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Harvesting Chemical Energy and Carbohydrates
 Lecture 10

Page 2
						

Metabolism
 The activity of obtaining and using energy• Maintenance• Growth• Reproduction
 Two primary metabolic processes to capture external sources of energy into a usable form• Photosynthesis• Cellular respiration
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Energy and Matter
 Energy• Flows through the hierarchy of life• Eventually released as heat, which cannot be
 used by living systems
 Matter• Recycled within the biosphere
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Catabolic Pathways and Production of ATP The breakdown of organic molecules is exergonic Fermentation is a partial degradation of sugars that
 occurs without oxygen Cellular respiration consumes oxygen and organic
 molecules and yields ATP Although carbohydrates, fats, and proteins are all
 consumed as fuel, it is helpful to trace cellular respiration with the sugar glucose:
 C6H12O6 + 6O2 6CO2 + 6H2O + Energy (ATP + heat)
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Energy Flow and Nutrient Recycling

Page 6
						

Metabolism
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LE 9-2
 ECOSYSTEM
 Lightenergy
 Photosynthesisin chloroplasts
 Cellular respirationin mitochondria
 Organicmolecules+ O2
 CO2 + H2O
 ATP
 powers most cellular work
 Heatenergy
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The Stages of Cellular Respiration: A Preview
 Cellular respiration has three stages:• Glycolysis (breaks down glucose into two molecules of
 pyruvate)• Pyruvate oxidation• The citric acid cycle (completes the breakdown of glucose)• Oxidative phosphorylation (accounts for most of the ATP
 synthesis) The process that generates most of the ATP is called
 oxidative phosphorylation because it is powered by redox reactions
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Cellular Respiration
 Fig. 8-3, p. 160
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Glycolysis
 Takes place in the cytosol
 Glucose (6 carbons) is oxidized into two molecules of pyruvate (3 carbons each)
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Citricacidcycle
 Glycolysis
 Pyruvateoxidation
 Oxidativephosphorylation
 ATP
 ATP
 ATP
 Cytosol
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Summary: Glycolysis
 glucose + 2 ADP + 2 Pi + 2 NAD+ →
 2 pyruvate + 2 NADH + 2 H++ 2 ATP
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Two Structure of D-Glucose
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Carbohydrates
 Contain carbon, hydrogen, and oxygen• Usually 1 carbon:2 hydrogens:1 oxygen
 Important as fuel sources, energy storage, structural elements and cell-cell recognition factors
 The basic unit of carbohydrates are monosaccharides or simple sugars
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Carbohydrates serve as fuel and building material
 Carbohydrates include sugars and the polymers of sugars
 The simplest carbohydrates are monosaccharides, or single sugars
 Carbohydrate macromolecules are polysaccharides, polymers composed of many sugar building blocks
 Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings
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Carbohydrates
 Monosaccharides are the structural units of carbohydrate molecules
 Two monosaccharides link to form a disaccharide
 Monosaccharides link in longer chains to form polysaccharides
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Monosaccharides
 “aldehyde or ketone derivatives of straight-chain polyhydroxy alcohol contain at least three carbon atoms”
 Defined by several criteria;• Number of carbon atoms [most important for this class
 trioses (3), pentoses (5) and hexoses (6)]• Aldehyde (aldoses) or ketone (ketoses) present• Carbon #1 is the terminal carbon atom closest to the
 carbonyl group• In D-sugars, the hydroxyl on the asymmetric carbon
 furthest from the carbonyl is orientated as in D-glyceraldehyde
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Monosaccharides
 Defined by several criteria;• Number of carbon atoms [most important for this class
 trioses (3), pentoses (5) and hexoses (6)]• Aldehyde (aldoses) or ketone (ketoses) present• Carbon #1 is the terminal carbon atom closest to the carbonyl
 group• In D-sugars, the hydroxyl on the asymmetric carbon furthest
 from the carbonyl is orientated as in D-glyceraldehyde
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Structure of Three Monosaccharides
 D-glyceraldehyde (triose)
 D-ribose(pentose)
 D-glucose (hexose)
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Monosaccharides
 Defined by several criteria;• Number of carbon atoms [most important for this class trioses
 (3), pentoses (5) and hexoses (6)]• Aldehyde (aldoses) or ketone (ketoses) present• Carbon#1 is the terminal carbon atom closest to the carbonyl
 group• In D-sugars, the hydroxyl on the asymmetric carbon furthest
 from the carbonyl is orientated as in D-glyceraldehyde
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Functional Groups Revisited
 Hydroxyl Aldehyde Ketone
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Monosaccharides
 Defined by several criteria;• Number of carbon atoms [most important for this class trioses
 (3), pentoses (5) and hexoses (6)]• Aldehyde (aldoses) or ketone (ketoses) present• Carbon #1 is the terminal carbon atom closest to the
 carbonyl group• In D-sugars, the hydroxyl on the asymmetric carbon furthest
 from the carbonyl is orientated as in D-glyceraldehyde
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Numbering of D-Glucose and D-Fructose
 D-glucose
 Fisher Projections
 1
 2
 3
 4
 5
 6
 1
 2
 3
 4
 5
 6
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Monosaccharides
 Defined by several criteria;• Number of carbon atoms [most important for this class trioses
 (3), pentoses (5) and hexoses (6)]• Aldehyde (aldoses) or ketone (ketoses) present• Carbon#1 is the terminal carbon atom closest to the carbonyl
 group• In D-sugars, the hydroxyl on the asymmetric carbon
 furthest from the carbonyl is orientated as in D-glyceraldehyde
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Structure of Three Hexoses
 D-galactose D-glucose
 C6H12O6 C6H12O6 C6H12O6
 These simple sugars are all isomer
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Isomers
 Isomer-same number of atoms of the same elements but different structures and hence different properties.
 There are different types of isomers:
 • Structural isomers - differ in the covalent arrangement of their atoms (compare fructose to the other 2 sugars)
 • Enantiomers - differ in the spatial arrangements of identical groups around a central atom in a nonplanar system.
 • In biomolecules, this is due to the tetrahedron arrangement in carbon molecules containing 4 single bonds to four different groups.
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Structural Isomer
 D-glucose
 Fisher Projections

