner membrane of the mitochondria is impermeable to hydrogen ions.  Like water behind a dam with its only exit being a spillway, electrons are held behind the inner membrane with their only exit, ATP synthase.

6.  This process is referred to as chemiosmosis.  Chemiosmosis is an energy coupling mechanism that uses energy stored in the form of an H+ gradient across a membrane to drive cellular work (ATP synthesis in our example).  The electron transport chain and chemiosmosis compose oxidative phosphorylation.  This specific term is used because ADP is phosphorylated and oxygen is necessary to keep the electrons flowing.
7.  The ATP yield per molecule of glucose is between 36 and 38 ATPs.  Oxidative phosphorylation produces 32 to 34 of the total.

Study tip:  Sketch the process and explain it verbally.  This is a fundamental biological process that you should understand.

Concept:  Fermentation enables some cells to produce ATP without the use of oxygen.

1.  Fermentation allows a cell to continue to produce ATP without the use of oxygen, that is, under anaerobic conditions.

2.  Fermentation consists of glycolysis (recall that glycolysis produces 2 net ATP molecules) and reactions that regenerate NAD+.  In glycolysis oxygen is NOT needed to accept electrons; NAD+ is the electron acceptor.  Therefore, the pathways of fermentation must regenerate NAD+.  
3.  The two common types of fermentation are alcohol fermentation and lactic acid fermentation.

a. In alcohol fermentation, pyruvate is converted to ethanol, releasing CO2 and oxidizing NADH in the process to create more NAD+.  
b.  In lactic acid fermentation, pyruvate is reduced by NADH (NAD+ is formed in the process), and lactate is formed as a waste product.  

4.  Facultative anaerobes are organisms that can make ATP by aerobic respiration if oxygen is present, but that can switch to fermentation under anaerobic conditions.
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Concept:  Glycolysis and citric acid or krebs cycle connect to many other metabolic pathways

1.  In addition to glucose and other sugars, proteins and fats are often used to generate ATP through cellular respiration.  Organic molecules are also used in biosynthesis, the building of macromolecules through anabolic pathways.  For example, amino acids from the hydrolysis of proteins in food can be incorporated into the consumer’s proteins.  Compounds formed as intermediates of glycolysis and the citric acid cycle can be diverted into anabolic pathways to help provide the building blocks of necessary macromolecules.
Figure 7
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Chapter:  Photosynthesis

You Must Know:

1.  How photosystems convert solar energy to chemical energy.

2. How linear electron flow in the light reactions results in the formation of ATP, NADPH, and O2.

3.  How chemiosmosis generates ATP in the light reactions.

4.  How the Calvin cycle use the energy molecules of the light reactions to produce G3P.

5.  The metabolic adaptations of C4 and CAM plants to arid, dry regions.

Concept:  Photosynthesis converts light energy to chemical energy of food.

1.  Before you look at the molecular details of photosynthesis, it is important to think of photosynthesis in an ecological context.

2.  Life of Earth is solar powered by autotrophs.  Autotrophs are “self-feeders”; they sustain themselves without eating anything derived from other organisms.  Autotrophs are the ultimate source of organic compounds and are therefore known as producers.  
3.  Heterotrophs live on compounds produced by other organisms and are thus known as consumers.  Animals immediately come to mind as heterotrophs, but also remember that decomposers like fungi and many prokaryotes are heterotrophs.  Heterotrophs are dependent on the process of photosynthesis form food and oxygen.

4.  Chloroplasts are the specific sites of photosynthesis in plant cells.

5.  Chloroplasts are organelles that are mostly located in the cells that make up the mesophyll tissue found in the interior of the leaf.

6.  Use Figure 1 on the next page to become familiar with the structure of chloroplasts.  An envelope of two membranes encloses the stroma, which is a dense fluid-filled area.  Within the stroma is a vast network of interconnected membranous sacs called thalakoids.  The thylakoids segregate the stroma from another compartment, the thylakoid space.
Figure 1
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7.  Chlorophyll is located in the thylakoid membranes and is the light absorbing pigment that drives photosynthesis and gives plants their green color.

8.  The exterior of the lower epidermis of a leaf contains many tiny pores called stomata, through which carbon dioxide enters and oxygen and water vapor exit the leaf.  See Figure 1 above.  Notice carbon dioxide on the reactant side of the equation and oxygen on the products side.  See Figure 2 for atom for tracking atoms.
Figure 2
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9.  The overall reaction of photosynthesis looks like the following:

6 CO2 + 6 H2O + Light Energy ---->   C6H12O6  +  6O2
10.  Notice that the overall chemical change during photosynthesis is the reverse of the one that occurs during cellular respiration.
11.  All the oxygen you breathe was formed in the process of photosynthesis when a water molecule was split!!!  Water is split for its electrons, which are transferred along with hydrogen ions from water to carbon dioxide, reducing it to sugar.  This process requires energy ( an endergonic process) which is provided by the sun.

12.  Photosynthesis is a chemical process that requires two stages to complete.

13.  The light reactions occur in the thylakoid membranes where solar energy is converted to chemical energy.  Light is absorbed by chlorophyll and drives the transfer of electrons from water to NADP+, forming NADPH.  Water is split during these reactions, and O2, is released.  The light reaction also generate ATP, using chemiosmosis to power the addition of a phosphate group to ADP, a process called photophosphorylation.  The net products of the light reaction are NADPH (which stores the electrons), ATP, and Oxygen.  
14.  The Calvin Cycle occurs in the stroma, where CO2 from the air is incorporated into organic molecules in carbon fixation.  The Calvin Cycle uses the fixed carbon plus NADPH and ATP from the light reactions in the formation of new sugars.

