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Glycolysis
 I. The Overall Pathway of Glycolysis
 1. Overview of glycolysis
 ■ Glycolysis: 1 molecule of glucose (C6) 2 molecules of pyruvate (C3)
 [Embden-Meyerhoff pathway].
 ■ 10 Steps: each reaction catalyzed by a specific enzyme.
 ■ 2 Molecules of ATP is hydrolyzed; 4 molecules of ATP are produced
 2. Pyruvate: a key intermediate in glycolysis
 ■ In aerobic metabolism (in the presence of O2): pyruvate loses CO2 form acetyl-CoA citric acid cycle.
 ■ In anaerobic metabolism (in the absence of O2): (1) Alcoholic fermentation: pyruvate loses CO2 produce ethanol. (2) Anaerobic glycolysis: pyruvate lactate.
 ■ Anaerobic metabolism: only energy source in mammalian red blood cells, as well as in several
 species of bacteria (Lactobacillus, Clostridium botulinum). ■ In all these reactions: an oxidation reaction NAD+ is converted to NADH.
 Glucose (C6) 2 Pyruvate (C3) 2ATP + 4ADP + 2Pi 2ADP + 4ATP (Phosphorylation) Glucose + 2ADP + 2Pi 2 Pyruvate + 2ATP (Net reaction)
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II. The Ten Reactions of Glycolysis
 1. Phosphorylation
 2. Isomerization
 3. Phosphorylation
 6. Oxidation
 8. Isomerization
 7. Transfer of phosphate
 group
 9. Dehydration
 10. Transfer of phosphate
 group
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Step 1. Phosphorylation of glucose to give glucose-6-phosphate
 - The phosphorylation of glucose is an endergonic reaction.
 Glucose + Pi Glucose-6-phosphate + H2O
 ∆G°́ = 13.8 kJ/mol = 3.3 kcal/mol
 - The hydrolysis of ATP is exergonic: ATP + H2O ADP + Pi
 ∆G°́ = -30.5 kJ/mol = -7.3 kcal/mol
 - These two reactions are coupled exergonic: Glucose + ATP
 Glucose-6-phosphate + ADP
 ∆G°́ = (13.8 + -30.5) kJ/mol = -16.7 kJ/mol = -4.0 kcal/mol
 - The enzyme that catalyzes this reaction is hexokinase.
 (1) Substrate: any hexoses(glucose, fructose, mannose).
 (2) G-6-P inhibits the activity of hexokinase
 a control point in the pathway.
 (3) Some organisms or tissues contain multiple isozymes of hexokinase.
 (4) In the human liver (called glucokinase)
 lowers blood glucose levels after one has eaten a meal
 When glucose levels are low, hexokinase is still active in all tissues.
 (5) A large conformational change takes place in hexokinase
 when substrate is bound induced-fit.
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Step 2. Isomerization of glucose-6-phosphate to give fructose-6-phosphate
 - Catalyzed by glucose-phosphate isomerase
 - C-1 aldehyde group of G-6-P reduced to a -OH group;
 C-2 -OH group oxidized to give the ketone group of F-6-P;
 no net oxidation or reduction.
 - G-6-P and F-6-P, are an aldose and a ketose, respectively.
 Step 3. Phosphorylation of fructose-6-phosphate to give
 fructose-1,6-bisphosphate - Phosphorylation of F-6-P (endergonic) + hydrolysis of ATP (exergonic) overall reaction (exergonic, irreversible). (1) Committed to glycolysis. (2) Fructose-1,6-bisphosphate must undergo the rest of the reactions of
 glycolysis.
 - Phosphofructokinase
 (1) Key regulatory enzyme in glycolysis. (2) Tetramer allosteric feedback regulation. (3) 2 types of subunits (M and L) M4, M3L, M2
 L2, ML3, and L4 (isozymes). (4) M4 (muscle); L4 (liver); combinations (found in
 red blood cells).
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- Phosphofructokinase reaction (substrate, F-6-P): the sigmoidal curve typical of allosteric enzyme (1) ATP is an allosteric effector. (2) High levels of ATP depress the rate of
 the reaction, and low levels of ATP stimulate the reaction.
 (3) High level of ATP in the cell cell does not need to metabolize
 glucose for energy ATP inhibits the glycolytic pathway at
 this point. (4) Potent allosteric effector of phosphofruct
 okinase: fructose-2,6-bisphosphate.
