The Cell Energetics module comprises of Cellular Respiration, Enzymes and Photosynthesis.

A. CELLULAR RESPIRATION

I.  Glycolysis (Òglucose splittingÓ)

¥ the use of enzymes in the cytoplasm to extract the energy 

stored in the chemical bonds of glucose

¥Êsequence of ten reactions, each of which is catalyzed by an 

enzyme

¥ input:  1 glucose, 2 ADP, 2 Pi (inorganic phosphate), 2 NAD

¥ output:  2 pyruvate, 2 ATP (net), 2 NADH

¥ more energy can be released by the enzyme-catalyzed breakdown 

of pyruvate.  This is done in one of three ways:

II.  Anaerobic Respiration

¥ a series of redox reactions that end with electrons binding to 

an inorganic electron acceptor, usually nitrate, sulphate or 

carbonate. In the process, the energy released during electon

flow is used to generate ATP

III.  Fermentation

A.  Ethanolic Fermentation

¥ occurs in fungi e.g. yeast

¥ a series of redox reactions that end with electrons binding to 

the organic electron acceptor ethanol

¥ these steps allow the NADH formed during glycolysis to be 

recycled to NAD, which will, in turn, allow glycolysis to 

continue

¥ CO2 from ethanolic fermentation is the biological cause of 

bread 'rising' in the baking industry, and ethanol produced 

during fermentation is the basis of the brewing and distilling

industries.

B.  Lactic Acid Fermentation

¥ occurs in all animal muscle cells when there is not enough 

oxygen arriving from the blood stream to fully oxidize the 

pyruvate formed during glycolysis

¥ a series of redox reactions that end with electrons binding to 

the organic electron acceptor lactate (the anionic portion of 

the lactic acid molecule)

¥ these steps also allow the NADH formed during glycolysis to be 

recycled to NAD, which will, in turn, allow glycolysis to 

continue

¥ The accumulation of lactate in muscle is the cause of muscle 

cramps.

¥ Lactate fermentation by some bacteria and fungi is the basis 

for the production of cheese and yogurt.

IV.  Aerobic Respiration

¥ÊIn the presence of oxygen, pyruvate can be further oxidized in 

the mitochondria. 

A.  Mitochondrial Structure

¥ enclosed by two membranes separated by an intermembrane space 

¥ intermembrane space extends into the invaginations (inward 

folds) on the inner membrane called cristae.  This dramatically 

increases the surface area of the inner membrane. 

¥ inner dense material is called the matrix, an area which 

contains RNA, DNA, proteins, ribosomes and range of solutes. 

This is similar to the contents of the chloroplast stroma. 

¥ main function of the mitochondrion is the oxidation of the 

pyruvate derived from glycolysis to produce the ATP required to 

perform cellular work.

B.  Mitochondrial Function

1.  Obtaining Supplies

¥ Pyruvate, or fatty acids from the breakdown of triglycerides 

or

phospholipids, pass easily through protein pores found in the 

outer mitochondrial membrane. The inner membrane is a more 

selective barrier, and specific transport proteins exist to 

carry pyruvate and fatty acids into the matrix.

¥ Once inside the matrix, pyruvate and fatty acids are converted 

to the two carbon compound acetyl coenzyme A (acetyl CoA).  This 

step produces 1 CO2 and 1 NADH.

2.  Krebs Cycle

¥ a sequence of reactions which completes the oxidation of 

carbon and regenerates an electron acceptor to keep the cycle 

going.

¥ occurs inside mitochondrial matrix

¥ input:  2 pyruvate, 2 ADP, 2 Pi, 8 NAD, 2 FAD (Flavin Adenine 

Dinucleotide)

¥ output:  2 ATP, 8 NADH, 2 FADH, 6 CO2

3.  Oxydative Phosphorylation (Electron Transport Chain)

¥ transfer of energy from the reduced compounds NADH and FADH to 

make ATP.

¥ occurs via a chemiosmotic system similar to that seen in 

chloroplasts in the light-dependent reactions of photosynthesis.

¥ occurs via a series of reactions guided by enzymes located 

sequentially along the inner membrane of the mitochondria

¥ the energy lost as electrons flow to successively weaker 

electron carriers is coupled to the pumping of protons from the 

matrix to the intermembrane space.  ATP is produced as a result, 

and the electrons are ultimately combined with molecular oxygen 

and protons to produce water.

¥ Respiration is said to be aerobic when oxygen is the terminal 

electron acceptor.

