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 Chapter 16:Glycolysis and Gluconeogenesis
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Overview of carbohydrate metabolism
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GLYCOLYSIS
 Glycolysis occurs in almost every living cell.
 It occurs in cytosol.
 It was the first metabolic sequence to be studied.
 Most of the work done in 1930s by the German biochemist
 G. Embden Meyerhof Warburg.
 That is why it is also called Embden-Meyerhof pathway.
 It is a Greek word.
 Glykos sweet
 Lysis loosing
 Glycolysis loosing or splitting of glucose
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Glycolysis Glc is an important fuel for most organisms.
 Why is Glc chosen? Glc is one of the monosaccarides formed formaldehyde
 under prebiotic conditions. Glc has a low tendency to glycosylate proteins
 Fermentations provide usable energy in the absence of oxygen
 Why is a relatively inefficient metabolic pathway so extensively used? Answer: It does not require oxygen
 Obligate anaerobes Facultative anaerobes
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Glycolysis• 3 of the reactions of glycolysis are irreversible. • Pyruvate is the end product of glycolysis in tissues with
 mitochondria. • This series of 10 reactions, called aerobic glycolysis, sets the
 stage for the oxidative decarboxylation of pyruvate to Acetyl CoA, major fuel of the citric acid cycle.
 • Under anaerobic conditions, pyruvate can be reduced by NADH to form lactate.
 • This happens when the rate of NADH formation exceeds the oxidative capacity of the cell.
 Glucose Lactate (anaerobic glycolysis)• If there is no mitochondria (RBCs) or cells that have
 insufficient oxygen.
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Stages of glycolysis
 Stage I– Glc is converted to fructose 1,6 bisphosphate by
 • Phosphorylation• Isomerization• Second phosphorylation
 Goal: To trap the Glc in the cell
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IMPORTANCE OF PHOSPHARYLATED INTERMEDIATES
 Each of the 9 glycolytic intermediates between glucose and pyruvate is phosphorylated. The phosphate group has 3 functions.
 1. Because the P group is ionized at pH 7 and has charge and because plasma membranes are not permeable to the charged mols, the phosphorylated molecules can not pass the membranes. They are trapped in the cell.
 2. P groups are necessary for chemical energy. Energy is released after the hydrolysis of ATP.
 3. Binding of P groups to the active sites of enzymes provides binding energy which decreases the activation energy and increase the specificity of enzyme-catalyzed reactions.
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PHOSPHORYLATION OF GLUCOSE
 Glucose obtained from the diet through intestinal hydrolysis of lactose, sucrose, glycogen, or starch is brought into the hexose phosphate pool through the action of hexokinase.
 – Free glucose phosphorylated by hexokinase (irreversible reaction 1)
 Hexokinase actually traps glucose in a form that does not diffuse out of the cell. Because phosphorylated sugar molecules do not readily penetrate cell membranes without specific carriers, this commits glucose to further metabolism in the cell. In all tissues, the phosphorylation of glucose is catalyzed by hexokinase, one of the three regulatory enzymes of glycolysis.
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Glycolysis
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Difference between hexokinase and glucokinase
 Hexokinase: – Its function is to make sure there is enough glc for
 the tissues, even in the presence of low blood glc concentrations, by phosphorylating all the glc concentration gradient between the blood and the intracellular environment.
 Glucokinase: – Its function is to remove glc from the blood following
 a meal.
 Hexokinase, phosphofructokinase and pyruvate kinase are 3 regulatory enzymes of glycolysis.
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Hexokinase vs glucokinase
 Liver has an additional enzyme, glucokinase, that phosphorylate only glc
 1. Glucokinase has a high Km, because it phosphorylates glc only when its concentration is high. This occurs during the brief period after consumption of a carbohydrate rich meal, when high glc are delivered by portal vein.
 2. Glucokinase has a high Vmax, allowing the liver to remove effectively this flood of glc from the portal blood. So this prevents extreme hyperglycemia after meals.
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SUMMARY
 Hexokinase Glucokinase
 Tissue dist all liver
 Km low high
 Vmax low high
 Substrate D-glc and other D-glc only
 Inhibition by G-6-P Yes no
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More about HK
 Hexokinase, like adenylate kinase and all other kinases, requires Mg (or Mn) for activity.
 Hexokinase is also one of the induced-fit model enzymes.– It has two lobes that move towards each other when
 Glc is bound! Substrate-induced cleft closing is a general
 feature of kinases. Other kinases (Pyruvate kinase,
 phosphoglycerate kinase and PFK) also contain clefts between lobes that close when substrate is bound.
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2. ISOMERIZATION OF G-6-P
 The isomerization of G-6-P (an aldose sugar) to F-6-P (a ketose sugar) is catalyzed by pgosphoglucose isomerase. The reaction is readily reversible, is NOT a rate limiting or regulated step.