Page 28
						

Two Representations of D-Galactose
 (geometric)

Page 29
						

LE 4-3
 MolecularFormula
 StructuralFormula
 Ball-and-StickModel
 Space-FillingModel
 Methane
 Ethane
 Ethene (ethylene)
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Most Sugars have Asymmetric Carbons Asymmetric carbons have 4 different groups covalently bonded The simplest example of a monosaccharide with an asymmetric
 carbon is glyceraldehyde. The vast majority of biological active sugars are in the D-
 conformation
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Monosaccharide Isomers
 Asymmetric carbons can lead to two molecules with spatial arrangements of groups but the same formula• Enantiomers or optical isomers
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Structure of Three Monosaccharides
 D-glyceraldehyde (triose)
 D-ribose(pentose)
 D-glucose (hexose)
 These are all D sugars
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Structures D-Glucose and D-Galactose
 D-glucose D-galactose
 The 2 sugars are epimers with respect to C4
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Fig. 5-3
 Dihydroxyacetone
 Ribulose
 Ket
 ose
 sA
 ldo
 ses
 Fructose
 Glyceraldehyde
 Ribose
 Glucose Galactose
 Hexoses (C6H12O6)Pentoses (C5H10O5)Trioses (C3H6O3)
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Two Structure of D-Glucose Redux
 Structure 1 Structure 2
 How do we get from Structure 1 to Structure 2?
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Closing the Monosaccharide Ring
 In general, alcohols reaction with the carbonyl groups of aldehydes and ketones to form hemiacetals or hemiketals.
 Sugar with 5 or more carbons will under intramolcular hemiacetal or hemiketal formation in solution
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What, Another Asymmetic Carbon Center!
 The carbonyl carbon (anomeric carbon) forms a new center of asymmetry
 There are two possible conformations called anomers
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Monosaccharide Isomers
 Monosaccharides with five or more carbons can change from the linear form to a ring form
 ~36%
 ~64%Trace
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Stereochemistry Can Matter
 The vast majority of Reaction in Living Systems Utilize and Produce Molecules with Particular Chirality (i.e. L-amino acids)
 Racemic mixtures produced chemically can be innocuous or harmful.
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LE 9-6_3
 Mitochondrion
 Glycolysis
 PyruvateGlucose
 Cytosol
 ATP
 Substrate-levelphosphorylation
 ATP
 Substrate-levelphosphorylation
 Citricacidcycle
 ATP
 Oxidativephosphorylation
 Oxidativephosphorylation:electron transport
 andchemiosmosis
 Electronscarried
 via NADH
 Electrons carriedvia NADH and
 FADH2
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Entry of Glucose into the Cell
 Glucose is imported into cells through transport proteins that span the lipid bilayer
 Facilitated transporters (GLUTs 1-11) The introduction of Glut4 in muscle and fat cells
 plasma membrane is inducible by insulin Na+/Glucose Transporter in Small Intestine
 (cotransport) aids in transporting against the gradient during feeding
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Facilitated Glucose Transport
 Induction of Glut 4 from endogenous vesicles
 Mechanism of Transport
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LE 9-6_1
 Mitochondrion
 Glycolysis
 PyruvateGlucose
 Cytosol
 ATP
 Substrate-levelphosphorylation
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Glycolysis harvests energy by oxidizing glucose to pyruvate
 Glycolysis (“splitting of sugar”) breaks down glucose into two molecules of pyruvate
 Glycolysis occurs in the cytoplasm and has two major phases:• Energy investment phase• Energy payoff phase
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Glycolysis
 Electrons removed are delivered to NAD+
 • producing NADH
 Each glucose molecule oxidized produces• 2 ATP• 2 NADH• 2 pyruvate
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Glucose
 2 Pyruvate
 Oxidation
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Glycolysis
 The reactions of glycolysis include energy-requiring and energy-releasing steps
 Glycolysis is regulated at key points
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Reactions of Glycolysis