¥ electron transport chain has three sites along it that pump 

protons from the matrix. NADH donates its electrons to the chain 

at a point where the energy imput is sufficient to drive all 

three proton pumping sites. FADH is less energetic than NADH and 

its electrons are donated at a point that drives two proton 

pumping sites.

¥ input:  8 NADH, 2 FADH

¥ output:  24 ATP from NADH; 4 ATP from FADH

2ATP by substrate phosphorylation.

C.  Net Energy Yield

¥ 36ATP produced in total, which represents about 63% of the 

chemical energy available by breaking all of the bonds in the 

glucose molecule.

D.  Disrupting the Flow

1.  Oxygen not available as the terminal electron acceptor = 

death.

2.  Cyanide functions as a poison because it prevents electrons 

being donated from the electron transport chain to molecular 

oxygen, thereby stopping the flow of electrons and ATP 

synthesis.  Again, the result is death.

3.  If reduced carbon substrates (carbohydrates, lipids or 

proteins) are not available, there is no transfer of energy into 

the system, and all of the ATP would be consumed.  Death by 

starvation would occur.

B. ENZYMES

A.  Chemical Reactions

¥ occur when two or more chemical species (the reactants) 

interact to produce substances that are chemically different 

than their predecessers (the products).

¥ enzymes provide an alternate pathway for chemical reactions. 

They act to lower the amount of energy necessary for a chemical 

reaction:  as a result, the reaction is able to take place at 

physiological temperatures rather than at extremely high 

temperatures.

¥ the reaction goes around the energy hill rather than over it.

B.  Reaction Coordinate

¥ see diagram in textbook

C.  Lock and Key Model

¥ enzyme-substrate interactions are very specific.  There is 

only one substrate that fits the enzyme properly, just as there 

is only one key that fits a lock correctly.

D.  Factors That Affect Enzyme Action

¥ temperature:  there is an optimal temperature.  Too cold is 

slow due to reduced rate of molecular motion; too fast is slow 

due to enzymatic denaturation and eventually enzyme destruction.

¥ pH:  there is an optimal pH.  Too low or too high a pH will 

result in conformational changes to the enzyme, rendering it 

inactive.

¥ [S]:  the more substrate, the faster the enzyme acts (until 

the enzyme has reached its maximum activity level).

¥ [E]:  the more enzyme, the faster the substrate is converted 

(until all of the substrate has reacted).

¥ presence of cofactors and coenzymes:  some enzymes require 

cofactors (inorganic ions such as calcium or magnesium) or 

coenzymes (complex organic structures) in order to function 

effectively (or even to function at all, in some cases).

¥ presence of inhibitors:  some substances are similar in shape 

to the real substrate, and slow the enzyme down by fooling it 

into binding them instead of the real substrate.  This is called 

competitive inhibition, and it is reversible.  Some substances 

can bind the enzyme and cause it to change shape.  The resulting 

shape change can cause the enzyme to become non-functional, and 

is called uncompetitive inhibition.  This change in shape may be 

reversible, or it may be irreversible.

C.  PHOTOSYNTHESIS

I.  Leaf Structure

A.  epidermis - outer layer

B.  photosynthetic cells of leaves

        1.  palisade layer - regular, dense, upper layer

        2.  spongy mesophyll - loose lower layer

C.  vascular bundles

        1.  xylem - transport water and dissolved minerals into 

        leaves

        2.  phloem - products of photosynthesis transported out 

        from leaves to rest of plant

D.  stomata - gases (oxygen and carbon dioxide) move into and 

out of leaves by convection through stomata.  Stomata are 

typically most abundant on the under surface of leaves.

E.  guard cells - open and close via turgor pressure to regulate 

movement of gases in and out of leaves through stoma

II.  Leaf Function

A.  expose a maximum surface to sunlight

B.Ê conserve water

C.  provide for the exchange of gases necessary for 

photosynthesis

D.  food storage or support. For example, a bulb, such as an 

onion, is a large bud consisting of a short stem with many 

leaves modified for storing food.

III.  Chloroplasts

A.  Characteristics

1.  contain chlorophyll and accessory pigments

2.  light dependent reactions take place on the internal 

membranes of chloroplasts.

