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Glycolysis is the most important process in stage 2 of catabolism• ATP is produced in the absence of oxygen so
 this is probably an ancient pathway• Glucose (6-C) is converted to two molecules of
 pyruvate (3-C)• Nine enzymatic steps• Starting from glucose, 2 ATP molecules are
 hydrolyzed in early steps; 4 ATP molecules are produced in later steps. Net gain of 2 ATP per glucose.
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Sources of Starting Material for Glycolysis
 • Extracellular glucose
 • Intracellular stores of glycogen
 • Other extracellular hexose sugars (fructose, galactose, mannose)
 • Glycerol – 3-carbon alcohol derived from triacyglycerol catabolism - not really a starting material because it enters at the level of reaction 5
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In Phase I of glycolysis, energy is invested in the 6-carbon starting material, and at the last step of Phase I it is split into two phosphorylated 3-carbon pieces
 This is a rate-determining step
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Starting from extracellular glucose…
 • For most cells, the concentration of glucose outside exceeds the concentration inside – no other energy is required to drive glucose entry.
 • However, glucose is a polar molecule and cannot simply diffuse across lipid membranes as a free solute
 • Most animal cells possess a GLUT 1 transporter, which has 12 membrane-spanning domains. By definition, transporters must recognize and bind their substrates before translocating them across the membrane. The transporter is not a Maxwell demon – it will transport glucose equally well in the opposite direction if the gradient is reversed. This passive transport is sometimes called ‘facilitated diffusion’.
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The glycolytic pathway can be separated into two parts, a preparatory energy investment phase and an energy harvesting phase
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Reaction 1: Hexokinase converts newly-arrived glucose into glucose-6-P
 • Advantages:– Glucose-6-P cannot ride
 the GLUT1 transporter back to the outside of the cell.
 – Rapid conversion of glucose to glucose-6-P keeps the transmembrane glucose concentration gradient steep.
 – This is an irreversible commitment step with a large negative free energy change.
 Hexokinase
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More about Reaction 1 – glucose phosphorylation
 • Obviously, this is not a spontaneous reaction in the absence of ATP coupling – but with ATP coupling there is a large free energy change and the reaction is irreversible. This makes it a reaction that is possible to control by controlling hexokinase. This reaction step is one of the good places in the pathway to have regulation because entry of glucose into the catabolic pathway should closely match the energy needs of the cell, and any leftover glucose should be diverted into anabolic pathways that lead away from glucose-6-P (glycogen synthesis; the pentose phosphate pathway that leads to synthesis of NADPH and various sugars).
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Glucose from stored glycogen
 • In the course of glucose catabolism, glucose units are phosphorylated at the C1 site by the enzyme glycogen phosphorylase, so glucose-1-P, rather than glucose, is released. This turns out to be a winner, energetically, for it allows glucose units from glycogen to bypass the first ATP investment reaction.
 • Glucose-1-P from glycogen must be isomerized to Glucose-6-P to join the glycolytic pathway
 • Phosphoglucomutase catalyzes this reversible reaction• Glucose-6-P passes directly to Reaction 2.
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Reaction 2 – a little isomerization
 • Glucose -6-P -> Fructose-6-P (phosphoglucoisomerase)
 • Carbonyl O of glucose-6-P is moved from C1 to C2 – isomerizing glucose-6-P to fructose 6-P
 • this paves the way for a 2nd Pi to be attached to C1 in Reaction 3.

Page 11
						

Reaction 3 - the 2nd priming reaction – a rather big deal, actually
 • Phosphofructokinase + ATP + fructose-6-P -> fructose 1, 6 bisP + ADP
 • Like reaction 1, this is a highly irreversible step and a major site for regulation – this is just one recently-discovered example: Yi et al, 2012, Phosphofructokinase 1 glycosylation regulates cell growth and metabolism Science 337, 975-980.
 •
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More about Reaction 3: PFK regulation
 • ATP reduces enzyme’s affinity for substrate – why would this be a good idea?
 • ADP has the opposite effect – does this make sense?
 • In muscle (but not in most other tissues), F1,6 bisP (the product of the reaction) activates PFK – why would this be a good idea?
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Reactions 4 and 5– double your pleasure, double your fun, get two molecules instead of just one
 • Aldolase catalyzes Fructose 1,6 bisP -> diOH-acetone phosphate + glyceraldehyde- 3-P – two pretty similar 3-carbon molecules
 • that are made the same in reaction 5, where triose phosphate isomerase converts the DHAP to Glyceraldehyde-3-P
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Phase I of glycolysis is over
 • We have two molecules of glyceraldehyde -3-P
 • No energy was captured
 • 2 (or 1) ATP was expended in the priming reactions
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Glycolysis II

