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Unit 3:  Core Metabolism I
Section 1:  Glycolysis/Gluconeogenesis (see any standard biochemistry text​book for a description of the basic reactions)


1.  Strategy: Although it may be somewhat teleological to imbue the reactions of metabolic pathways with intent, it certainly makes the pathway more understandable and easier to learn for students.  Therefore, with apologies, I will do so.


I begin by asking the class what is the glucose concentration inside the cell.  Usually, at least one student gives the correct answer: zero.  This comes as a surprise to the rest of the class until I explain that, as soon as glucose enters the cell, it is converted to glucose-6-phosphate (the first step in glycolysis).  There are two reasons for this reaction.  First, it traps the glucose inside the cell; glucose is polar and requires a transporter to cross the plasma membrane.  The transporter only recognizes glucose, not glucose-6-phosphate; to exit the cell, a phosphatase must first remove the phosphate.  Second, it insures that the glucose concentration inside the cell is near zero so that a favorable glucose gradient always exists across the plasma membrane and no energy is required to import it.


Next, the glucose-6-phosphate is converted to fructose-6-phosphate.  Again, there are two reasons for this reaction.  First, it moves the carbonyl closer to the bond that will eventually be broken; its polarity makes that bond more susceptible to cleavage.  Second, it frees up the other end of the sugar (C1) for phosphorylation to fructose-1,6-bisphosphate.  Without this phosphorylation, this end would become dihydroxyacetone after cleavage and diffuse out of the cell.  Phosphorylation gives this molecule a charge to prevent it from crossing the plasma membrane.  It also alters this end to more closely resemble the other end (C4-C6); indeed, after cleavage, the two resulting fragments are interconvertible isomers.  This allows both products to be converted to the same molecule so that only a single set of reactions will be needed to complete the pathway.


After cleavage and isomerization, the glyceraldehyde-3-phosphate is oxidized to 3-phosphoglycerate via a 1,3-bisphosphoglycerate intermediate.  These two tandem reactions increase the energy yield: first, the oxidation produces NADH, which will generate ATP in the etc.  Second, the bond between a carboxylic acid and a phosphate (or sulfate) is a high energy bond which can be directly converted to ATP; this conversion is called a substrate-level phosphorylation.


Shifting the remaining phosphate to the middle carbon followed by dehydration creates another high energy compound: a phosphoenolpyruvate.  This produces another ATP and pyruvate.


2.  Alternatives: The above pathway is known as classic glycolysis or the Embden-Meyerhof-Parnas pathway.  There are other ways to get from glucose to pyruvate.  Both the Entner-Doudoroff and the pentose phosphate pathways begin with the oxidation of glucose-6-phosphate to gluconate-6-phosphate:
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In the Entner-Doudoroff pathway, the gluconate-6-phosphate is dehydrated to 2-keto-3-deoxy-6-phosphogluconate (KDPG) and split into glyceraldehyde-3-phosphate and pyruvate:
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The glyceraldehyde-3-phosphate is then subjected to the same reactions as occurs in classic glycolysis.  The major difference is that the Entner-Doudoroff pathway generates one less ATP, but uses 3.5 times less enzymatic proteins, because only half the glucose molecule needs to traverse the entire pathway.  It is often used by plants living in nutrient-poor environments.  The fewer ATP produced is inconsequential, since plants make most of their ATP from photosynthesis; and the pathway conserves materials.  Plants do not use the pentose phosphate pathway (PPP), which will be described in a later section, because its reactions overlap with those of the Calvin cycle.  However, animals use PPP as a major source of NADPH for lipid synthesis and detoxifying ROS.  Indeed, there is extensive cross-talk between glycolysis and the PPP since they both compete for the same substrate (see Regulation below). 


3.  Regulation: Regulation will dependent on location.  During hypogly​cemia, glycolysis will be activated in peripheral tissues to maintain energy levels, while gluconeogenesis will be stimulated in the liver to maintain blood glucose levels.  In the fed state, one would expect catabolic pathways would be suppressed; but in adipose tissue glycolysis is stimulated in order to produce the acetyl CoA necessary for fatty acid synthesis.
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Fig. 3-1.  The Regulation of Glycolysis/Gluconeogenesis in Peripheral Tissues.  Green, allosteric activators; red, allosteric inhibitors; pointed arrows, stimulation or substrate flow; flat arrows, inhibition.  See text for details.


In Fig. 3-1, glycolysis and gluconeogenesis are depicted side-by-side, since the majority of the reactions are near equilibrium and, thus, catalyzed by the same enzymes.  The three “irreversible steps” are catalyzed by different enzymes in each pathway and act as control points.  For this reason, they are represented as bubbles.


The first step is the uptake of glucose by the cell.  Since glucose is polar, it requires a carrier, GLUT.  The regulation of GLUT will be covered in detail under Integration of Metabolism later.  Briefly, GLUT4, the insulin-sensitive isoform, is sequestered on internal membranes.  Insulin, via PKB and other mediators, recruits GLUT4 to the plasma membrane where it mediates the uptake of glucose.


a.  Peripheral Tissues: As noted above, once glucose has entered the cell, it is phosphorylated to glucose-6-phosphate by a hexokinase.  The isozymes in peripheral tissues are subject to product feedback inhibition.  This prevents the cell from taking up more glucose than it can process.  In addition, insulin, via PKB phosphorylation, stimulates hexokinase activity.  Finally, K-Ras, a G protein involved with signaling growth, can directly bind and stimulate hexokinase in a GTP-dependent manner.  This effect would generate glycolytic intermediates necessary for growth.

The next major regulated enzyme catalyzes the committed, and second irreversible, step: phosphofructokinase (PFK1).  This enzyme is allosteri​cally inhibited by ATP (if ATP levels are high, glucose does not need to be degraded) and stimulated by ADP, AMP, and ammonia.  The latter is an indica​tion that amino acid catabolism is taking place; and that would only occur during starvation, when energy is needed.  In addition, citrate triggers the dissociation of active tetramers into inactive dimers.  Citrate is used to shuttle AcCoA out of the mitochondria and its cytoplasmic presence suggests an excess of AcCoA.  Once again there is no need to break glucose down to form even more AcCoA.  The reverse reaction is catalyzed by fructose-1,6-bisphosphatase (FBP) whose regulation is the opposite of that for phospho​fructo​kinase: e.g., the phosphatase is allosterically inhibited by AMP.


PFK1 and FBP are also reciprocally regulated by another small molecule, fructose-2,6-bisphosphate (F-2,6-P), which is synthesized and degraded by a single enzyme, the 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase (officially abbreviated PFKFB; but abbreviated PFK/FBP in Fig. 3-1 and subse​quent figures to better display the kinase active, PFK/FBP, and phosphatase active, PFK/FBP, forms).  The switch between kinase and phosphatase activi​ties is regulated by phosphorylation.  Low energy levels activate AMPK which phosphorylates and stimulates the kinase activity: F-2,6-P is synthesized and PFK1/glycolysis is stimulated to generate energy.  Amino acids activate PKB (see Translation Regulation in Nucleic Acids for details) which acts similar to AMPK in peripheral tissues.  Elevation of amino acids occurs during proteolysis in response to fasting.  Growth factors also activate PKB; in this instance, the glycolytic intermediates are needed to synthesize building blocks during growth (see the Warburg Effect below).  PKB has multiple effects: e.g., its phosphorylation of PFKFB creates a binding site for protein 14-3-3s, which acts as an allosteric stimulator.  Another PKB site blocks the polyubiquitination and degradation of PFKFB, thereby extending its half-life.
However, the liver is responsible for gluconeogenesis during fasting (see below); and FBP forms a complex with PKB and protein phosphatase 2A (PP2A) in this tissue to facilitate the dephospho​rylation and in​action of PKB, thereby blocking PFKFB phosphorylation.  Since PKB is a major mediator of insulin action; this inacti​vation also dampens the effect of insulin during hypoglycemia.  Finally, a MAPK isozyme activated during stress also phosphorylates and stimulates the kinase to generate energy for coping with stress.  Conversely, during gluta​mine deprivation, IκB kinase β phosphorylates and inhibits the PFKFB kinase activity and, as a result, inhibits glycolysis.  This effect frees up TCA intermediates to synthesize glutamine.


There is a strong association between glycolysis and mitosis, especial​ly in cancer and embryogenesis (discussed further below).  Mitogens stimulate the ribosomal S6 kinase II (Rsk or S6KII) via MAPK (Fig. 3-2).  Rsk then phosphorylates and activates PFKFB kinase.  PFKFB4 also has protein kinase activity: it can phosphorylate SRC-3 (steroid receptor coactivator 3), a transcription coactivator for ATF4.  ATF4 induces genes that will shift glucose to PPP for ribose synthesis, which, in turn, will promote purine synthesis for mitosis.
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Fig. 3-2.  The Relationship between Mitosis and Glycolysis.  Abbreviations: ATF4, activating transcription factor 4; PFK/FBP, the kinase active form of PFKFB4; PPP, pentose phosphate pathway; SRC-3, steroid receptor coactivator.



After cleavage and isomerization to glyceraldehyde-3-phosphate, the substrate is oxidized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  GAPDH can be stimulated by phosphorylation.  Muscle contraction is triggered by calcium, which also activates CaMKII.  CaMKII-dependent phosphorylation of GAPDH will promote glycolysis which then supplies the energy for muscle contraction.  Insulin-stimulated phosphorylation of GAPDH by PKB has the same effect in the heart.