3.  energy captured by the light reactions is stored as chemical 

potential energy {NADPH (coenzyme that assists in redox 

transfers of electrons) and ATP}

B.  Structure

1.  two membranes - regulate passage in and out

2.  stroma - fluid matrix to allow molecular movement

3.  thylakoids - series of membranes running across the stroma

        a.  grana thylakoids - disc shaped 

        b.  stroma thylakoids - extend over greater distances

C.  Light Absorption

1.  Chlorophyll a

¥Êmagnesium atom held in a porphyrin ring, attached to a long, 

hydrophobic hydrocarbon chain

¥ long tail holds the molecule in place in the chloroplast's 

thylakoid membrane lipids

¥ alternating single and double bonds in the ring enables it to 

act as antenna to capture the energy in photons of light

¥ absorbs light, but only at certain wavelengths

2.  Accessory Pigments

¥ increase effectiveness of chlorophyll a by absorbing energy 

from other wavelengths of light and passing it on to chlorophyll 

a

¥ include chlorophyll b, carotenoids and xanthophylls

3.  From Photon to Electron

¥ light comes in "packets" called photons that contain a 

specific quantity of energy related to the photonÕs wavelength.

¥ Electrons around a nucleus can also have only specific amounts 

of energy.

¥ If the energy in an incoming photon is suitable to raise the 

electron from its present energy level to a higher "permitted" 

energy level, the electron is said to become ÒexcitedÓ. 

        normally - excited electron falls back down to its previous 

        energy level, emitting another photon at a longer 

        wavelength (fluorescence).

        In photosynthesis - excited electron is diverted to other 

        chemicals (electron acceptors), so the energy it has 

        acquired from the light photon can be put to use.

D.  Photosystems (PS)

1.  Structure

¥ Pigments are arranged in clusters in the thylakoid membrane

¥ cluster = a few hundred pigment molecules called antenna 

complex (looks like a satellite dish), with chlorophyll a bound 

to special protein @ center of each antenna complex.  This 

chlorophyll-protein complex is called a reaction center.

¥ photosystem (PS) = antenna complex, reaction center, and 

primary electron acceptor

¥ chloroplast membarnes also contain cytochromes (an iron-

containing protein involved in electron transport inside 

chloroplasts and mitochondria), which help carry electrons 

between the two photosystems

¥ a second type of protein carries protons from the inside of 

the thylakoid out to the stroma, and synthesizes ATP as it does 

so

2.  Function

¥ light energy absorbed by the antenna complex is transferred to 

the reaction center, where the central, special chlorophyll a 

molecule becomes ionized

¥ electrons are then passed on to primary electron acceptor

E.  Electron Flow

¥ electrons enter PS II from photolysis (water breakdown), and 

leave PS I as part of the NADPH molecule.  Energy in the form of 

ATP is produced as a by-product of these reactions.

¥ Cyclic electron flow involves PS I: electrons leave and 

return to PS I through the cytochrome complex, which facilitates 

ATP production.

¥ Noncyclic electron flow occurs when electrons released by PS 

II travel via the cytochrome complex to PS I, and then on to be 

received by NADP+ in the formation of NADPH.  NADPH later serves 

as the electron donor when the Calvin cycle reduces carbon 

dioxide to sugar.

IV.  Light Dependent Reactions

¥ PS I @ 700 nm; PS II @ 680 nm

¥ split water to release molecular oxygen

¥ synthesize ATP and NADPH

¥ free energy contained in ATP and NADPH is later used to reduce 

fixed carbon dioxide into carbohydrate in biochemical reactions 

in the chloroplast stroma (see Light Independent reactions 

below)

V.  Light Independent Reactions (Calvin-Benson Cycle)

¥ series of enzyme-catalyzed reactions that occur in the stroma 

of the chloroplast.  Figured out by providing plants with 

radiolabelled (14-C) carbon dioxide, and stopping the reactions 

sequentially through time.

¥ begin with five carbon ribulose 1,5-biphosphate (RuBP)

¥ carbon dioxide fixed to RuBP by the enzyme RuBP 

carboxylase/oxygenase (RuBisCO).  This reaction produces a 

transient, unstable, 6 carbon compound that immediately breaks 

down into two 3 carbon molecules (3-phosphoglycerate).

¥ These are then phosphorylated by ATP and reduced by NADPH, to 

produce glyceraldehyde 3-phosphate (G3P). The G3P can be drawn 

out of the cycle to synthesize glucose and starch, or it can be 

exported out of the chloroplast to synthesize sucrose. The free 

energy released during ATP hydrolysis is also used to help 

rearrange the 30 carbons in 10 molecules of G3P into 6 molecules 

of RuBP to keep the cycle going. 

The overall reaction is

6CO2 + 12NADPH + 12H + 18ATP produces GLUCOSE + 12NADP + 18ADP + 

18P + 6H2O

¥ Glyceraldehyde phosphate is used by the plant to form

        1.  RuBP

        2.  starch (storage)

        3.  amino acids

        4.  fatty acids

        5.  sucrose