 Step 4. Cleavage of fructose-1,6-bisphosphate to give two 3-C fragments, g
 lyceraldehyde-3-phosphate and dihydroxyacetone phosphate - Cleavage reaction the reverse of an aldol condensation (aldolase). - In the enzyme isolated from most animal sources the basic side chain of an essential lysine residue plays the key role in
 catalyzing this reaction. The thiol group of a cysteine also acts as a base here.
 Step 5. Isomerization of dihydroxyacetone phosphate to give
 glyceraldehyde-3-phosphate
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- Enzyme: triosephosphate isomerase
 (dihydroxyacetone, glyceraldehydes: trioses).
 - One molecule of glyceraldehyde-3-phosphate
 produced by the aldolase reaction
 - A second molecule of glyceraldehyde-3-phosphate, produced by the
 triosephosphate isomerase reaction.
 - 1 Glucose (C6) 2 glyceraldehyde-3-phosphate (C3).
 - Under physiological conditions
 (1) ∆G value for this reaction
 slightly positive (+2.41 kJ/mol or +0.58 kcal/mol).
 (2) Coupled reactions involving ATP hydrolysis add their ∆G values
 together for the overall reaction
 glycolysis is composed of many reactions that have very
 negative ∆G values that can drive the reaction to completion.
 Step 6. Oxidation of glyceraldehyde-3-phosphate to give
 1,3-bisphosphoglycerate.
 ■ Addition of a phosphate group to glyceraldehyde-3-phosphate; an electron- transfer reaction (glyceraldehyde-3-phosphate NAD+). (1) Oxidation (aldehyde carboxylic acid group).
 RCHO + H2O RCOOH + 2H+ + 2e- (2) Reduction
 NAD+ + 2H+ + 2e- NADH + H+ (3) Overall redox reaction
 RCHO + H2O + NAD+ RCOOH + H+ + NADH (4) Carboxylic acid group and phosphoric acid form a mixed anhydride of
 two acids by loss of water 3-Phosphoglycerate + Pi 1,3-bisphosphoglycerate + H2O (substances ionized form appropriate at pH 7). (The source of the phosphate group is phosphate ion itself).
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Overall reaction slightly endergonic. ∆G°́ overall = ∆G°́ oxidation + ∆G°́ phosphorylation
 = (-43.1 kJ/mol) + (49.3 kJ/mol) = 6.2 kJ/mol = 1.5 kcal/mol 1 mole of glucose (∆G°́ = 12.4 kJ/mol = 3.0 kcal/mol). The ∆G°́ under cellular conditions is slightly negative (-1.29 kJ/mol or
 -0.31 kcal/mol). ■ Enzyme: glyceraldehyde-3-phosphate dehydrogenase. (1) A class of similar enzymes, the NADH-linked dehydrogenases. The overall structures are not strikingly similar, but the structure of the
 binding site for NADH is quite similar in all these enzymes. (2) One portion of the binding site is specific for the nicotinamide ring, and o
 ne portion is specific for the adenine ring. (3) Tetramer (4 identical subunits) Each subunit binds one molecule of
 NAD+, and each subunit contains an essential cysteine residue.
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(4) A thioester (high-energy intermediate) involving the cysteine residue is the
 key intermediate in this reaction.
 (i) Phosphate ion attacks the thioester, forming a mixed anhydride of the
 carboxylic and phosphoric acids (high-energy compound)
 1,3-bisphosphoglycerate.
 (ii) 1,3-bisphosphoglycerate (a high phosphate-group transfer potential).
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Step 7. Transfer of a phosphate group from 1,3-bisphosphoglycerate to
 ADP to give 3-phosphoglycerate
 - Phosphoglycerate kinase.
 - Kinase: a class of ATP-dependent phosphate-group transfer enzymes.
 - In this step in glycolysis,
 (1) 1,3-Bisphosphoglycerate transferred a phosphate group to ADP.
 (2) Substrate-level phosphorylation
 the standard free energy of the hydrolysis reaction
 (1,3-bisphosphoglycerate, -49.3 kJ/mol) > hydrolysis of the new
 phosphate compound being formed (ATP, -30.5 kJ/mol).
 1,3-Bisphosphoglycerate + ADP 3-Phosphoglycerate + ATP
 ∆G°́ = - 49.3 kJ/mol + 30.5 kJ/mol = - 18.8 kJ/mol = - 4.5 kcal/mol
 **** Oxidative phosphorylation transfer of phosphate groups is linked to
 electron-transfer reactions (O2: ultimate electron acceptor).
 (3) 2 molecules of ATP are produced by this reaction.
