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• Lecture By: Khuram Aziz M.Phill Biochemistry

Page 2
						

.• Glycolysis literally means "splitting sugars." In glycolysis, glucose (a six carbon sugar) is split into two molecules of a three-carbon sugar. Glycolysis yields two molecules of ATP (free energy containing molecule), two molecules of pyruvic acid and two "high energy" electron carrying molecules of NADH.
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• Glycolysis can occur with or without oxygen. In• • the presence of oxygen, glycolysis is the first stage
 • of Cellular respiration. Without oxygen,
 • glycolysis allows cells to make small amounts of
 • ATP. This process is called fermentation.
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Readings in Lehninger, 5Readings in Lehninger, 5thth edition edition pagespages
 Overview:Overview: 485-488, 569-577Glycolysis: Glycolysis: 527-551, 584, 588-589Gluconeogenesis: Gluconeogenesis: 551-558, 582-594Glycogen:Glycogen: 246, 594-609 TCA Cycle:TCA Cycle: 615-638Pentose Phosphate Shunt: Pentose Phosphate Shunt: 558-564ETS:ETS: 707-722, 512-521ATP synthesis:ATP synthesis: 723-737===============================
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General Pathways of MetabolismGeneral Pathways of Metabolism-- CatabolismCatabolism --1- Breakdown of macromolecules tobuilding blocks -- generally hydrolytic protein polysaccharide lipid nucleic protein polysaccharide lipid nucleic acidsacids
 amino glucose, glycerol ribose,hetacids other sugars fatty acids bases, phosphate-- no useable energy yield here- only building blocks obtained
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2- Breakdown of monomers tocommon intermediatescommon intermediatesamino glucose, glycerol, acids other sugars fatty acids
 pyruvate
 NH4+ acetyl CoA
 citric acid cycleETS/Ox PhosATP  CO2
 Oxidative processes-- produce ATP & NADH for energy
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3-Breakdown of intermediates to CO2 and electrons is accomplishedthrough a central oxidative pathway:
 the CCitric Acid Cycleitric Acid Cycle or TCATCA or the Krebs CycleKrebs Cycle.
 This cycle leads to the production of ATP by processes called electron transport and oxidative phosphorylation.***********************************************************
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proteins polysaccharides lipidsproteins polysaccharides lipidsamino glucose, glycerol acids other sugars fatty acids
 NH4+ pyruvate
   CommonCommon acetyl CoA IntermediatesIntermediates  citric acid cycle  CO2
 proteins polysaccharides lipidsproteins polysaccharides lipidsamino glucose, glycerol acids other sugars fatty acids
 NH4+ pyruvate
   CommonCommon acetyl CoA IntermediatesIntermediates  citric acid cycle  CO2
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Modes of Control- RegulationModes of Control- Regulation
 1- Level of energyLevel of energy- if low, anabolismis unlikely or impossible2- Level of substratesLevel of substrates3- Level of enzyme cofactorsLevel of enzyme cofactors-lipoic acid, thiamine, NAD+, etc.4- Enzymes-Enzymes- a) quantityquantity- repression or induction of expression of information in DNA
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Carbohydrate Metabolism Carbohydrate Metabolism OverviewOverview glycogen
 pentose GLUCOSE other sugars pyruvate
 lactate acetyl CoA EtOH
 TCA cycleETS
 ATP
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10 Steps of Glycolysis• • 1. Glucose to Glucose 6-phosphate • 2. Glucose 6-phosphate to Fructose 6-phosphate • 3. Fructose 6-phosphate to Fructose 1,6-
 bisphosphate • 4. Fructose 1,6-bisphosphate to Dihydroxyacetone
 ---.. … phosphate & Glyceraldehyde 3-phosphate
 • 5. Dihydroxyacetone phosphate to Glyceraldehyde 3------------phosphate
 http://www.terravivida.com/vivida/glysteps/step01c.htm
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• 6. Glyceraldehyde 3-phosphate to 1,3- .--------------------------Bisphosphoglycerate
 • 7. 1,3-Bisphosphoglycerate to 3-Phosphoglycerate
 • 8. 3-Phosphoglycerate to 2-Phosphoglycerate • 9. 2-Phosphoglycerate to Phosphoenolpyruvate • 10. Phosphoenolpyruvate to Pyruvate
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Glyceraldehyde 3-phosphateglyceraldehyde NAD+ + Pi
 3-phosphate NADH + H+
 dehydrogenase 1,3-Bisphosphoglycerate  ADPphosphoglycerate kinase ATP 3-Phosphoglyceratephosphoglyceromutase 2-Phosphoglycerate enolase H2O Phosphoenolpyruvate ADP pyruvate kinase ATP PyruvatePyruvate
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GlycolysisGlycolysisWhat is glycolysis? Purpose- a metabolic pathway toconvert one molecule of glucose into2 molecules of pyruvate and produce2 molecules each ofNADH and ATP. All carbohydrates to be catabolizedmust enter the glycolytic pathway. Glycolysis is central in generatingboth energy and metabolicintermediaries.