Both GAPDH and aldolase have alkaline pH optima.  Upon depolarization, neurons release potassium into the extracellular medium.  This leads to the alkalinization of the astrocyte cytoplasm and the stimulation of glycolysis.  As a result, the astrocytes use less oxygen (leaving more for the neurons); in addition, they supply the neurons with lactate.


In the next step, phosphoglycerate kinase (PGK) transfers the high energy phosphate from 1,3-bisphosphoglycerate to ADP to make ATP.  As with many steps in glycolysis, it is promoted by ADP and inhibnited by ATP.  This enzyme is also capable of protein phosphorylation.  During hypoxia, MAPK phosphorylates PGK to create a Pin1 site for cis-trans isomerization, which is required for PGK to enter the mitochondria.  In these organelles, PGK phosphorylates and activates the pyruvate dehydrogenase (PDH) kinase (PDK).  PDK then phosphorylates and inhibits PDH; and pyruvate is shunted away from the TCA cycle (which would be suppressed during hypoxia anyway) and into lactate.  In the brain, PGK can phosphorylate and activate glycogen phospho​rylase, which leads to glycogen breakdown; the liberated glucose fuels glycolysis.  PGK can also phosphorylate the protein, Beclin1, which triggers autophagy (the orderly degradation and recycling of cellular components) to complement glycolysis during starvation.  Finally, PGK can be phosphorylated by the 3-phosphoinositide-dependent protein kinase 1 (PDPK1) to promote aerobic glycolysis in macrophages.


The last irreversible step, pyruvate kinase (also called PEP carboxy​kinase, PEPCK), is also highly regulated.  First, there is feed forward by a variety of glycolytic intermediates.  Although these intermediates may vary in different species, common activators include glucose-6-phosphate, fruc​tose-1,6-bisphosphate (shown in Fig. 3-1), fructose-2,6-bisphosphate, and 3-phosphoglycerate.  It is also sensitive to energy status: it is stimulated by AMP and inhibited by ATP.  AcCoA could represent potential energy or product inhibition (pyruvate is converted to AcCoA in the next step).  AcCoA also drives the acetylation and inhibition of pyruvate kinase, as well as the pre​ceding step (enolase).  Conversely, excess glucose drives the O-GlcNAcylation and stimulation of enolase (feed forward).  Low energy elevates NAD+ which drives the SIRT deacetylases.  Elevated amino acids (alanine is shown in Fig. 3-1) suggest proteolysis to liberate amino acids for gluconeogenesis.  Glyco​lysis and gluconeogenesis are reciprocally regu​lated.  An exception is serine, which is actually an obli​gate stimulator of pyruvate kinase.  Serine is the major source of single carbons in anabolism and the limiting factor in growth.  Serine is synthe​sized from 3-phosphogly​cerate.  If serine levels are low, pyruvate kinase is inhibited and metabo​lites, like 3-PG, start accumu​lating.  This provides the raw material to generate serine.  Once serine levels have been restored, pyruvate kinase can be reactivated.  Conversely, methylation signals an abundance of methyl groups; and the methylation of pyruvate kinase on several arginines stimu​lates it and suppresses serine synthesis.


The embryonic form of pyruvate kinase (PKM2) is found not just in the embryo but also in any proliferating tissue.  Mitogens inhibit PKM2 either by direct tyrosine phosphorylation by their RTKs or by generating phosphor​tyrosine substrates that can allosterically affect the enzyme.  The main effect of phospho​tyro​sine is to induce the dissociation of F-1,6-P, an allosteric activator of PKM2, thereby inhibiting PKM2.  O-GlcNAcylation, which signals an abundance of glucose derivatives for growth, also inhibits the catalytic activity of PKM2.  All of these inhibitory effects shift glucose from catabolic to anabolic pathways (Table 1).

Table 1. A Partial List of Posttranslational Modifications of PKM2
	Stimulus
	Modification
	Effect(s)

	FGF/FGFR
	Tyr phosphorylation
	Inhibits PKM2 to shift from catabolism to anabolism

	
	
	Shifts PKM2 from Ser/Thr to Tyr kinase; PKM2 then phosphorylates/acts a coacti​vator for mitogenic transcription factors

	IGF/PKB
	Ser phosphorylation
	Nuclear localization

	Insulin/PKB
	Ser phosphorylation
	ER localization and lipogenesis

	EGF/MAPK
	Ser phosphorylation recruits Pin1 for Pro isomerization
	Nuclear localization

	High glucose
	O-GlcNAcylation
	Inhibits PKM2 to shift from catabolism to anabolism; nuclear localization

	High glucose
	Acetylation
	Inhibits PKM2 to shift from catabolism to anabolism

	Low glucose
	Ser phosphorylation1
	Antagonizes O-GlcNAcylation (see above)

	ROS
	Cys oxidation
	Inhibits PKM2 to shift glucose from glycolysis to PPP (see Sect. e below)

	Hypoxia
	Pro hydroxylation
	Coactivator for HIF-1α to transcribe genes for hypoxia (see Unit 7, Sect. 6)

	Low pH
	Neutralize aggrega​tion surface
	Aggregation and inhibition of glycolysis

	Stress
	Succinylation
	Stimulates PKM2 and mitochondrial localization to increase ATP production

	
	
	Stimulates transcription of inflammatory genes



1Low energy stimulates AMPK which phosphorylates and activates unc-51- like autophagy activating kinase 1 (ULK1).  The latter actually phospho​rylates PKM2.

Like PGK, PKM2 can act as a protein serine-threonine kinase.  When tyrosine phosphorylated, the tetramer dissociates to enlarge the substrate binding site and permit tyrosine phosphorylation as well.  Many of its substrates are nuclear proteins; and there are several triggers for nuclear localization.  First, mitogens can phosphorylate PKM2 via MAPK; this recruits Pin1, leading to proline isomerization and exposure of the nuclear localiza​tion signal (NLS).  O-GlcNAcylation also exposes the NLS.  Once in the nucleus, PKM2 can tyrosine phosphorylate and activate Stat3, a transcription factor for mitogenic proteins.  It can phosphorylate histone H3 on threonine and induce the dissociation of histone deacetylase 3 (HDAC3).  The resulting hyperacetylation favors transcription.  PKM2 can even act as a histidine kinase: EGF/Src tyrosine phosphorylation of phosphoglyceromutase creates a binding site for PKM2, which then histidine phosphorylates and activates the mutase.  This generates glycolytic intermediates for growth.  Finally, PKM2 can act as coactivator for several transcription factors, such as Myc and HIF-1α.

The cytosolic form of pyruvate kinase can also act as a protein kinase and be regulated by compartmentalization.  Insulin stimulated PKB phospho​rylates pyruvate kinase, which then localizes to the endoplasmic reticulum where it, in turn, phosphorylates Insig to promote lipogenesis (see Unit 4, Sect. 5a, for details).  This couples acetate production (from the decarboxylation of pyruvate) with lipid synthesis, which requires acetate.

b.  Liver: The hexokinase in liver is regulated very differently than its isozymes in the periphery.  As such, it is given a specific name: gluco​kinase.  First of all, there is no glucose-6-phosphate feedback inhibition.  To understand why, the reader needs to understand the role of the liver in metabolism, as well as the blood circulation within the abdomen.  Typical circulation begins in the heart which pumps blood into the arteries.  The arteries progressively decrease in diameter until they merge with the capil​laries where nutrient, waste and gaseous exchange takes place.  Blood then collects in veins which return the blood to the heart.  However, there are places in the body where venous blood goes to a second organ where it breaks up into capillaries a second time before finally returning to the heart.  Such a system is known as portal circulation; and the largest such system in the body is the hepatic portal circulation.  Blood from the mesenteries, rich in newly absorbed nutrients, heads straight for the liver which extracts and stores them.  Specifically, the liver will take up glucose and store it as glycogen.  As such, it cannot get enough glucose; and there is no feedback inhibition.


Indeed, there is a feed forward regulation wherein high glucose levels stimulate the glucokinase.  As described under Enzyme Regulation, glucokinase exhibits allokairy: glucose binding induces a high affinity conformation that is slow to return to its former state after glucose-6-phosphate has left.  When glucose levels are high, a subsequent glucose can bind to this pre​formed, high affinity site.


Glucokinase is further regulated by an inhibitory protein, the gluco​kinase regulatory protein (GKRP), which acts in two ways Fig. (3-3).  First, it is a competitive inhibitor of the reaction; second, it sequesters the gluco​kinase in the nucleus.  GKRP is stimulated allosterically by fructose-6-phosphate and by phosphorylation by AMPK.  The former is a form of feedback inhibition: fructose-6-phosphate is the product of the next step, and its accumulation indicates a backup in glycolysis.  The latter occurs during low energy states: if energy is low, the liver does not want to import glucose; it wants to export it.  One of the functions of the liver is to maintain glucose levels via gluconeogenesis during fasting.  Conversely, GKRP is inhibited by phosphorylated BAD (Bcl-2 associated death promoter) and by fructose-1-phosphate.   The latter is a product of fructose ingestion and was discussed above (text box).  BAD is a cellular life-death switch: in the unphosphorylated state, it promotes apoptosis (programmed cell death).  However, phosphorylated BAD inhibits GKRP to stimulate glucose uptake and survival.  Insulin, an antiapoptotic hormone, phosphorylates BAD via PKB.  Insulin can also stimulate glucokinase by an alternate route: PKB phospho​rylates and activates nitric oxide synthetase (NOS); nitric oxide (NO), in turn, S-nitrosylates and activates glucokinase.
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Fig. 3-3.  The Regulation of Glycolysis/Gluconeogenesis in the Liver.  Colors and symbols are as described in Fig. 3-1.  See text for details.