 Step 8. Isomerization of 3-phosphoglycerate to give 2-phosphoglycerate
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Step 9. Dehydration of 2-phosphoglycerate to give phosphoenolpyruvate
 - A dehydration reaction. - Enolase requires Mg2+ as a cofactor. - The water molecule that is eliminated binds to Mg2+ in the course of
 the reaction.
 Step 10. Transfer of a phosphate group from phosphoenolpyruvate to
 ADP to give pyruvate
 - The double bond shifts to the O2 on C2 and a H shifts to C3.
 - PEP: a high-energy compound with a high phosphate-group transfer
 potential.
 - The free energy of hydrolysis of PEP (- 61.9 kJ/mol) is more negative
 than that of ATP (- 30.5 kJ/mol).
 - Substrate-level phosphorylation.
 - Pyruvate kinase
 (1) an allosteric enzyme consisting of 4 subunits of 2 different types
 (M and L).
 (2) Inhibited by ATP.
 (3) Because of the different isozymes of pyruvate kinase found in liver
 versus muscle, the control of glycolysis is handled differently in
 these two tissues.
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III. Control of Glycolysis
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IV. Anaerobic Metabolism of Pyruvate
 1. Reduction of pyruvate to lactate
 - Exergonic reaction (∆G°́ = -25.1 kJ/mol = - 6.0 kcal/mol) X2 / glucose.
 - Lactate is a dead end in muscle metabolism
 can be recycled in the liver to form pyruvate and even glucose by a
 pathway called gluconeogenesis.
 ■ Lactate dehydrogenase (LDH)
 - NADH-linked dehydrogenase
 - Tetramer 2 kinds of subunits (M, H) 5 possible isozymes.
 (1) M4 tetramer (homogeneous): human skeletal muscle
 (2) H4 tetramer (homogeneous): heart
 (3) M3H, M2H2, MH3 (heterogeneous): occur in blood serum.
 (4) Clinical test for heart disease H4 and MH3 in blood serum increase
 drastically after myocardial infarction (heart attack).
 - The different isozymes have slightly different kinetic properties due to
 their subunit compositions.
 (1) H4 isozyme (LDH 1) a higher affinity for lactate (substrate).
 (2) M4 (LDH 5) allosterically inhibited by pyruvate.
 ■ Why the reduction of pyruvate to lactate (a waste product in aerobic
 organisms) is the last step in anaerobic glycolysis? - Relative amounts of NAD+ and NADH in a cell. - The NADH produced from NAD+ by the oxidation of G-3-P is used up no net change in the relative amounts of NADH and NAD+ in the cell.
 - This regeneration is needed under anaerobic conditions in the cell so that NAD+ will be present for further glycolysis to take place.
 - Without this regeneration the oxidation reactions in anaerobic organisms would soon come to a halt (lack of NAD+ to serve as an oxidizing agent in fermentative processes).
 - The same considerations apply in alcoholic fermentation.
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2. Pyruvate conversion to ethanol by fermantation ■ Pyruvate is decarboxylated (loses CO2) to produce acetaldehyde.
 - Pyruvate decarboxylase.
 (1) Requires Mg2+ and a cofactor, thiamine pyrophosphate (TPP).
 (2) In TPP the carbon atom between the N and the S in the thiazole ring
 is highly reactive.
 (3) Forms a carbanion (an ion with a negative charge on a carbon atom)
 quite easily.
 (4) Carbanion attacks the carbonyl group of pyruvate to form an adduct.
 (5) CO2 splits off, leaving a two-carbon
 fragment covalently bonded to TPP.
 (6) There is a shift of electrons, and the two-carbon fragment splits off,
 producing acetaldehyde.
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■ Acetaldehyde is then reduced to produce ethanol, and, at the same time,
 one molecule of NADH is oxidized to NAD+ for each molecule of ethanol
 produced.
 - Enzyme: alcohol dehydrogenase
 - Acetaldehyde + NADH Ethanol + NAD+
 - The net reaction for alcoholic fermentation is
 Glucose + 2ADP + 2Pi + 2H+ 2 Ethanol + 2ATP + 2CO2 + 2H2O
 (NAD+ and NADH do not appear explicitly in the net equation).
 - Recycling of NADH to NAD+ takes place.
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V. Energy Production in Glycolysis The energy yield from glycolysis
 The overall process of glycolysis is exergonic.
 The percentage of the energy released by the breakdown of glucose to lactate that is "captured" by the organism when ADP is phosphorylated to ATP is the efficiency of energy use in glycolysis; it is (61.0/184.6) X100, or about 33%. The net release of energy in glycolysis, 123.6 kJ (29.5 kcal) for each mole of glucose converted to lactate, is dissipated as heat by the organism.
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