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Phase I. Energy Investment.Phase I. Energy Investment. 1- Glucose is phosphorylated. Glucose enters a cell through a specific glucose transport process. It is quickly phosphorylated at the expense of an ATP. The investment of an ATP here is called “priming.” Enzymes = hexokinasehexokinase or glucokinaseglucokinase
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ATP ADP
 glucose
 glucose 6-phosphate
 ∆Go' = -16.7 kJ/mole
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Reaction:Reaction:
 first energy investment highly exergonic, G°´= -16.7 kJ/mole, (essentially irreversible)
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HexokinaseHexokinase found in all cells of every organism relatively high affinity for glucose, KM = 0.1 mM low specificity for monosaccharides (simple sugars) i.e., other monosaccharides can bephosphorylated by hexokinase. inhibited by its product, glucose6-phosphate
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2- Isomerization of glucose 6-phosphate Enzyme = phosphoglucoisomerasephosphoglucoisomerase
 glucose 6-phosphate fructose 6-phosphate aldose to ketose isomerizationreversible, G= 1.7 kJ/mole
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3- Second phosphorylation Enzyme = phosphofructokinasephosphofructokinase
 -second ATP investment-highly exergonic, essentiallyirreversible, G°´= -14.2 kJ/mole- highly regulatedregulated, modulating carbonflux through glycolysis in response to energy and carbon requirements
 fructose 1,6 bisphosphate
 ATP ADP
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4- Cleavage to two triose phosphates Enzyme = aldolasealdolase
 glyceraldehyde glyceraldehyde dihydroxyacetonedihydroxyacetone 3-phosphate phosphate3-phosphate phosphate where P = phosphate
 cleaves a 6C sugar to 2 3C sugars G°´= +23.8 kJ/mole, driven by one of the following rxns
 HC=O H2COP HCOH O=C HCOP + CH2OH H

Page 26
						

5-Isomerization of DihydroxyacetonephosphateEnzyme = triose-phosphate isomerasetriose-phosphate isomerase
 H2C-OH C=O
 CH2-O- P
 dihydroxyacetone glyceraldehyde phosphate 3-phosphate
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allows interconversion of two triosephosphate products of aldolasecleavageonly glyceraldehyde 3-phosphate canbe used further in glycolysis. aldose-ketose isomerization similarto phosphoglucoisomerase rxnallows dihydroxyacetone phosphateto be metabolized asglyceraldehyde 3-phosphatereversible,G´= +7.5 kJ/mole.This is important in gluconeogenesis.
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6- Oxidation of glyceraldehyde3-phosphateEnzyme= glyceraldehyde-3-phosphate glyceraldehyde-3-phosphate dehydrogenasedehydrogenase
 +
 -addition of phosphate, oxidation,production of NADH, formation ofhigh energy phosphorylated compound
 glyceraldehyde 3-phosphate 1,3 bisphosphoglycerate
 O HOPO OH NAD NADH O OPOH C=O O- HCOH H2C O- P
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- First high energy compoundgenerated = beginning of payoff.- product is an acylphosphate, a fusedcarboxylic-phosphoric acid anhydrate, which has a very high free energy of hydrolysis.- reversible rxn, G´ = +6.3 kJ/molebecause this fused group retains some of the energy produced by theoxidation of the aldehyde to thecarboxylic acid.
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reaction produces importantreducing compound NADH= nicotinamide adenine dinucleotide,oxidized andreduced form
 H
 [Note: core NAD+ isrecycled and notused up inmetabolism.]
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Mechanism of G3P DehydrogenaseMechanism of G3P Dehydrogenase
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7- Transfer phosphate to make ATP Enzyme = phosphoglycerate kinase
 - first substrate level phosphorylation,yielding ATP- 2 1,3 bisPG yield 2 ATPs- high free energy yield, G°´= -18.8kJ/mole drives several of the previous steps.
 O=C-O- P O=C-OH P HC-OH + P HC-OH + PH2C-O-P P H2C-O-P P Adenosine Adenosine1,3PG ADP 3-phosphoglycerate ATP
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8- Phosphate shift setup Enzyme= phosphoglycerate phosphoglycerate mutase mutase
 - shifts phosphate from position 3 to 2- reversible, ΔG = + 4.6 kJ/mole
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9- Generation of second very highenergy compound by a dehydration Enzyme = enolase
 ΔG = +1.7 kJ/moleEnolphosphate is a high energy bond
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10- Final generation of ATP Enzyme = pyruvate kinase P O H ADP ATP O-OOC-C=CH -OOC-C-CH3
  phosphoenolpyruvate pyruvate - second substrate levelphosphorylation yielding ATP- highly exergonic reaction,irreversible, ΔG = -31.4 kJ/mole.