Finally, the glycolytic enzymes are assembled into a glucosome.  This not only increases the efficiency of the pathway, but it also allows for cross-talk between enzymes.  Specifically, glucokinase is protected from GKRP by binding the kinase active form of PFKFB.  This form indicates that the committed step in glycolysis is “on” and needs a steady supply of glucose.  Conversely, PKA phosphorylation switches the enzyme from a kinase to a phosphatase and glucokinase is released and binds GKRP for nuclear sequestration.


The liver isozyme of PFKFB, PFKFB1, has an alternate exon possessing a PKA phosphorylation site instead of an AMPK one.  During hypoglycemia, glucagon elevates cAMP and PKA phosphorylates PFKFB1 to activate the phosphatase activity and gluconeogenesis.  That is, while peripheral tissues are burning glucose, the liver is making it.  However, if there already is plenty of glucose-6-phosphate, it will activate the protein phosphatase to remove the phosphate attached by PKA.  PFKFB1 switches back to a kinase, F-2,6-P is synthesized, PFK1 is stimulated, and glycolysis resumes.


After the fructose-1,6-bisphosphate is cleaved and converted to glyceraldehyde-3-phosphate, the substrate is oxidized by GAPDH.  Although this reaction is near equilibrium, acetylation of GAPDH favors glycolysis over gluconeogenesis.  AcCoA represents potential energy; and in the liver this energy can be stored as fat, which requires glycolysis to produce pyruvate that is then converted to AcCoA and fatty acids.


The liver pyruvate kinase isozyme can be inhibited by PKA phosphorylation.  Therefore, like PFKFB1, pyruvate kinase is inactivated during hypoglycemia so as to favor gluconeogenesis.


c.  Gluconeogenesis:  In peripheral tissues, low energy favors glyco​lysis to generate ATP, while gluconeogenesis is inhibited.  The inhibition of FBP by AMP has already been mentioned.  The final step in glycolysis, the conversion of PEP to pyruvate, requires two steps to reverse and both are sensitive to energy levels.  Both pyruvate carboxylase and PEP carboxykinase (PEPCK) are inhibited by ADP.  In addition, the former is stimulated by AcCoA, which can either be interpreted as high energy or an accumulation of product.  In either case, there is no need to catabolize any more glucose.


The liver, on the other hand, has the responsibility to maintain glucose levels during fasting.  Therefore, gluconeogenesis is stimulated during hypoglycemia.  For example, low pH suggests active glycolysis in peripheral tissues and stimulates p38, a member of the MAPK family, by an unknown mechanism.  p38 phosphorylates ATF2 which then binds the cAMP response element (CRE) and induces PEPCK.  In addition, an excess of AcCoA (high energy) drives the auto-acetylation of PEPCK, which inhibits the conversion of oxaloacetate to PEP; this is reversed by deacetylation via the NAD+-dependent deacetylase, SIRT.  NAD+ would be elevated during low energy states.  It should be noted that acetyla​tion does not just inhibit the forward reaction; but it also promotes the reverse reaction: the conversion of PEP to oxaloacetate.  This is known as an anaplerotic reaction.  Metabolic pathways are frequently presented in text​books as closed systems: substrate ─> intermediates ─> product.  In fact, intermediates are entering and leaving pathways at multiple sites (Fig. 3-4).  During hypoglycemia, the glycerol from triglycerides and phospholipids can enter glycolysis just past the aldolase step (Fig. 3-1); and during anabolism, they can flow out to synthesize fat and membrane lipids.  As noted above, 3-PG is a precursor in serine synthesis.  Anaplerosis is the process of generating intermediates in metabolic pathways to replace those siphoned off for other purposes.  Oxaloacetate from the TCA cycle can be recruited to synthesize asparagine and aspartic acid; if it were not replaced by PEPCK, the TCA cycle would quickly shut down.
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Fig. 3-4.  Examples of Metabolites being Imported into and Exported from Glycolysis and the TCA Cycle.

S-sulfhydration by hydrogen sulfide stimulates pyruvate carboxylase and inhibits GAPDH to promote further gluconeogenesis and suppress glycolysis.  Glucose deprivation induces cystathionine γ-lyase, an enzyme involved with cysteine and methionine metabolism.  This enzyme can also generate hydrogen sulfide as a by-product.  Conversely, a high fat diet suppresses cystathio​nine γ-lyase expression, hydrogen sulfide production, the S-sulfhydration of pyruvate carboxylase, and gluconeogenesis.  Because fat can be burned instead of glucose, it has a glucose-sparing effect, reducing the need for gluconeo​genesis.


S-Sulfhydration affects gluconeogenesis at another site: lactate dehy​drogenase (LDH).  Muscle stores more glycogen than the liver; but it lacks glucose-6-phosphatase and, therefore, cannot export it.  Glucose-6-phosphate must first traverse glycolysis before it can be exported as pyruvate; but there is still a problem.  Glycolysis generates NADH and muscle activity can be so intense that the oxygen supply is limiting and the electron transport chain cannot regenerate NAD+.  To solve this problem, pyruvate is reduced to lactic acid to reoxidize the NADH:
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It is the lactic acid that is actually exported.  When it arrives at the liver, LDH converts it back to pyruvate for gluconeogenesis.  Like cysta​thionine γ-lyase, cystathionine β-synthase is involved with cysteine and methionine metabolism and also generates hydrogen sulfide as a by-product.  In this case, the target is LDH, which is stimulated by S-sulfhydration.  Low energy is another LDH activator: acetylation inhibits LDH and the NAD+-dependent deacetylase removes this inhibition.  Indeed, acyl CoA, which can be broken down into acetyl CoA, allosterically inhibits LDH.  Finally, growth factors depend on glycolysis (see Warburg Effect below) and many of them act through receptor and soluble tyrosine kinases.  One of their substrates is LDH, which is stimulated by tyrosine phosphorylation.


d.  Warburg Effect: Rapidly growing tissues, such as embryos and cancer, rely heavily on glycolysis; this is known as the Warburg effect.  Originally, this phenomenon was thought to arise from hypoxia due to the tissues outgrowing their blood supply or to the more rapid production of ATP by glycolysis versus the TCA cycle.  However, it is now known that most of the ATP in these tissues still comes from the TCA cycle.  Rather, the dependence of rapidly proliferating tissues on glycolysis is not based on a need for energy but on a need for glycolytic intermediates for biosynthesis.


In addition, many glycolytic enzymes serve noncatalytic functions to promote growth.  When glucose-6-phosphate (phosphoglucose) isomerase is secreted, it is called autocrine motility factor and stimulates metastasis.  Both aldolase and phosphoglycerate mutase bind actin and affect the cytoskel​eton in a way that also favors metastasis.  PFKFB3 promotes mitosis by bind​ing and protecting the cell cycle-dependent kinase 4 from ubiquitination and degradation.  Finally, the mitogenic effects of PKM2, when acting as a protein kinase, and of the tyrosine-phosphorylated LDH have already been discussed above.


e.  Interrelationships with PPP: Both glycolysis and the PPP compete for the same substrate: glucose-6-phosphate.  As such, there is considerable cross-talk between the two pathways.


Although the PPP will be considered later, a brief description is warranted now so that the reader can better understand the rationale behind this cross-talk.  The PPP performs an oxidative decarboxylation of glucose-6-phosphate.  Because it uses NADP+ rather than NAD+ as the hydrogen acceptor, it generates NADPH, which can be used to detoxify ROS or be used in biosyn​thetic pathways, such as lipid synthesis.  The initial product of the PPP, ribulose-5-phosphate, can be converted to other useful molecules, most notably ribose-5-phosphate which is required for nucleotide synthesis.


Based on the summary above, ROS and NO will inhibit glycolysis in order to shift glucose-6-phosphate from glycolysis to the PPP to generate NADPH for detoxification.  This occurs at several sites: fructose-1,6-bisphosphate aldolase, phosphotriose isomerase, GAPDH and pyruvate kinase (Fig. 3-5).  The aldolase is not directly modified  by ROS or NO; but the latter elevate glutathione which then S-glutathionylates and inhibits the aldolase.  In addition, acetylation of phosphoglycero​mutase inhibits the enzyme, resulting in the accumulation of 3-PG.  3-PG is a competitive inhibitor glucose-6-phosphate dehydrogenase (G6PDH), which is the committed step in the PPP.  ROS activate a deacetylase that removes the acetate and reactivates t fructose-1,6-bisphosphate he enzyme.  3-PG is cleared, G6PDH is no longer inhib​ited, and NADPH is generated for ROS detoxification.  PFKBP3 represents yet another site for stress input.  PFKBP3 requires methylation for full activity: methylation of Arg131 and Arg134 decreases the Km for fructose-6-phosphate and methylation of Lys142 decreases ubiquination and degradation of PFKBP3.   The  methyl donor is methionine, which is regenerated via cysta​thionine β-synthase (CBS); and the latter enzyme is inhibited by carbon mon​oxide (CO).  Stress activates hemoglobin oxygenase-1, which generates CO from the breakdown of hemoglobin.  CO inhibits CBS, PFKBP3 fails to be methylated and fully activated, F-2,6-P is not produced to stimulate PFK1, glycolysis is blocked and glucose-6-phosphate once again is shunted into the PPP.
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Fig. 3-5.  Cross-talk between Glycolysis and the PPP.  Colors and symbols are as described in Fig. 3-1.  NOS inhibits GAPDH by S-nitrosylation.  See text for details.


