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Glycolysis• Glycolysis overview• Reactions of Glycolysis
 1- Hexokinase (Glucose Phosphorylation)- Glucokinase
 2- PhosphoFructokinase (PFK-1)- Regulation of PFK-1
 • Oxidation of glyceraldehyde into 1,3 bisphosphoglycerate• Phosphoglycerate Kinase: First ATP generation step• Formation of Pyruvate• Metabolic fate of pyruvate
 1) Oxidative decarboxylation2) Reduction to ethanol3) Reduction to lactate
 • Energy yield of glycolysis• Hormonal regulation• Clinical Notes
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Glycolysis- Degradation of glucose in a series of enzyme catalyzed reactions to yield 2 pyruvate molecules and free energy is released in the form of ATP and NADH. - Glycolysis is at the central pathway of carbohydrate metabolism because virtually all sugars can be converted into glucose.- Most of energy is conserved in the pyruvate. - Glycolysis is the source of metabolic energy in mammalian tissue and cell types like erythrocytes, renal medulla, brain, and sperms.
 Glucose + 2NAD+ + 2ADP +2Pi 2NADH + 2pyruvate + 2ATP + 2H2O + 4H+
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Pathway overview
 1. Add phosphoryl groups to activate glucose.
 2. Convert the phosphorylated intermediates into high energy phosphate compounds.
 3. Couple the transfer of the phosphate to ADP to form ATP.
 Stage I A preparatory stage in which glucose is phosphorylated and cleaved to yield two molecules of glyceraldehyde-3-phosphate - uses two ATPs
 Stage II glyceraldehyde-3-phosphate is converted to pyruvate with the concomitant generation of four ATPs-net profit is 2ATPs per glucose.
 Glucose + 2NAD+ + 2ADP +2Pi 2NADH + 2pyruvate + 2ATP + 2H2O
 + 4H+
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An Overview: Glycolysis has two phases: Phase I (energy investment)
 Phosphoglucose isomerase
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Phase II: Energy Generation
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An Overview: Glycolysis
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Phase I: Energy Investment
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Phase II: Energy Generation
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2,3-Bisphosphoglycerate2,3-BPG
 mutase
 phosphatase

Page 11
						

Reactions of GlycolysisPhosphorylation of Glucose Irreversible phosphorylation of glucose by Hexokinase effectively trap glucose as glucose 6-p that can not diffuse out of the cell. Mammals have several isozymes of Hexokinase that catalyze the phosphorylation.isozymes: Enzymes that catalyze the same reaction but are different in their kinetic behavior and they are tissue specific. Hexokinase in muscle - allosteric inhibition by ATPHexokinase in brain - NO allosteric inhibition by ATPHexokinase is one of the regulatory enzymes in the Glycolysis (phosphofructokinase, pyruvate kinase)
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HexokinaseSubstrate specificity and product inhibition: - It has a broad specificity and can act on different hexoses - inhibited by the product Glu-6p- inhibited by a high ATP/ADP ratio.Kinetic properties:-Hexokinase has low Km high affinity for glucose efficient phosphorylation and efficient subsequent metabolism.- Low Vmax for glucose cannot phosphorylate large quantities of glucose
 Glucokinase- Called hexokinase D or type IV, presents mainly in the liver and β-cells of pancreas.- High Km higher concentration of glucose to reach half-saturation function only when the conc- of glucose in hepatocyte increased - has high Vmax allow to phosphorylate large amount of glucose effectively and this prevent large amount of glucose from entering the system circulation following CHO rich meals.- Glucokinase is not inhibited by Glu-6-p, it has the same specificity of the hexokinase isozymes.
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Fructose-1,6-bisphosphate formation by Phosphofructokinase
 (PFK-1)
 - Irreversible phosphorylation reaction catalyzed by Phosphofructokinase (PFK-1)
 - Rate limiting step in glycolysis
 - The control point for glycolysis, it controlled by concentration of substrate ATP and Glu-6-p and regulatory substances.
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1. Regulation by energy level: - ATP allosterically inhibits the PFK-1 signals indicating an
 abundance of high energy compounds, citrate inhibits the PFK-1.- High conc. of AMP allosterically activate the PFK1.