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- drives several previous reactions.- pyruvate is the primary productof glycolysis. Pyruvate is at a centralbranch point in metabolism and canbe used in several ways.- pyruvate kinase is a highlyregulated enzyme.
 End of pathway
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Energy Yield From GlycolysisEnergy Yield From Glycolysis
 glucose 6 CO2 = -2840 kJ/mole  2 ATPs produced = 2 x 30.5 = 61 kJ/mole glucose Energy yield = 61/2840 = 2% recovered as ATP- subsequent oxidation of pyruvate andNADH can recover more of the freeenergy from glucose.
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PyruvatePyruvate
 Alcohol Lactic AcidAlcohol Lactic AcidFermentation FermentationFermentation Fermentation Aerobic GlycolysisAerobic Glycolysis
 Fate of PyruvateFate of Pyruvate
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-PyruvatePyruvate can be further processed:
 a) aerobically to CO2 and H2O via the citric acid cycle. This yields far more energy in the form of ATP.b) anaerobically to lactic acid lactic acid (lactate)(lactate) in muscle and in certain micro-organisms orc) anaerobically to ethanolethanol(fermentation) or
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1. Lactate FermentationLactate Fermentation Enzyme = Lactate Dehydrogenase COO- COO-
 C=O + NADH + H+ H-C-OH + NAD+
 CH3 CH3
 pyruvate lactate
 - Note: uses up all the NADH(reducing equivalents) produced inglycolysis.
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Helps drive glycolysis by “using up” NADH, making NAD+
 Reversible so pyruvate can beregenerated in alternative metabolism Lactate fermentation important inred blood cells, parts of the retina,and in skeletal muscle cells duringstrenuous exercise. Important in plants and in microbes growing in absence of O2.
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LACTIC ACID (CORI) CYCLELACTIC ACID (CORI) CYCLE  glucose glucose glucose glucose-6-P glucose-6-P glycogen glycogen  ATP ATP  NADH BloodBlood NADH pyruvate pyruvate  lactate lactate lactate LiverLiver MuscleMuscle
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The liver releases some of theglucose.
 The liver uses most of this lactateto make glycogen.
 Glycogen can be broken down intoglucose when needed.
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2. Alcoholic FermentationAlcoholic Fermentation COO- CO2 CH2OH
 H O C=O C + NADH CH3 +CH3 CH3 NAD+
  pyruvate acetaldehyde ethanolpyruvate decarboxylase-irreversible alcohol dehydrogenase- reversibleNote: NADH used up
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- pathway is active in yeast.- 2nd step helps drive glycolysis-2nd step is reversible- humans have alcohol dehydrogenasein liver, which is mainly used to dispose of ethanol.- reversereverse of 2nd step is ethanoloxidation, eventially yields acetate, which ultimately goes into fat synthesis.- ethanol acetaldehyde acetate - acetaldehyde is reactive and toxic.
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Three irreversible kinase reactionsprimarily drive glycolysis forward.  hexokinase or glucokinase phosphofructokinase pyruvate kinase
 Three of these enzymes regulate Three of these enzymes regulate glycolysis as well.glycolysis as well.
 -- REGULATION OF REGULATION OF GLYCOLYSISGLYCOLYSIS --
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 1.1. HEXOKINASEHEXOKINASE
 Phosphorylation of glucose.
 Inhibited by its product, glucose
 6-phosphate, as a response toslowing of glycolysis
 Not GLUCOKINASE – as discussed
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2. PHOSPHOFRUCTOKINASE PHOSPHOFRUCTOKINASE major regulatory enzyme,rate limiting for glycolysis an allosteric regulatory enzyme. measures adequacy of energy levels. Inhibitors: Inhibitors: ATPATP by decreasing fructose6-phosphate bindingand citratecitrate both indicate high energy availability
 Activators:Activators: ADP, AMP, low energy 
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AMP and ADP reverse ATP inhibition
 And another activatorAnd another activator
 Fructose 2,6 bisphosphate is avery important regulator, controllingthe relative flux of carbon throughglycolysis versus gluconeogenesis.- It also couples these pathways tohormonal regulation.
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3. PYRUVATE KINASEPYRUVATE KINASE PEP + ADP pyruvate + ATP An allosteric tetramer
 inhibitor: ATP inhibitors: acetyl CoA and fatty acids (alternative fuels forTCA cycle)
 activator: fructose 1,6-bisphosphate (“feed-forward”)
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Phosphorylation (inactive form) anddephosphorylation (active form)under hormone controlhormone control.
 Also highly regulated at the level of gene expression(“carbohydrate loading”)
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