NADPH is also needed for many biosynthetic pathways.  For example, insulin stimulates fatty acid synthesis, which requires a lot of NADPH.  The insulin receptor is a RTK and can tyrosine phosphorylate and activate OGT.  O-GlcNAcylation inhibits PFK1 and glycolysis.  Glucose-6-phosphate is then shifted into the PPP to generate NADPH.  Nucleotide precursors are other products of PPP: e.g., phosphoribosylamino​imidazolesuccinocarboxamide (SAICAR) is an intermediate in purine synthesis and an inhibitor of pyruvate kinase.  This inhibition results in the accumulation of glycolytic interme​diates that are needed in purine synthesis: e.g., methyl groups from serine, which is synthesized from 3-PG.  In addition, some glucose-6-phosphate is diverted to the PPP to produce ribose for nucleotide synthesis.  Nucleotides are also needed during mitosis.  The cell cycle is regulated by cell cycle-dependent kinases (CDKs) and their regulatory subunits (the cyclins or Cyc).  CycD3/CDK6 phosphorylates and inhibits PFK and PKM2; this impedes glycolysis and shifts glucose-6-phosphate into the PPP for deoxyribose synthesis.

    f.  Compartmentalization: The glucosome refers to the assembly of glycolytic enzymes; it is highly variable in size and composition.  It may occur in isolation or associated with enzymes of other pathways with which it interacts, such as the PPP or serine biosynthesis.  It is often located where ATP is produced or needed, such as the surface of mitochondria, anchored to intracellular vesicles to power axonal transport, lamellipodia to drive cell motility, myo​fibrils, or presynaptic sites; and its formation can be induced by hypoxia.


In the liver, dihydroxyacetone phosphate (DHAP) and F-1,6-P (gluconeo​genic conditions) induce the association of FBP and aldolase B, while AMP and F-2,6-P (glycolytic conditions) inhibit the association.  This assembly not only increases the efficiency of the pathway by substrate channeling, but it also allows for allosteric interactions among the assembled constituents: e.g., aldolase reduces the inhibition of FBP by AMP.


Conversely, in muscle the association between aldolase A and FBP is inhibited by DHAP.  In the mammary epithelial cell, aldolase binds and is inhibited by actin.  Insulin, via IP3, activates the RacGEF-Rac•GTP pathway which leads to actin depolymerization and the release of aldolase.  This stimulates glycolysis to produce acetyl CoA for milk fat synthesis.


In cancer cells, EGF stimulates the formation of large glucosomes that are involved with serine synthesis and growth.  In red blood cells, glycolytic enzymes bind to the plasma membrane via band 3, which inhibits glycolysis.  Tyrosine phosphorylation of band 3 will activate glycolysis by releasing the enzymes from this membrane protein, although the glucosome remains at the plasma membrane.  Deoxyhemoglobin also stimulates glycolysis by competing with these enzymes for the binding site on band 3.  Deoxyhemoglobin would signify low oxygen levels and a reliance on glycolysis.
The relationship between glycolysis and the cytoskeleton also allows the pathway to respond to mechanical stress.  When bronchial epithelial cells are transferred from a rigid to soft substatum, stress fibers disassemble to release an E3 ligase that is specific for PFK.  PFK is then ubiquinated and targeted for proteasomal degradation, and glycolysis is down-regulated.
Section 2:  Pyruvate Dehydrogenase


1.  Organization: Pyruvate dehydrogenase (PDH) is more than just a bridge between glycolysis and the TCA cycle.  In animals, it is also irrever​sible.  Plants and microorganisms have the glyoxylate cycle (covered below), which converts acetyl CoA into glucose.  Animals lack this pathway; once pyruvate has been decarboxylated, the product, acetyl CoA, can only be burned in the TCA cycle or stored as fatty acids.  As a result this is a highly regulated step.


The large complex contains three basic enzymes (E1, E2, and E3), a regu​latory kinase and phosphatase, and a scaffolding protein (Table 2).  The reader is forewarned that this scheme is still in flux and is presented merely to give the reader an estimation of the size and complexity of this structure.  All these proteins are encoded by nuclear genes and then trans​ferred into the mitochondria.  They are also transferred into the nucleus where they provide acetyl CoA for acetylation of histones and transcription factors.

Table 2. Composition of the Pyruvate Dehydrogenase Complex

	
	Number of Subunits
	

	Component
	Prokaryotes
	Eukaryotes
	Function

	Pyruvate dehydrogenase(E1)
	24 (α2β2)
	30
	1) Oxidative decarboxylation of pyruvate

2) Transfer acetate to lipoic acid

	Dihydrolipoyl transacetylase (E2)
	24
	60
	Transfers acetate to CoA

	Dihydrolipoyl dehydrogenase (E3)
	12
	12
	Reoxidize lipoic acid via FAD+ and then NAD+

	E3 Binding protein
	
	12
	Maintain complex structure

	PDH kinase (PDK)
	
	1-3
	Phosphorylate and inhibit PDH

	PDH phosphatase

(PDP)
	
	2-3
	Dephosphorylate and activate PDH



2.  Regulation: PDH is regulated by allosterism, covalent modification, and degradation in response to metabolites, energy status, ROS, growth, and hormones (Fig. 3-6).  A major focus of PDH regulation is the inhibitory phos​phorylation by the PDH kinase (PDK) and its reactivation by the PDH phospha​tase (PDP).
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Fig. 3-6.  Regulation of Pyruvate Dehydrogenase (PDH).  Colors and symbols are as described in Fig. 3-1.  The Rho pathway is abbreviated; see text for details.  Abbrevi​ations: AMPK, AMP-dependent protein kinase; GSK3, glycogen synthase kinase 3; ROCK, Rho-associated coiled coil kinase.


a.  Metabolites: The product of this reaction is acetyl CoA, which exerts negative feedback.  First, acetyl CoA drives the acetylation and inhibition of both PDH and PDP, which would otherwise reactivate PDH.  Second, acetyl CoA stimulates PDK, which phosphorylates and inactivates PDH.  Glutamine elevates lipoamidase activity, which cleaves lipoic acid from PDH.  Because lipoic acid is an obligatory coenzyme for PDH, this cleavage inactivates PDH (not shown in Fig. 3-5).  Excess glutamine is fed into the TCA cycle, thereby reducing the need for acetyl CoA.  Conversely, its substrate, pyruvate, inhibits PDK, essentially driving the reaction by keeping PDH active.


In the heart, E2 and E3 are O-GlcNAcylated.  This modification is usually associated with energy status, but the heart always needs energy: usually fatty acids, ketones, and lactate.  It has been proposed that in this organ O-GlcNAcylation represents the availability of lactate; and the subse​quent stimulation of PDH by this modification promotes its conversion to acetyl CoA.


Also in the heart, CoASH promotes PDHK4 (the heart PDK isozyme) degradation; PDH remains active and glucose is utilized.  A high fat meal will reduce CoA levels, as CoA is coupled to the fatty acids.  PDHK3 survives and inhibits PDH; this spares glucose and forces the utilization of fatty acids.


b.  Energy Status: High energy will inhibit PDH in order to conserve glucose; conversely, low energy will stimulate it in order to generate fuel for the TCA cycle.  Acetyl CoA was discussed above as an example of product inhibition; but it can also represent energy status.  Acetyl CoA drives the acetylation and inhibition of PDH and PDP, while NAD+, representing low energy, stimulates SIRT to deacetylate these enzymes.  AMPK also represents low energy and it phosphorylates and stimulates PDH.  Conversely, NADH, representing high energy, allosterically stimulates PDK to phosphorylate and inhibit PDH.


In muscle, calcium triggers contraction, an energy-demanding process.  As such, calcium signals energy consumption and triggers energy mobilizing pathways.  For example, calcium stimulates glycogenolysis (to be considered later); it also stimulates PDP to reactivate PDH.


Hypoxia dampens oxidative metabolism, because the etc is compromised by oxygen deficiency.  Hypoxia-inducible factor 1α (HIF-1α) is a transcription factor that is constitutively synthesized.  Under normal oxygen levels, a prolyl hydroxylase modifies HIF-1α and tags it for destruction.  When oxygen levels are low, the prolyl hydroxylase is unable to modify the HIF-1α, which survives and initiates a transcriptional program to cope with hypoxia, including the shift to glycolysis.  For example, it induces PDK, which phos​phorylates and inacti​vates PDH.  In addition, hypoxia blocks the lipoylation of both the PDH as well as the α-ketoglutarate dehydrogenase (αKGDH, also called oxoglutarate dehydrogenase complex or OGDH), an enzyme in the TCA cycle that also requires lipoic acid as a coenzyme.  This inhibits both PDH and the TCA cycle.


c.  ROS: ROS are an inevitable side-product of the etc; therefore, elevated ROS triggers the suppression of oxidative metabolism in order to prevent the further production of ROS.  However, the effect on PDH can vary depending on other factors.  First, oxidative stress increases glutathione levels and its oxidation to drive the S-glutathiony​lation and inactivation of PDH: no acetyl CoA, no TCA cycle, no etc, and no ROS.  However, ROS can also oxidize several cysteines in PDHK to inhibit it: PDH remains active and generates acetyl CoA.  Initially, this appears counterintuitive; but as will be discussed below under the TCA cycle regulation, several TCA enzymes are also inhibited by ROS.  Therefore, although acetyl CoA is produced, it cannot enter the TCA cycle.  In this case, acetyl CoA is shunted into fatty acids for storage until ROS levels fall.  In the nucleus, the NO-generated acetyl CoA is used to acetylate histones.

d.  Growth: Growth requires glycolytic intermediates for biosynthetic pathways.  For example, DHAP is a precursor to both triglycerides and membrane phospholipids; other intermediates give rise to amino acids, one of which, serine, is the major single carbon source in biosynthesis.  Many growth factors activate tyrosine kinases.  Tyrosine phosphorylation inhibits PDH both directly and indirectly via the phosphorylation and stimulation of the PDHK.  Finally, tyrosine phosphorylation inhibits the PDP to prevent the reactivation of PDH.