 2. Regulation by fructose 2,6-bisphosphate:- it is a potent activator for PFK-1 and it is a potent inhibitor for
 1,6-bisphosphatase that involved in the gluconeogenesis.
 when Glycolysis is active, gluconeogenesis is inactive. - Fructose 2,6-bisphosphate is formed by phosphofructokinase-2
 (PFK-2), and is converted back to fru-6-p by fructose 2,6-
 bisphophatse-2
 Regulation of Phosphofructokinase (PFK-1)
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During the well-fed state: low level of Glucagon and high level of insulin elevated fructose 2,6-bisphosphate act as intracellular signals indicating the glucose is abundant activate the glycolysis During starvation: elevated glucagon and low level of insulin decrease the glycolysis and increase the gluconeogenesis
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Oxidation of glyceraldehyde into 1,3 bisphosphoglycerate-The enzyme is glyceraldehyde 3-phosphate dehydrogenease- it is the first oxidation reduction reaction of glycolysis - NAD+ is the oxidizing agent and NADH will be formed- NADH must be re-oxidized into NAD+ because of a limited amount of NAD+ in the cell.- the oxidation of aldehyde is coupled to phosphoryl group addition
 Oxidizing power of NAD+ must be recycled
 1. Under anaerobic conditions in muscle NADH reduces pyruvate to lactate (homolactic fermentation).
 2. Under anaerobic conditions in eukaryotic cells , pyruvate is reduced into lactate by the action of Lactate dehydrogenase
 3. Under anaerobic conditions in yeast, pyruvate is decarboxylated to yield CO2 and acetaldehyde and the latter is reduced by NADH to ethanol and NAD+ is regenerated (alcoholic fermentation).
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Phosphoglycerate Kinase: First ATP generation step
 - Substrate- level phosphorylation: The formation of ATP from the transfer of phosphoryl group from a substrate as 1,3 bisphosphoglycerate to ADP. - This reaction is catalyzed by phosphoglycerate kinase BUT it is Reversible - The phosphoryl group at C1 is high energy group conserves much of the free energy of the oxidation.- It is differentiated from oxidative phosphorylation
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Glycolysis influences oxygen transport
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Formation of Pyruvate- The conversion of PEP is catalyzed by pyruvate kinase and it is the third
 irreversible reaction.
 - It is a second example for substrate level phosphorylation
 -Regulation of Pyruvate kinase:
 1) Feed-forward regulation, fructose 1,6 bisphosphate (the product of PFK-1)
 activates the pyruvate kinase
 2) Covalent modification of pyruvate kinase, phosphorylation of this enzyme
 leads to inactivation in the liver. Low glucose level glucagon is ↑ cAMP
 ↑ phosphorylation and inactivation of pyruvate kinase. So the
 phosphenolpyruvate is unable to complete the glycolysis so go to the
 gluconeogenesis.
 pyruvate kinase
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The metabolic Fate of Pyruvate
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The metabolic Fate of Pyruvate
 * Oxidative decarboxylation of pyruvate - Pyruvate dehydrogenase complex irreversibly convert pyruvate into acetyl-CoA which oxidized by citric acid cycle or can be used for synthesis of fatty acid.-This reaction occurs at the mitochondria -Thiamine-pp (Vit B1), lipoic acid, FAD, NAD+ serve as coenzymes.
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A. Homolactic fermentation: conversion of pyruvate to lactate
 The need to regenerate NAD+ from NADH
 Reduction of pyruvate to lactate- Lactate is formed by the action of Lactate dehydrogenase- It is the final product of anaerobic glycolysis in eukaryotic cells- It is also formed in RBC, lens and cornea of the eye, kidney medulla, testes and leukocytes
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•Lactate Formation in muscle- Glycolysis is about 100 times faster than oxidative-phosphorylation in the mitochondria in ATP production-In the exercising muscle a lot of NADH is produced from glycolysis and from citric acid that exceed the oxidative capacity of respiratory chain elevation of NADH/NAD+ ratio favoring the reduction of pyruvate to lactate accumulation drop of pH muscle crampsMuch of lactate diffuses into the blood. * Consumption of Lactate -The direction of lactate dehydrogenase depends on the relative concentrations of pyruvate and lactate and the ratio NADH/NAD+- in the liver and heart, the ratio of NADH/NAD+ is lower than in exercising muscle, these tissues oxidize lactate obtained from blood to pyruvate . In the liver pyruvate is converted to glucose (called Cori Cycle) or enter the citric acid cycle. -In the heart the pyruvate inters the citric acid cycle and oxidized into CO2-All muscle lactate is transferred to the liver where it is turned back to glucose
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Cori Cycle
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Reduction of Pyruvate to ethanol (microorganisms)
 - Two steps reaction 1) the decraboxylation of pyruvate by pyruvate
 decarboxylase occurs the yeast and some bacteria. This reaction needs a thiamine pyrophosphate as coenzyme.