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3. PHOSPHORYLATION OF F-6-P
 Irreversible phosphorylation reaction catalyzed by PFK (phosphofructokinase) is the most important control point of glycolysis.
 Within the cell, the PFK reaction is the rate-limiting step in the glycolytic breakdown of glc. It is controlled by the concentrations of the substrates ATP and F-6-P
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Formation of Fructose 1,6-bisphosphate
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4. CLEAVAGE OF F-1,6BIP
 Aldolase cleaves F-1,6-biP to – dihydroxyacetonephosphate – glyceraldehyde 3-P.
 The reaction is reversible is not subject to regulation.
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5. ISOMERIZATION OF DIHYDROXYACETONE-P
 Triose phosphate isomerase (TIM) catalyzes the reversible interconversion of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate.
 X-ray crystallographic and other studies showed that Glu 165 plays the role of a general acid-base catalyst.
 TIM has 8 parallel beta and 8 alpha helices ( ab barrel). This structure is also found in
 • Aldolase• Enolase• Pyruvate kinase
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more
 Di-OH-acetone-P can not proceed further on the direct pathway of glycolysis and must be isomerized to glyceraldehyde-3-P for further metabolism in the glycolytic pathway.
 So, this isomerization results 2 mols of glyceraldehyde -3-P from fructose 1,6 biP.
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6. OXIDATION OF GLYCERALDEHYDE 3-P.
 Because there is only a limited amount of NAD+ in the cell, the NADH formed in this reaction must be reoxidized back to NAD+ for glycolysis to continue. Two major mechanisms for oxidizing NADH are
 – The NADH-linked conversion of pyruvate to lactate
 – Oxidation by the respiratory chain.
 The high energy P group at carbon of 1,3-bisPG conserves much of the free energy produced by the oxidation of Glycerate-3-P
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Structure of glyceraldehyde 3-phosphate dehydrogenaseActive site: Cys 149, His 176 adjacent to NAD
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Free energy profiles for glyceraldehyde oxidation followed byAcyl-phosphate formation: A) Hypothetical B)Actual
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7: FORMATION OF ATP FROM 1,3-BisPGLYCERATE AND ADP
 This step is a substrate-level phosphorylation in which the production of a high-energy P is coupled to the conversion of substrate to product, instead of resulting from oxidative phosphorylation. The energy trapped in this new high-energy P will be used to make ATP in the next reaction of glycolysis. The formation of ATP by P group transfer from a substrate such as 1,3-bisphosphoglycerate is referred to as a substrate-level phosphorylation. Unlike most other kinases, this reaction is reversible.
 2 mols 1,3biPGlycerate 2ATP replaces the 2ATP consumed earlier with the formation of G-6-P and fructose 1,6bisP.
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More reactions
 8. SHIFT OF THE P FROM CARBON 3 TO CARBON 2
 9. DEHYDRATION OF 2-PHOSPHOGLYCERATE– Pyruvate first appears in its enol form.
 10. FORMATION OF PYRUVATE– Another substrate-level phosphorylation.
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8. SHIFT OF THE P FROM CARBON 3 TO CARBON 2
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9.DEHYDRATION OF 2-PHOSPHOGLYCERATE
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10. FORMATION OF PYRUVATE
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Question: Why does PEP have such a high P-ryl potential?
 Answer: The P-ryl group traps the molecule in its unstable enol form. When P-ryl is given to ADP, the enol undergoes a conversion into the more stable ketone, namely pyruvate.
 Thus, the high P-ryl transfer potential of PEP comes from the large driving force of the subsequent enol ketone conversion.
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Pyruvate kinase deficiency:
 It leads to hemolytic anemia (RBC destruction). The normal mature RBC has no mitochondria, thus it
 completely depends on glycolysis to produce ATP. Patients RBCs typically have 5% to 25% of normal pyruvate
 kinase activity, and therefore the rate of glycolysis in these cells is decreased.
 The anemia observed in PK-deficiency may be a consequence of the reduced rate of glycolysis.
 The rate of ATP synthesis is thought to be inadequate to meet the energy needs of the cell and to maintain the structural integrity of the RBC.
 The inability of RBC to maintain its membrane changes in the shape, phagocytosis by the cell takes place.
 The premature death and lysis of RBC causes hemolytic anemia.
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Maintaining redox balances-1
 The conversion of Glc 2 mols of Pyruvate and net synthesis of ATP
 An energy-converting pathway that stopped at pyruvate would not proceed for long, because redox balance has not been maintained!
 GAP dehydrogenase uses NAD+ and there are limited amounts of NAD+ in the cell.
 Therefore, NAD+ must be regenerated for glycolysis to proceed!
 Thus, the final pathway in glycolysis is to generate NAD+ through pyruvate metabolism.
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