Mitogens can also activate MAPK which phosphorylates PGK to create a Pin1 site for cis-trans isomerization (described above).  This conformational change is required for PGK to enter the mitochondria, where it phosphorylates and activates the PDHK.


e.  Hormones: Tumor necrosis factor (TNF) is a hormone synthesized in macrophages and directs systemic inflammation.  One of its mediators is receptor-interacting protein kinase 3 (RIPK3), which phosphorylates and stimulates PDH.  Acetyl CoA is then fed into the TCA cycle to generate NADH and FADH2 for the etc.  The ROS by-products are used in the induction of cell death.


Insulin is the major anabolic hormone in animals.  In adipose tissue, insulin stimulates fatty acid synthesis.  To that end, it needs acetyl CoA, the building blocks for these molecules.  The insulin receptor is a RTK that can directly tyrosine phosphorylate and activate PKCδ.  The PKC family was introduced in Enzyme Regulation (Unit 2) as a group of protein kinases that are primarily activated by calcium and lipids.  PKCδ is an exception and is stimulated by tyrosine phosphorylation.  Once activated PKCδ phosphorylates and stimulates PDP, which then reactivates PDH to convert pyruvate into acetyl CoA for fatty acid synthesis.  However, in the liver insulin inhibits PDH in order to shunt glucose into anabolic pathways.  In this tissue, the insulin receptor tyrosine phosphorylates and activates phosphatidylinositol-3 kinase (PI3K) which generates the second messenger, polyphosphoinositide-3-phosphate (PI(3)Pn):
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  PDH

PI(3)Pn can allosterically activate a RhoGEF, which in turn activates RhoA, a G protein most closely associated with cytoskeletal remodeling.  G proteins are molecular switches whose on-off position is controlled by the binding of nucleotides.  GNP exchange facilitators (GEF) turn on the G proteins by loading them with GTP; and GTPase activating proteins (GAP) turn them off by triggering the hydrolysis of GTP.  For a more comprehensive discussion of transduction pathways, see Unit 5.  PI(3)Pn not only activates RhoGEF but also inhibits RhoGAP via PKB phosphorylation.  RhoA stimulates the Rho-associated coiled coil kinase (ROCK).  Although ROCK is a serine-threonine kinase, it can activate a soluble tyrosine kinase to modify the glycogen synthase kinase 3 (GSK3).  GSK3 is usually inhibited by serine or threonine phosphorylation, but tyrosine phosphorylation stimulates it.  GSK3 can then phosphorylate and inhibit both PDP and PDH.


3.  Alternate Acetyl CoA Production: Free acetate can be converted to acetyl CoA by acetyl CoA synthetase (ACSS):



acetate + ATP + CoA <───> acetyl CoA + AMP + PPi
The reaction is near equilibrium and is driven by the subsequent hydrolysis of the pyrophosphate.  Elevated acetyl CoA drives the acetylation and inhi​bition of ACSS; i.e., if there already is plenty of acetyl CoA available, one does not need to make more.  However, low energy elevates NAD+ which stimu​lates the deacetylase, SIRT, to reactivate ACSS.  Low energy also elevates AMP which stimulates the AMPK to phosphorylate ACSS.  This phosphorylation exposes a nuclear localization signal, which results in the migration of ACSS into the nucleus where it binds transcription factor EB (TFEB).  TFEB is a master regulator of lysosomal and autophagy genes.  By associating with TFEB, ASCC1 can supply acetyl CoA for acetylating histone H3 at promoters targeted by TFEB.  Histone acetylation favors transcription (to be discussed later under Nucleic Acids) and, therefore, enables TFEB to induce the genes for lysosome formation and autophagy, both of which can supply material during starvation.


However, substrate abundance can also stimulate ACSS, which is also involved with fat storage.  OGT, which is driven by glucose levels, stimu​lates the CDK5-dependent phosphorylation of ACSS2, which blocks its ubiqui​nation and destruction.  The stabilized ACSS2 then provides acetyl CoA for lipid synthesis and storage.  It is not known where in this sequence of events OGT acts: e.g., does OGT O-GlcNAcylation CDK5 to stimulate its acti​vity, or target ACSS2 to facilitate its interaction with CDK5?  It can also stimulate gene programs, particularly those involved with lipid storage.  The difference in activites may lay in the ACSS isoenzymes or compartmentali​zation.

There is one other interesting function of ASCC.  Lipoic acid has al​ready been mentioned as an essential coenzyme for several catabolic enzymes.  Lipoic acid can be made de novo in the mitochondria or free lipoic acid can be reused via a salvage pathway.  PDH and αKGDH are particularly dependent upon the salvage pathway.  ACSS, which is stimulated during starvation, can activate lipoic acid in the salvage pathway and supply these catabolic enzymes with lipoic acid.

Section 3:  TCA Cycle (see any standard biochemistry textbook for a descrip​tion of the basic reactions)


1.  Strategy: Acetyl CoA is not immediately dismembered into carbon dioxide and hydrogens.  It is first coupled to another molecule (OAA), which undergoes two oxidative decarboxylations.  The product, succinyl CoA is then manipulated to regenerate OAA for another round.  In fact, the first carbons lost do not come from the initial acetyl CoA, although this will happen in subsequent cycles (Fig. 3-7):
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Fig. 3-7.  Fate of Acetyl CoA and Origins of CO2 in the TCA Cycle.  The atoms from acetyl CoA are in bold, italics font and the carbons to be removed are simply in bold.


The coupling of acetyl CoA and OAA (a straight dicarboxylic acid) produces citrate (a tricarboxylic acid).  The central carboxylic acid will be removed to eliminate the branch; and the other carbon dioxide will come from the end.  However, to restore the dicarboxylic acid structure, the carbon adjacent to the one removed must be progressively oxidized.  That carbon will be the one in the center because it already has a hydroxyl group; but it is in the wrong position.  The aconitase pulls off the hydroxyl group as water, leaving behind a double bond; and then adds the water back, switching the carbon having the hydroxyl group.  Isocitrate dehydrogenase (IDH) then oxidizes the hydroxyl group to a ketone.  The increased polarity of the carbonyl exerts stress on the bond holding the central carboxylic acid and it leaves as carbon dioxide.  One down and one to go.  The ketone is again oxidized and coupled to coenzyme A, while the adjacent carboxylic acid leaves.  Two carbons have been now removed and a dicarboxylic acid has been generated; but it is succinyl CoA, not OAA.  To make the conversion, coenzyme A needs to be removed and a ketone created.  As noted under glycolysis, the link between a carboxylic acid and either a phosphate or sulfur is a high energy bond; therefore, the energy from the hydrolysis of succinyl CoA is captured in the formation of GTP.  Succinate dehydrogenase introduces a double bond between the middle carbons; fumarase (also called fumarate hydratase) adds water across the double bond; and malate dehydrogenase oxidizes the hydroxyl group to a ketone.  OAA has been reformed and is ready for coupling to another acetyl CoA.  Note that none of the origin carbons from acetyl CoA have been removed during this initial cycle.


2.  Regulation: The same factors affecting glycolysis will also affect the TCA cycle: metabolites, energy status, and ROS.


a.  Metabolites: Succinyl CoA is involved with both negative feedback and feed forward regulation (Fig. 3-8).  First, an excess of succinyl CoA allosterically inhibits both citrate synthase and αKGDH in order to reduce the production of more succinyl CoA.  In addition, succinyl CoA is the donor for succinylation; as noted under Enzyme Regulation, there are other fatty acids besides acetate that can modify proteins.  Furthermore, αKGDH not only generates succinyl CoA but can also transfer the succinate to lysines on proteins; i.e., it moon​lights as a succinyltransferase.  As with acetylation, succinyl CoA drives succinylation.  When succinyl CoA levels are high, αKGDH modifies and inhibits IDH to slow further production, while this same modification stimulates fumarase to clear the backlog.
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Fig. 3-8.  Regulation of the TCA Cycle.  Colors and symbols are as described in Fig. 3-1.  See text for details.


Succinate and OAA both inhibit succinate dehydrogenase.  Succinate is a special case in that it represents a signal for hypoxia and be will discussed below under fumarase.  OAA represents simple feedback inhibition: excess OAA inhibits an enzyme that would otherwise generate even more OAA.