 2) Reduction of the acetaldehyde into alcohol (ethanol)
 Alcohol dehydrogenase requires Zn+2 as a cofactor
 Glucose+ 2ADP + 2 Pi 2 ethanol + 2 CO2 + 2ATP + 2H2O
 pyruvate decarboxylase is present in brewer’s and baker’s yeast.
 fermentation of Glucose
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* Carboxylation of pyruvate -Carboxylation of pyruvate yield oxaloacetate - Mediated by a biotin-dependent enzyme Pyruvate carboxylase- This reaction is important because provide one of the intermediates of the citric acid cycle and also provide a substrate for gluconeogenesis.
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Energy yield of glycolysis1) Anaerobic glycolysisGlucose + 2ADP +2Pi + 2lactate + 2ATP + 2H2O - Two ATP molecules are released from process- This small amount of energy is valuable and important source of energy
 under certain conditions: when O2 supply is limited , during muscle intensive exercise. And also in tissue with few or no mitochondria as medulla of the kidney, mature erythrocytes and leukocytes
 - There is no net production or consumption of NADH. The NADH formed by the glyceraldehyde dehydrogenase is used by lactate dehydrogenase to reduce pyruvate to lactate
 - Lactate produced by skeletal muscle is recycled by the liver and utilized- Glycolysis is about 100 times faster than oxidative-phosphorylation in the
 mitochondria2) Aerobic Glycolysis Glucose + 2NAD+ +2ADP +2Pi 2NADH + 2pyruvate + 2ATP +
 2H2O + 4H+Each NADH produces 3 ATP upon oxidation with respiratory chain system.A total of 8 ATP molecules is yielded. Most of energy still stored in the pyruvate.
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Hormonal regulation Regulation of glycolysis by allosteric activation of inhibition or phosphorylation/dephosphorylation of rate limiting enzymes is short term regulation-Hormonal effects are on the amount of the enzyme protein synthesized- the hormonal signals affect both Glycolytic and gluconeogenic enzymes reciprocally
 * Glycolytic enzymes-Consumption of a carbohydrate rich meal and in well fed state elevate the insulin initiates an increase in the amount of glucokinase, phosphofructokinase and pyruvate kinase by activation of gene transcription - in starvation glucagon is high and insulin is low low gene transcription of these enzymes - The rate limiting gluconeogenic enzymes are subjected to hormonal regulation-Elevated glucagon increase the gene transcription of these enzymes (PEP carboxykinase, fructose 6-phosphatase and glucose 6-phosphatase)
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The End

Page 32
						

Clinical Notes1) Inherited enzyme deficiencies of glycolysis- Pyruvate kinase deficiency; it genetic deficiency of this enzyme in the
 erythrocytes lead to hemolytic anemia (excess destruction of RBC)- The normal RBC lacks the mitochondria and it is completely depend on
 the glycolysis as source of energy. - The cells are unable to maintain the structural integrity change of the
 cells premature death of the cells hemolytic anemia - Other inherited diseases include the deficiency of Glu phosphate
 isomerase, triose phosphate isomerase 2) Lactic acidosis - Elevated concentration of lactate in the plasma indicate a collapse in
 the circulatory system as myocardial infarction, pulmonary embolism and uncontrolled hemorrhage.
 - Low oxygen supply failure of oxidative phosphorylation anaerobic glycolysis act as an emergency source of ATP and it is life saving.
 - Blood lactate is used to measure presence and severity of shock and to monitor the patient’s recovery
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