Page 49
						

Step 1 : Phosphorylation of Glucose
 - phosphorylation catalyzed by hexokinase utilizing ATP
 -glucose 6-phosphate (G-6-P ) is NOT a substrate for GLUT transporters
 the molecule contains more energy than glucose
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Phosphorylation of Glucose
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LE 8-16
 Substrate
 Active site
 Enzyme Enzyme-substratecomplex
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Step 2: Isomerization of G-6-P to Fructose-6-P
 catalyzed by phosphoglucoisomerase the structure of G-6-P (aldose) is rearranged to
 fructose-6-phosphate (ketose) requires ring opening followed by isomerization
 and ring closure
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Isomerization of G-6-P to F-6-P

Page 54
						

Step 3: Phosphorylation of F-6-P to Frutcose-1,6 -P
 catalyzed by phophofructokinase with ATP Highest energy-no more investment regulated allosterically by AMP, ATP, pyruvate
 and citrate if no isomerization, later aldol cleavage would yield
 unequal length carbon chains
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Phosphorylation of F-6-P to F-1,6 -P
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Step 4: Cleavage of F-1,6-P into two 3 carbon-P
 Catalyzed by aldolase the two molecules produced are:
 glyceraldehyde-3-phosphate (GAP)
 dihydroxyacetone phosphate (DHAP)
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Aldolase Catalyzed Cleavage of F-1,6-P
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Step 5: Isomerization of GAP and DHAP
 catalyzed by triose phosphate isomerase This is the end of the Energy Investment Phase of
 glycolysis Only GAP can continue in the glycolytic pathway GAP has two forms of energy stored we are
 familiar with;
 1. a phosphoryl groups
 2. a carbonyl group to donate electrons

Page 59
						

Interconversion of GAP and DHAP
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LE 9-9a_2
 Glucose
 ATP
 ADP
 Hexokinase
 ATP ATP ATP
 Glycolysis Oxidationphosphorylation
 Citricacidcycle
 Glucose-6-phosphate
 Phosphoglucoisomerase
 Phosphofructokinase
 Fructose-6-phosphate
 ATP
 ADP
 Fructose-1, 6-bisphosphate
 Aldolase
 Isomerase
 Dihydroxyacetonephosphate
 Glyceraldehyde-3-phosphate
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Step 6: Dehydrogenation of GAP
 catalyzed by triose phosphate dehydrogenase This is a 2 step reaction:
 1. GAP is oxidized by transfer of 2 electrons to NAD+ (exergonic) –aldehyde to acid
 2. Attachment of inorganic phosphate to oxidized substrate (endergonic)
 The product is 1,3-bisphosphoglycerate
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Oxidation and Phosphorylation of GAP
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Redox Reactions
 Reduction-oxidation reactions• transfer electrons from donor to acceptor atoms
 Donor is oxidized• as it releases electrons
 Acceptor is reduced
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The Principle of Redox
 Chemical reactions that transfer electrons between reactants are called oxidation-reduction reactions, or redox reactions
 • In oxidation, a substance loses electrons, or is oxidized
 In reduction, a substance gains electrons, or is reduced (the amount of positive charge is reduced)
 Xe- + Y X + Ye-
 becomes oxidized(loses electron)
 becomes reduced(gains electron)
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Some redox reactions do not transfer electrons but change the electron sharing in covalent bonds
 An example is the reaction between methane and oxygen
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Redox Reactions
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What to look for in a Redox Reaction
 Oxidation can defined as:
 1. a loss of electrons
 2. a loss of hydrogen
 3. a gain of oxygen
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Stepwise Energy Harvest via NAD+
 In cellular respiration, glucose and other organic molecules are broken down in a series of steps
 Electrons from organic compounds are usually first transferred to NAD+, a coenzyme
 As an electron acceptor, NAD+ functions as an oxidizing agent during cellular respiration
 Each NADH (the reduced form of NAD+) represents stored energy that is can be tapped to synthesize ATP
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Electron Carrier NAD+
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Step 7: 1st Transfer of Phosphate to ADP
 catalyzed by phosphoglycerol kinase Transfer of phosphate group added in Step 6 to
 ADP. This is termed substrate level phosphorylation.
 A total of 1 ATP is produced from each 3 carbon product. The ATP debt is repaid.
 The product of this reaction is 3-phosphoglycerate (3-PG)
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Step 7: Substrate Level Phosphorylation I
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LE 9-7
 Enzyme
 ADP
 P
 Substrate
 Product
 Enzyme
 ATP+