Finally, acetylation can represent two conflicting phenomena: as an energy source, it could represent feedback inhibition.  Indeed, acetylation inhibits citrate synthase, IDH, and succinate dehydrogenase.  This is reversed by low energy via NAD+-dependent deacetylases.  However, acetyl CoA can also represent substrate, which would be expected to drive the TCA cycle; in fact, aconitase is stimulated by acetylation.  It is not clear how this balance is physio​logically determined.  Another variation is seen in adipose tissue, which has an IDH isozyme that generates NADPH instead of NADH.  Indeed, the TCA cycle is a major source of NADPH for fatty acid synthesis in this tissue.  High acetyl CoA signifies ongoing lipid synthesis and the need for reducing power; as such, acetylation stimulates malate dehydrogenase.


b.  Energy Status: Acetylation as an indication of energy status was discussed above.  Other measures of energy status include ATP and NADH (high energy) which inhibit several enzymes in the TCA cycle, while ADP and NAD+ (low energy) have the opposite effect (Fig. 3-7).  Finally, as discussed under PDH, calcium is an anticipatory signal for energy consumption in muscle and stimulates both IDH and αKGDH.


c.  ROS: As discussed under PDH, ROS are a by-product of the etc; therefore, an accumulation of ROS will dampen oxidative metabolism.  ROS inhibit the aconitase.  In addition, oxidative stress elevates glutathione levels and its oxidation to drive the S-glutathiony​lation and inactivation of both αKGDH and malate dehydrogenase. 


d.  Miscellaneous: The prostate gland accumulates zinc (800-1500 μM vs. 100-500 μM in other tissues).  This concentration of zinc inhibits the aconitase, resulting in the accumulation of citrate.  Both citrate and zinc are secreted into the semen; citrate is the major energy source for sperm.  The zinc is also bactericidal and may be important in fertility via its effects on membrane and chromatin stability.


3.  Notes on Selected Enzymes


a.  Isocitrate Dehydrogenase: There are three isozymes of IDH: IDH1 is cytoplasmic and uses NADP+; IDH2 is mitochondrial and also uses  NADP+; and IDH3 uses NAD+.  IDH1 occurs in adipose tissue where it augments the PPP in providing NADPH for lipid synthesis.  It occurs in cardiocytes, where the NADPH is used to combat ROS.


IDH1 and IDH2 are also protooncogenes: the mutant enzymes convert αKG to 2-hydroxyglutarate instead of succinyl CoA.  It is the 2-hydroxyglutarate that induces tumors, especially gliomas, a type of brain tumor.  This metabolite has many biological effects, but it is not clear which ones are relevant for tumorigenesis.  For example, it can inhibit the branched chain aminotransferase (BCAT).  Branched chain amino acids readily cross the blood-brain barrier and donate their amino groups (via the BCAT) for glutamate synthesis.  Inhibition of the BCAT decreases the levels of GSH, which contains glutamate, rendering the brain more sensitive to ROS.  2-Hydroxy​glutarate also inhibits the αKG-dependent dioxygenases, including the DNA demethylases.  DNA is demethylated by progressively oxidizing the methyl group.  Because oxygen is diatomic, αKG is used as a cosubstrate; and because 2-hydroxyglutarate structurally resembles αKG, it acts as a competitive inhibitor.  The resulting hypermethylation impairs DNA repair processes.  2-Hydroxyglutarate inhibits succinate dehydrogenase, leading to the accumu​lation of succinyl CoA which drives succinylation of proteins.  These activites and others not mentioned may act individually or collectively to promote tumor formation. 


b.  Fumarase: As noted above, methylation of proteins is reversed by αKG-dependent dioxygenases, which use αKG as a cosubstrate to oxidize the methyl group to formaldehyde.  As with 2-hydroxyglutarate, fumarate is an αKG analog and inhibits these enzymes.


Fumarase can be recruited to the nucleus to provide fumarate for the inhibition of histone H3 demethylation; H3 methylation favors transcription.  Once in the nucleus, fumarase is further activated by phosphorylation by the DNA-dependent protein kinase (DNA-PK), while AMPK phosphorylation (starva​tion) promotes its association with the transcription factor ATF2 (Fig. 3-9).  ATF2 induces genes that trigger growth arrest in response to stress, such as inflammation, hypoxia and amino acid deficiency.  This association results in fumarate-mediated H3 methylation at ATF2-targeted promoters; and enhanced transcription of these genes.  On the other hand, O-GlcNAcylation (driven by glucose) modifies the same site, thereby preventing phosphorylation and association with ATF2.  Finally, p21-activated protein kinase 4 (Pak4) is involved with cytoskeletal remodeling important in cancer invasion and metastasis.  Pak4 phosphorylation of fumarase sequesters it in the cytoplasm via binding to protein 14-3-3 and also blocks its association with ATF2.  In summary, starvation results in the association of fumarase with ATF2; fumarate then inhibits the demethylase.  Finally, methylation favors the transcription of genes that halt growth in response to the starvation.
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Fig. 3-9.  Role of Fumarate and Succinate in the Expression of Stress Genes.  Symbols are as described in Fig. 3-1.  Abbreviations: ATF2, activa​ting transcription factor 2; DNA-PK, DNA-dependent protein kinase; IRP2, iron regulatory protein 2; Keap1, Ketch-like ECH-associated protein 1; NAG, O-GlcNAcylation; Nrf2, nuclear factor (erythroid-derived 2)-like 2; Pak4, p21-activated protein kinase.  See text for details.


Succinate dehydrogenase generates FADH2, which is directly fed into the etc via complex II.  Hypoxia shuts down the etc and inhibits succinate de​hydrogenase.  Succinate accumulates and acts as a signal for hypoxia.  First, succinate inhibits the prolyl hydroxylase that tags HIF-1α for ubiquination and degradation.  HIF-1α survives and transcribes genes that compensate for hypoxia.  Second, suc​cinate drives the succinylation and inhibition of the iron regulatory protein 2 (IRP2), a repressor of ferritin gene transcription.  Increased ferritin increases iron and oxygen-carrying capacity.  Succinyla​tion also inhibits Keap1 (Ketch-like ECH-associated protein 1), an adaptor for an E3 ligase that targets Nrf2 (nuclear factor (erythroid-derived 2)-like 2).  Nrf2 is a transcription factor that induces antioxidant genes, such as ferritin.  Keap1 is further inactivated by oxidative stress and by hypogly​cemia.  The latter is a result of two effects of glucose.  First, excess glucose drives the O-GlcNAcylation of Keap1, which is required for its full activity.  Second, excess glucose leads to the production of a glycolytic by-product, methyl​glyoxal, which is formed from DHAP by methylglyoxal synthase:



     O

   methylglyoxal
   O



     ║


synthase
   ║



HOCH2CCH2OPO3H2 


CH3CCHO



    DHAP


   methylglyoxal
Methylglyoxal can be degraded by one of two pathways, both of which lead to lactate and then pyruvate.  As such, the end point is the same as with glycolysis but there is no ATP synthesized.  This is irrelevant when glucose is abundant; indeed, it may be a way the cell has to dissipate excess energy.  However, methylglyoxal is highly toxic: it cross-links proteins and is a major source of complications in diabetes, which is characterized by bouts of hyperglycemia.  Recently, it has been shown that this cross-linking can actually be of physiological benefit in certain circumstances.  Specifically, methylglyoxal dimerizes Keap1 by joining a cysteine in one molecule and an arginine in the other:

[image: image10.wmf](Keap1)Cys-SH + methylglyoxal + H

2

N         NHArg (Keap1)

NH

(Keap1)Cys-S

NH-Arg(Keap1)

N

N

H


Dimerization stimulates Keap1 activity.  Conversely, hypoglycemia would reduce both O-GlcNAcylation and dimerization.  The resulting loss of Keap1 function activates Nrf2 and the stress response; this response promotes survival and proliferation.  For example, a genetic deficiency of fumarase results in an accumulation of succinate and a similar proliferative effect; specifically, the formation of benign smooth muscle tumors (leiomyomatosis) and renal cell cancer.  In summary, hypoxia elevates succinate, which inhibits the repressors of HIF-1α and Nrf2 and allows them to transcribe stress genes.
Section 4:  Glyoxylate Pathway (see any standard biochemistry textbook for a description of the basic reactions)


1.  Introduction: The glyoxylate pathway converts two-carbon precursors into glucose.  It exists in plants, bacteria and embryonic nematodes; surprisingly, animals have homologous enzymes but their functions are not known.  One reason why animals may not have this pathway lies in the fact that animals synthesize an inhibitor to the isocitrate lyase (ICL, the committed step of the glyoxylate pathway) as an antibacterial agent.  This inhibitor, itaconic acid, can also alkylate and activate the transcription factor, TFEB (transcription factor recognizing E box sequences), which is involved with lysosomal biogenesis.  Lysosomes help to clear bacteria during infections.  Itaconic acid is synthesized from aconitate:
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Itaconic acid is also anti-inflammatory: activated macrophages rely on glycolysis; and anything that shifts metabolism to the TCA cycle will oppose inflammation by shunting citrate into itaconic acid.  For example, the gluco​corticoid receptor binds PDH and retains it in the cytoplasm.  When this steroid binds the receptor, it releases the PDH to migrate into the mitochon​dria and stimulate the TCA cycle.  The resulting itaconic acid mediates the anti-inflammatory activity of these steroids.  This is augmented by type I interferon which inhibits IDH.  Itaconic acid then alkylates several cysteines in Keap1.  This inhibition of Keap1 leads to the induction of stress genes (Fig. 3-9).  Itaconic acid can similiarly modify and inhibit Jak1, a STK required for macrophage activation.  In response to ROS, itaconic acid can also modify aldolase; this inhibits glyco​lysis and shifts glucose into the PPP for NADPH production.  Finally, ita​conic acid inhibits a class of DNA dioxygenases that generate 5-hydroxy​methylcytosine.  This pyrimidine triggers DNA demethylation and gene expres​sion, including those involved with inflammation.  Dioxygenase inhibition reduces the levels of this pyrimidine, which blocks the expression of inflammatory genes. 