Use  Figure 3 below to help in your understanding where reactions occur and the overall purpose of the two stages of photosynthesis.  If you understand the big picture, the details will be easier to comprehend.
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Concept:  The light reactions convert solar energy to chemical energy of ATP and NADPH.

1.  Not surprisingly, light is an important concept in photosynthesis.

2.  Light is electromagnetic energy, and it behaves as though it is made up of discrete particles, called photons, each of which has a fixed quantity of energy.

3.  Substances that absorb light are called pigments, and different pigments absorb light of different wavelengths.  Chlorophyll is a pigment that absorbs violet-blue and red light while transmitting and reflecting green light.  This is why we see summer leaves as green.

4.  A graph plotting a pigment’s light absorption versus wavelength is called an absorption spectrum.  The absorption spectrum of chlorophyll provides clues to the effectiveness of different wavelengths for driving photosynthesis.  This is confirmed by an action spectrum.  An action spectrum for photosynthesis graphs the effectiveness of different wavelengths of light in driving the process of photosynthesis.  See Figure 4 and 5 below.
Figure 4
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Figure 5
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5.  Photons of light are absorbed by certain groups of pigment molecules in the thylakoid membrane of chloroplasts.  These groups are called photosystems and consist of two parts:
a.  A light-harvesting complex made up of many chlorophyll and carotenoid molecules (accessory pigments in the thylakoid membrane);  this allows the complex to gather light effectively.  When chlorophyll absorbs light energy in the form of photons, one of the molecule’s electrons is raided to an orbital of higher potential energy.  The chlorophyll is then said to be in an excited state.  
b.  Like a human “wave” at a sports arena, the energy is transferred to the reaction center of the photosystem.  The reaction center consists of two chlorophyll a molecules, which donate the electrons to the second member of the reaction center, the primary electron acceptor.  The solar-powered transfer of an electron from the reaction center chlorophyll a pair to the primary electron acceptor is the first step of the light reactions.  This the conversion of light energy to chemical energy, and what makes photoautotrophs the producers of the natural world.

6.  Thylakoid membranes contain two photosystems that are important to photosynthesis, photosystem I (PS I) and photosystem II (PS II).  PS I is sometimes designated P 700 because of the chlorophyll a in the reaction center of this photosystem absorbs red light of this wavelength the best.  PS II is sometimes called P 680 for the same reason.  Don’t let switches in the designation be confusing.  
7.  Following are the major steps of the light reactions of photosynthesis.  The key to the light reactions is a flow of electrons through the photosystems in the thylakoid, a process called linear (noncyclic) electron flow.  Find each step in figure 6 on the next page.

Figure 6
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Steps:

1. Photosystem II absorbs light energy, allowing the P 680 reaction center of two chlorophyll a molecules to donate an electron to the primary electron acceptor.  The reaction center chlorophyll is oxidized and now requires an electron.

2.  An enzyme splits a water molecule into two hydrogen ions, two electrons, and an oxygen atom.  The electrons are supplied to the P 680 chlorophyll a molecules.  The oxygen combines with another oxygen molecule, forming O2 that will be released into the atmosphere.
3.  The original excited electron passes from the primary electron acceptor of photosystem II to photosystem I through an electron transport chain (similar to the electron transport chain in cellular respiration).

4.  The energy from the transfer of electrons down the electron transport chain is used to pump protons, creating a gradient that is used in chemiosmosis to phosphorylate ADP to ATP.  ATP will be used as energy in the formation of carbohydrates in the Calvin Cycle.

5.  Meanwhile, light energy has also activated PS I, resulting in the donation of an electron to its primary electron acceptor.  The electrons just donated by PS I are replaced by the electrons from PS II. (Keep in mind that the ultimate source of electrons is water.)
6.  The primary electron acceptor of photosystem I passes the excited electrons along to another electron transport chain, which transmits them to NADP+, which is reduced to NADPH, the second of the two important light-reaction products.  The high energy electrons of NADPH are now available for use in the Calvin Cycle.
8.  An alternative to linear electron flow is cyclic electron flow.  Cyclic electron flow uses PS I, but not PS II.  Cyclic electron flow uses a short  circuit of linear electron flow by cycling the excited electrons back to their original starting point in PS I.  Cyclic electron flow produces ATP by chemiosmosis, but NO NADPH is produced and NO OXYGEN IS RELEASED.

9.  Chloroplasts and mitochondria generate ATP by the same basic mechanism:  CHEMIOSMOSIS.  Examine the following figure that reviews the basics of chemiosmosis

Figure 7
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Ideas to look at in Figure 7
1.  An electron transport chain uses the electrons to pump protons across the thylakoid membrane.
2.  A proton motive force is created within the thylakoid space that can be utilized by ATP synthase to phosphorylate ADP to ATP.  Notice that the proton motive force is generated in three places:  1.  hydrogen ions from water; 2.  hydrogen ions pumped across the membrane by cytochrome complex; the removal of a hydrogen ion from the stroma when NADP+ is reduced to NADPH.
3.  Although similar, chemiosmosis in cellular respiration and photosynthesis are not identical.  In addition to some spatial differences, the key conceptual difference is that mitochondria use chemiosmosis to transfer chemical energy from food molecules to ATP, whereas chloroplasts transform light energy into chemical energy in ATP.  This is the essence of the difference between a consumer and a producer.