Page 16
						

Phase II of Glycolysis – energy capture
 • Each glyceraldehyde-3-P will – Yield enough phosphate
 donor energy to phosphorylate 2 ADP
 – Yield enough redox potential energy to reduce a molecule of NAD+
 – Keep in mind that we still have 2 3-carbon pieces from each glucose – that is what the shadow effect in the cartoon is about.
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In Reaction 5, Glyceraldehyde 3-phosphate is oxidized and a
 2nd Pi is added
 • This reaction is catalyzed by glyceraldehyde-3-P dehydrogenase
 • Remember, there are now two 3-C molecules for every 1 molecule of 6-C starting material
 • 1,3 bisP glycerate is a truly high energy molecule
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In Reaction 6, the first dividend of ATP is paid out
 • Catalyzed by phosphoglycerate kinase
 • This is a ‘substrate level’ phosphorylation
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Reactions 7-8: rearrangements of phosphate and carbon bonds
 enolase
 Phosphoglycerate mutase
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Reaction 9: The 2nd ATP payout
 Catalyzed by pyruvate kinase
 This reaction has a large negative free energy change so it is a good site for regulation
 Pyruvate kinase is activated by AMP and fructose-1,6-bisphosphate (why does this make sense?)
 It is inhibited by ATP and acetyl-CoA (why does this make sense?)
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Overall what happens in glycolysis
 • Net profit of 2 ATP per glucose
 • 2 molecules of NAD+ are reduced to NADH
 • Aldehyde group on a sugar is oxidized to a carboxylic acid- however, pyruvate is still a relatively reduced molecule
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After glycolysis
 • In aerobic cells, glycolysis is only the first step before stage 3
 • In anaerobic cells of anaerobic animals or skeletal muscle glycolysis can be a major source of the cell’s ATP (fermentations)
 • Pyruvate stays in the cytosol and can be converted to ethanol or lactate– These reactions regenerate NAD+ from
 NADH allowing glycolysis to continue
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There are two ways to regenerate NAD+ in the absence of oxygen and mitochondria
 Lactate production is characteristic of animal cells; ethanol production is typical for yeast, but can occur in some lower vertebrates
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Gluconeogenesis

Page 25
						

The rationale for gluconeogenesis
 • Glucose is the only substrate for the brain and some skeletal muscle cells
 • In situations in which the glucose supply might become limiting, liver and kidney cells can indulge in regeneration of glucose from more oxidized starting materials
 • This process carries an energetic penalty; energy must be spent to bypass the three reactions of glycolysis that are irreversible.
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Substrates for Gluconeogenesis• Lactate, pyruvate• Carbon skeletons of amino
 acids, except leucine and lysine
 • Citric acid cycle intermediates• Anything that can be converted
 to oxaloacetate
 • Substrates that can’t contribute to gluconeogenesis:– Acetyl CoA– Fatty acids – since fatty
 acid breakdown generates acetyl CoA
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Phase II of glycolysis seen from the bottom up in gluconeogenesis
 Notice that reversing the second substrate phosphorylation step requires the equivalent of 2 ATP, and reversing the first one costs another ATP. The other reactions of Phase II are reversible.
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Phase I seen from the bottom up – in the absence of coupling to ATP, the reactions can be spontaneous, but a different enzyme has to be involved.
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No futile cycles
 • Obviously, the bypass routes of gluconeogenesis and the main route of glycolysis could not be allowed to operate at the same time, or futile cycles would result. This is prevented by the fact that most cells simply don’t express the gluconeogenic enzymes. For the cell types that do…

Page 30
						

Located in ER membrane

Page 31
						

The Cori Cycle recycles muscle lactate back to glucose
 Lactate from muscle can also be metabolized oxidatively (but not recycled to glucose) by high-oxidative tissues such as the heart and brain
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To do all of this, we need more than one form of lactate dehydrogenase
 • Heart and brain need a form that favors conversion of lactate to pyruvate
 • Non-oxidative muscle needs the opposite – a form that can efficiently convert pyruvate to lactate
 • Liver and kidney need an intermediate form, because they may play the game both ways
 bbnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngggggggggggggggggggggggggg
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How to do this?
 • LDH gene was duplicated and the two sister genes underwent separate evolution to become H (heart) type and M (muscle) types
 • LDH enzyme is a tetramer that can be made up of some mixture of both H and M types. Combinatorial math gives us 5 different combos: M4H0, M3H1, M2H2, H3M1, H4M0 with a corresponding range of kinetic properties.

Page 34
						

The solution
 • So, non-oxidative skeletal muscle expresses only the M gene
 • Heart and brain express only the H gene
 • Kidney and liver (and other tissues) express some mix of H and M genes
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