2.  Regulation: The glyoxylate and TCA pathways differ in only two steps: ICL and malate synthase.  The switch between the two cycles is IDH/ICL; and quite logically it is the major focus of regulation in bacteria where it has been best studied.  The center of this regulation is a bifunc​tional enzyme that can both phosphorylate (and inhibit) and dephosphospho​rylate (and reactivate) the IDH.  Although the specific details of regulation may differ among bacterial species, the following represent common threads (Fig. 3-10).
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Fig. 3-10.  Regulation of the Glyoxylate Pathway in Bacteria.  (A) Product feedback; (B) abundant gluconeogenic precursors; and (C) substrate feed forward.  Colors and symbols are as described in Fig. 3-1.  See text for details.


The products of ICL are succinate and glyoxylate; their accumulation will feed back to inhibit ICL and reactivate IDH (Fig. 3-10A).  First, succinate can both allosterically inhibit ICL and also stimulate the phosphatase to remove the inhibitory phosphate from IDH.  Second, glyoxylate can allosterically activate IDH.


The function of the glyoxylate cycle is to make glucose from two-carbon substrates.  If gluconeogenic precursors are already present in abundance, the glyoxylate pathway is not needed (Fig. 3-10B).  To that end, PEP allo​sterically inhibits ICL; and PEP, OAA, and pyruvate all inhibit the kinase activity of the IDH kinase-phosphatase, while stimulating the phosphatase activity.


Finally, an abundance of acetyl CoA drives the glyoxylate cycle by stimulating the IDH kinase to phosphorylate IDH and suppress the TCA cycle (Fig. 3-10C).  It should be noted that these regulatory mechanisms are used to adjust the balance between the TCA and the glycoxylate cycles.  For example, even in the presence of acetyl CoA, IDH is only 75% inhibited.

Section 5:  Electron Transport Chain (etc; formerly called the electron transport system, ets)(see any standard biochemistry textbook for a description of the components and molecular mechanisms)


1.  Regulation


a.  Uncoupling Proteins: In the 1930’s, 2,4-dinitrophenol was used as a weight loss drug.  It is a proton ionophore that ferries protons across the inner mitochondrial membrane:
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Basically, it dissipates the proton gradient and impairs ATP synthesis.  More fuel is burnt to make up the difference, resulting in weight loss.  It was discontinued secondary to untoward side-effects (see below), although it is making an unfortunate comeback.


It might surprise the reader to learn that the body makes its own short circuit molecules: the uncoupling proteins (UCPs).  Therefore, before getting into the regulation, it would be advantageous to review the functions.


The most common form of waste energy is heat; and the major side-effect of 2,4-dinitrophenol is hyperthermia.  It should not be surprising that UCPs first appear in mammals, which are known for their homeothermy.  UCP homologs exist in lower species, but they do not act as uncouplers.  Human infants are particularly vulnerable to hypothermia; as a protection, they are born with deposits of brown adipose tissue (BAT).  Classic adipose tissue is white; BAT has a high concentration of mitochondria, which gives fat tissue a darker coloration.  These mitochondria have UCP1 which generates heat to keep the infant warm; indeed, UCP1 is also known as thermogenin.  In addition, UCP is responsible for fever.  Temperature regulation can be more restricted affect​ing single organs or even microscopic domains.  For example, UCP keeps the brain temperature elevated during hibernation and is responsible for thermal synapses.  Most synapses in the mammalian nervous system are chemical syn​apses: chemicals, called neurotransmitters, are released by the axons of presynaptic neurons, diffuse across a gap, and induce an action potential in the postsynaptic neurons.  The rate-limiting step in this process is the diffusion.  Diffusion is temperature-dependent; by increasing the temperature of the synapse, UCP increases the rate of diffusion which accelerates neuro​transmission.


A second important function of UCP is weight control.  During food excess, UCP levels are elevated in order to dissipate some of the energy and maintain body weight.  During starvation, UCP levels fall in order to increase the efficiency of energy extraction.  This is one of the reasons dieters often find it so difficult to lose weight.  Finally, it has already been mentioned that the etc generates ROS.  When these toxic by-products accumulate, UCP2 and UCP3 become elevated to dampen oxidative metabolism.  However, recent evidence suggests that UCP2 and UCP3 primarily function as mitochondrial metabolite transporters.  


UCP1 dissipates the proton gradient; but the mechanism is still in dispute.  The simplest mechanism is that UCP1 is a proton transporter (Fig. 3-10).  Alternatively, UCP1 could be a fatty acid transporter: charged fatty acids are transported from the matrix to the intermembrane space.  The high proton concentration protonates and neutralizes the fatty acid, which then diffuses back into the matrix.  The fatty acid then reionizes in the high pH environment of the matrix, and the cycle repeats itself.  Essentially, fatty acids act as a shuttle for protons.  Although the former mechanism is currently favored, UCP1 does bind fatty acids and mutations in this binding site eliminate proton transport.  Apparently, fatty acids play some role in this process.  A recent model fuses these two mechanisms by having a fatty acid bound to UCP1 bind protons during the transport process.  It is not clear if the mechanism of UCP2 and UCP3 is the same as UCP1; there are data to support a role for these latter UCPs as trans​porters of C4 metabolites (e.g., OAA and malate) out of the mitochondria, thereby limiting oxidation.
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Fig. 3-11.  The Mechanisms and Regulation of UCP1.  


Because UCP1 has a half-life of 5 days, levels do not change rapidly; as a consequence of this slow response, UCP1 is used in long-term adaptation, as in temperature or weight control.  UCP2 has a half-life of only 30 minutes; it is used when a rapid response is needed, as in ROS regulation.


Norepinephrine is a neurotransmitter used in the “fight-or-flight” response that is activated during stress.  It binds the β3 adrenergic recep​tor, which is coupled to Gs, a G protein that activates adenylate cyclase.  The cAMP-dependent protein kinase (PKA) then phosphorylates and stimulates a lipase to liberate fatty acids.  The fatty acids can be oxidized to generate the proton gradient; and the acyl CoA stimulates UCP1 by displacing an inhibitory GDP.  Finally, PKA initiates a protein kinase cascade that results in p38, an isozyme of the MAPK family, phosphorylating and activating the cAMP response element binding protein (CREB), a transcription factor that induces the UCP1 gene.


Other factors can also effect UCP transcription.  Irisin, a hormone secreted by skeletal muscle, induces UCP1 in white adipose tissue and con​verts it to BAT.  This induction probably augments muscle shivering in the production of heat.  As with norepinephrine, the induction is thought to be mediated by p38.  In immune cells, MAPK down-regulates UCP2 in order to increase ROS production for defense purposes.


Finally, UCP1 can be rapidly affected by covalent modification.  In BAT, ROS trigger the sulfenylation and stimulation of UCP1; this modification occurs on cysteines: -Cys-SOH.  The enhanced activity of UCP would then decrease ROS production.  Cold acylates UCP1 and destabilizes it.  This prevents excessive heat production and primes the UCP1 for destruction once temperatures have returned to normal levels.

b.  Covalent Modifications: Elements of the etc and their associated proteins can undergo several covalent modifications.  For example, PKA signals starvation and the need for more energy.  PKA phosphorylation of NDUFS4 (NADH:ubiquinone oxidoreductase iron-sulfur protein S4), a component of complex I, promotes its mitochnondrial import and maturation; and its phosphorylation of the c rings stimulates the ATP synthase.  Tyrosine phos​phorylation has conflicting effects reflecting the dual demands of growth: growth requires some energy but it also suppresses oxidative metabolism to use intermediates in biosynthesis.  The net effect of tyrosine phosphoryla​tion is to strike a balance between these two requirements.  A further factor complicating mitochondrial regulation are the other functions the mitochon​dria serve.  For example, one of the two major pathways initiating apoptosis lies within the mitochondria.  Insulin is a prosurvival hormone and its tyrosine phosphorylation of cytochrome c inhibits apoptosis after ischemic injury.


Acetylation signals energy surplus and inhibits etc: it modifies and inhibits complex I (the NADH dehydrogenase 1α) and the ATP synthase (the α and β subunits).  O-GlcNAcylation should have the same effect, but the data are not as clean.  Specifically, the experiments used pharmacological inhi​bitors of OGT rather than make direct assessments.  However, the inhibitors worked as expected: reduced O-GlcNAcylation mimicked starvation and increased oxidation and ATP production.


Oxidative stress can trigger several covalent modifications and all of them inhibit the etc to reduce ROS.  S-Nitrosylation inhibits complexes I, II and IV; and S-glutathionylation inhibits several components in complex I.  However, as noted above the etc can have other functions: cytochrome c has peroxidase activity.  Tyrosine nitration and methionine sulfoxidation will increase this peroxidase activity.


c.  Miscellaneous Regulation: Allosterism is another important regula​tory mechanism in the etc.  Calcium has already been mentioned as an antici​patory signal for energy expenditure in skeletal muscle.  It also stimulates the Glu-Asp antiporter (involved with NADH mitochondrial import), complex III and the ATP synthase.  When energy levels are low, AMPK phosphorylates and opens the mitochondrial calcium uniporter to raise calcium levels and boost ATP production.  Acetate has also already been mentioned as signaling fuel availability.  Acetate charged ACP (acyl carrier protein) of the fatty acid synthase (FAS) allosterically activates the LYR family of etc assembly factors.  Finally, αKG is elevated during starvation and it inhibits the ATP synthase.