Page 73
						

Step 8: Isomerization of 3-PG to 2-PG
 catalyzed by phosphoglyceromutase A mutase catalyzes the transfer of a functional
 group from one position to another in a molecule.
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Rearrangement of P group by Mutase
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Step 9: Formation of 2nd high energy intermediate
 2-PG is dehydrated which introduces a carbon-carbon double bond to form the product, phosphoenolpyruvate.
 This makes the remaining phosphate bond unstable.
 The reaction is catalyzed by enolase
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Dehydration of 2-PG
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Step 10: 2nd Transfer of Phosphate to ADP
 Catalyzed by pyruvate kinase The phosphate group added at Step 1 is
 transferred to ADP. A total of 1 ATP is produced by each 3 carbon
 compound. So, there is a net gain of 2 ATP. In addition 1 NADH was produced.
 The product of the reaction is pyruvate.
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Step 10:Substrate Level Phosphorylation II
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Substrate Level Phosphorylation
 Fig. 8-9, p. 165

Page 80
						

LE 9-8
 Energy investment phase
 Glucose
 2 ATP used2 ADP + 2 P
 4 ADP + 4 P 4 ATP formed
 2 NAD+ + 4 e– + 4 H+
 Energy payoff phase
 + 2 H+2 NADH
 2 Pyruvate + 2 H2O
 2 Pyruvate + 2 H2O
 2 ATP
 2 NADH + 2 H+
 Glucose
 4 ATP formed – 2 ATP used
 2 NAD+ + 4 e– + 4 H+
 Net
 Glycolysis Citricacidcycle
 Oxidativephosphorylation
 ATPATPATP
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Summary: Glycolysis
 glucose + 2 ADP + 2 Pi + 2 NAD+ →
 2 pyruvate + 2 NADH + 2 H++ 2 ATP
 In the presence of oxygen, the electrons from NADH+ would be transported to the
 mitochondria to power oxidation phosphorylation
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No Oxygen, No Oxidation Phosphorylation
 In the absence of oxygen, the cells must continue glycolysis to provide ATP
 To keep the reaction going, must provide substrates; glucose, ADP, NAD+ and remove products;NADH+,ATP, pyruvate
 Glucose must be provided, ADP is generated from ATP during cellular function.
 However, NAD+ must be regenerated and pyruvate removed.
 Fermentation keeps ATP production going in theabsence of oxygen.
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Types of Fermentation
 Fermentation consists of glycolysis plus reactions that regenerate NAD+, which can be reused by glycolysis
 Two common types are alcohol fermentation and lactic acid fermentation
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In alcohol fermentation, pyruvate is converted to ethanol in two steps, with the first releasing CO2
 Catalyzed by pyruvate decarboxylase followed by alcohol dehydrogenase
 Alcohol fermentation by yeast is used in brewing, winemaking, and baking
 Alcoholic Fermentation
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LE 9-17a
 CO2
 + 2 H+
 2 NADH2 NAD+
 2 Acetaldehyde
 2 ATP2 ADP + 2 P i
 2 Pyruvate
 2
 2 Ethanol
 Alcohol fermentation
 Glucose Glycolysis
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Fig. 8-16b, p. 173
 Ethyl alcohol
 Cytosol
 b. Alcoholic fermentation
 GlucoseG
 lyco
 lysi
 s
 Pyruvate Acetaldehyde
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In lactic acid fermentation, pyruvate is reduced to NADH, forming lactate as an end product, with no release of CO2
 Catalyzed by lactate dehydrogenase
 Lactic acid fermentation by some fungi and bacteria is used to make cheese and yogurt
 Human muscle cells use lactic acid fermentation to generate ATP when O2 is scarce
 Lactic Acid Fermentation
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LE 9-17b
 CO2
 + 2 H+
 2 NADH2 NAD+
 2 ATP2 ADP + 2 P i
 2 Pyruvate
 2
 2 Lactate
 Lactic acid fermentation
 Glucose Glycolysis
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Fig. 8-16a, p. 173
 a. Lactate fermentation
 Cytosol
 Glucose
 Gly
 coly
 sis
 Pyruvate Lactate
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LE 9-18
 Pyruvate
 Glucose
 CYTOSOL
 No O2 presentFermentation
 Ethanolor
 lactate
 Acetyl CoA
 MITOCHONDRION
 O2 present Cellular respiration
 Citricacidcycle
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