Gene induction is another way to adjust the etc.  PKA not only directly phosphorylates elements of the etc, but it also activates the transcription factor CREB (Fig. 3-11), which induces the genes for several components of complex I.  The mitochondria have their own genome and several “nuclear” receptors can also enter the mitochondria and induce the mitochondrial genes for the etc.  For example, the estrogen receptor induces the genes for pro​teins in complex I (mitochondrial and nuclear), complex II (nuclear), complex III (mitochondrial and nuclear), complex IV (mitochondrial and nuclear) and the ATP synthase (mitochondrial and nuclear).  The progesterone and thyroid hormone receptors, as well as Stat3, can enter the mitochondria and induce transcription.  While the progesterone and thyroid hormone receptors are classic nuclear receptors activated by ligand binding, Stat3 (signal trans​ducers and activators of transcription 3) is a transcription factor activated by cytokine-induced tyrosine phosphorylation.


Complexes of the ets can combine in various stoichiometries and arraignments to form supercomplexes, which have different efficiencies and functions.  Three of the best known are the A-respirasome (I, III2 and IV) and the C- and CS-respirasomes (I, III2, and IV2); the latter two differ in their arraignments of subunits.  Low oxygen and estogen can induce the formation of the CS-respirasome, while normal/high oxygen results in the formation of the A-respirasome.

Mitochondrial function can also be controlled by mitochondrial struc​ture.  PKA (stress, starvation) phosphorylates the dynamin-related protein 1 which leads to mitochondrial elongation and increased oxidative capacity.  AMPK (starvation) phosphorylates and stimulates PCG-1α (peroxisome-proliferator-activated receptor γ coactivator 1α) which induces genes leading to mitochondrial fission and increased numbers.  Calcium (anticipatory signal for energy depletion) can also stimulate PCG-1α, probably via a CaM-activated protein kinase.


2.  Mitochondrial Encephalomyopathies and Their Treatment: Because of the etc-generated ROS, the mitochondrial environment is extremely dangerous to resident molecules.  For example, the mutation rate for nuclear genes is 1.1-2.5 X 10-8/base/generation, while that for mitochondrial genes is 2.7 X 10‑5/base/20 years.  As a result, many of the mitochondrial genes have migrated into the nucleus; only the genes for 13 proteins and those required for their translation remain.  Indeed, the question arises as to why any genes remain at all; that will be considered in more detail under Nucleic Acids.


Loss-of-function mutations in the etc lead to impaired ATP production, which primarily affects the two major consumers of energy: the brain (encephalo-) and muscle (myopathies).  In addition, both of these tissues are terminally differentiated and cannot replicate, which amplifies any damage they sustain.  These diseases are also associated with tumors.  First, mitochondria are highly dependent upon an adequate oxygen supply.  If oxygen levels fall or the mitochondria malfunction, succinate accumulates and inhibits the inactivation of the transcription factor, HIF-1α.  HIF-1α, in turn, induces the genes for vascular proliferation, which can lead to vascular tumors.  In addition, mitochondria represent one of two major triggers of apoptosis.  Defective mitochondria result in increased survival, tissue accumulation and tumors. 


The phenotype of the mitochondrial encephalomyopathies is extremely variable.  First, it makes a difference if the gene is encoded by nuclear DNA (nDNA) or mtDNA.  The latter is maternally inherited and represents a genetic bottleneck, as only a fraction of the total mtDNA is transferred to the progeny.  The severity of defects in the mtDNA is also determined by the percentage of mtDNA affected within a single mitochondrion (2-50 copies of the mtDNA/mitochondrion) and the percentage of the mitochondria affected within a given cell (e.g., 1000-2000 mitochondria/liver cell).  Furthermore, this percentage may change over time: wild type (wt) and mutant mitochondria may divide at different rates; the segregation of mitochondria during mitosis may not be equal; and mitochondria can exchange mtDNA via interconnecting nanotubes.  Mitophagy (the destruction of mitochondria), fission and fusion can also alter the number of affected mitochondria, which can affect the phenotype.  For nuclear genes, the defect can be either homozygous or heterozygous; or if the mutation occurred after fertilization, the degree of mosaicism is important.


Current therapy is focused on limiting damage, replacing defective functions, and restoring normal metabolism as much as possible considering the nature of the individual disease.  Oxygen damage can be reduced using natural antioxidants (e.g., coenzyme Q) or mitochondrial-targeted free radical scavengers (e.g., mitoQ).  Ketogenic diets can uncouple the etc to reduce ROS production.  Mitochondria can act as a calcium sink, especially in neurons; however, too high a calcium level can stimulate the TCA cycle and ROS generation.  CGP 37157 (a benzothiazepine derivative) inhibits the mitochondrial Na+/Ca2+ exchanger.  Mitochondrial NO production can be impaired; supplemental arginine and citrulline can drive the pathway.  Creatine can form high energy phosphate bonds and, therefore, act as an energy buffer.  Finally, lactate levels are high because of the dependence on glycolysis.  Dichloroacetate inhibits PDK, which keeps PDH active and funnels pyruvate into acetyl CoA.


As noted above, cells can have a mixture of mitochondria with wt or mutant genes, a condition called heteroplasmy.  Other therapies are designed to shift the balance beween the two types of organelles.  One can create conditions that induce mitochondrial replication or mitophagy (autophagy of mitochondria).  It is assumed the wt mitochondria are more fit and, there​fore, will more successfully multiply/survive than the mutant organelles.  The balance can also be affected by cell fusion or by the physiological transport of mitochondria through nanotubes between cells.  The former occurs in skeletal muscle which has a bias toward mutant mitochondria.  Exercise induces muscle hypertrophy and fusion with adjacent satellite cells, which have a bias toward wt mitochondria.  The result increases the proportion of wt organelles.  Finally, mitochondrially-targeted endonucleases directed against the mutant site can be used to selectively destroy DNA strands carrying the mutant gene.

Finally, one can replace the mutant mitochondria with wt ones.  This is not feasible in the adult, which has an estimated 35-40 trillion cells.  However, one might spare the next generation, if the mitochondria of a single, affected oocyte/zygote could be replaced.  The major problem with this technique is contamination and compatibility.  With respect to the first problem, mammalian oocytes by virtue of their size can have between 100,000 to 100,000,000 mitochondria; removal of genetic material from the blighted ovum and transferring it to an enucleated donor without mitochondrial contamination is impossible.  The transfer of a pronucleus results in 24% contamination.  The polar bodies contain essentially the same DNA in much smaller cells.  Although the use of polar bodies has worked in mice, the results cannot be replicated in primates.  The transfer of the meoisis II spindle body gives the least contamination: 2% carryover.


The problem of compatibility requires some background information.  In older textbooks, the reader is told that only the sperm head penetrates the oocyte; the midpiece containing all of the mitochondria is left behind.  That is why mitochondria are maternally inherited.  We now know that is not true.  Sperm mitochondria do enter the ovum and are actively destroyed by mitophagy.  In the nematode, if the endonuclease mediating mitochondrial destruction is deleted, paternal mitochondria survive and embryonic lethality is increased.  Mouse cells given mitochondria from a different strain age more quickly and have malfunctioning mitochondria.  In Drosophila, if flies are given mito​chondria from a different strain during oogenesis, ovarian failure and embry​onic death results.  In humans, a blastocyst subjected to spindle body trans​fer and having 12% heteroplasmy at the time of implantation will produce an infant with 50% heteroplasmy.  That is, even when the transfer therapy is “successful”, replacement mitochondria are selected against.  Finally, indi​viduals from three families were investigated because of symptoms of mito​chondrial encephalomyopathy.  They all had significant heteroplasmy and the defect was inherited in an autosomal dominant fashion, which is inconsistent with maternal inheritance of mitochondria.  The hypothesis of the investi​gators is that the defect resided in a nuclear gene involved with the de​struction of paternal mitochondria.  Whatever the cause, it is clear that the presence of nonmaternal mitochondria leads to mitochondrial dysfunc​tion.  It is not clear why; perhaps the transfer of genes from the organelle to the nucleus during evolution has established a “matched set” which foreign mito​chondria cannot complement.  Another hypothesis suggests that variant mito​chondria compete with each other to the detriment of the organism; and this conflict is minimized by restricting heterplasmy.  In any event, this therapy still requires much more research before general implementation.

Fructose:


Not that long ago, the addition of fructose to food as a sweetener was all the rage.  It was nature’s sweetener; what could be more natural or healthier.  It turns out that fructose metabolism bypasses critical controls in glycolysis.  Fructose is initially phosphorylated to fructose-1-phosphate by ketohexokinase; and then split into DHAP and glyceraldehyde by either aldolase B or C.  Specifically, it bypasses PFK1 and its regulation.  The result is runaway production of glycerol and AcCoA which goes straight into fatty acids, leading to obesity.  However, fructose can be beneficial under certain circumstances: the mole rat lives under hypoxic, subterranean conditions; it relies heavily on glycolysis and uses fructose to bypass glycolytic controls.
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