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Chapter Outline

· Metabolism: Five functional blocks

· Catabolic activities

· Foods oxidized to carbon dioxide and water

· ATP and NADPH produced

· Anabolic activities

· Metabolic intermediates from catabolism converted to variety of molecules

· ATP and NADPH consumed

· Macromolecular synthesis

· Anabolic products used to synthesize biopolymers

· ATP principle source of energy

· GTP: Protein synthesis

· CTP: Phospholipid synthesis

· UTP: Polysaccharide synthesis

· Photochemical activities

· Light energy used to produce ATP and NADPH

· Carbon dioxide fixation

· ATP and NADPH used to fix carbon dioxide and convert to intermediate

· Ten key intermediates

· Carbohydrates

· Triose-P

· Tetrose-P

· Pentose-P

· Hexose-P

· -Keto acids

· Pyruvate

· Oxaloacetate

·  -Ketoglutarate

· CoA derivatives

· Acetyl-CoA
Succinyl-CoA

· PEP

· ADP/ATP and NAD/NADPH couple catabolism to anabolism

· Stoichiometries of ATP utilization

· Reaction stoichiometry: Chemical stoichiometry: Reactants and products balanced

· Obligate coupling stoichiometry: Initial substrate of one pathway and final product of second pathway determine stoichiometry

· Evolved coupling stoichiometry: Stoichiometry of ATP coupled to pathway not fixed

· ATP coupling coefficient: Moles of ATP produced or consumed by a process

· ATP energy equivalent: Energy of reaction expresses as moles of ATP 

· NADH oxidation: 3 ATP (2.5 ATP in mitochondria)

· FADH2 oxidation: 2 ATP (1.5 ATP in mitochondria)

· NADPH oxidation: 3.5 to 4 ATP

· Substrate cycles

· ATP coupling coefficients different between forward and reverse process

· ATP coefficient allows both sequences to be thermodynamically favorable

· Kinetic controls regulate cycle

· Metabolic roles of ATP

· Stoichiometry establishes large Keq: Unidirectional process

· ATP (AMP and ADP) allosteric effectors

· Adenylate kinase interconverts ATP, ADP, and AMP

· Energy charge: 

E.C. varies from 0 to 1

· R response to E.C.

· Active when E.C. low: Activity decreases as E.C. approaches 1

· Enzymes in catabolic pathways show R response

· U response

· Active when E.C. close to 1: Activity decreases as E.C. decreases

· Enzymes in anabolic pathways show U response

· Phosphorylation potential: 

 Ranges from 200 to 800 M-1
· Human metabolism

· Fuel stores

· Glycogen: Liver and muscle

· Triacylglycerol: Adipose tissue

· Protein: Muscle

· Fuel utilization preferences: Glycogen > triacylglycerol > protein

· Organ metabolism and interplay

· Brain

· High respiratory metabolism

· No fuel reserves

· Glucose preferred fuel: From diet or from liver via gluconeogenesis

· -Hydroxybutyrate during starvation: From liver

· Muscle

· Fatty acid, glucose, and ketone body metabolism at rest

· P-creatine and glycogen utilization during intense activity

· Fatigue caused by decrease in pH, not by depletion of reserves

· Fasting muscle utilizes amino acids from protein

· Heart

· Preferred fuel fatty acids

· Minimal reserves: Fatty acids, glucose, and ketone bodies must be supplied

· Adipose tissue

· Glucose converted to acetyl-CoA and fatty acids

· Fatty acids also supplied by liver

· Triacylglycerol production relies on glycerol-3-P from glucose

· Glucose plays pivotal role

· Source of glycerol-3-P

· Fuel for pentose phosphate pathway

· Liver

· Buffers blood glucose levels

· Fatty acid metabolism and ketogenesis

· Cori cycle

· Glucose-6-P plays key role

· Glycogen metabolism

· Gluconeogenesis/glycolysis

· Production of NADPH from pentose phosphate

· Production of acetyl-CoA

Chapter Objectives
Metabolic Integration

     So far, we have developed a complicated picture of intermediary metabolism and it is time to attempt to simplify and unify.  There are a small number of intermediates that serve crucial roles in intermediary metabolism.  These include sugar phosphates, pyruvate, oxaloacetate, -ketoglutarate, acetyl-CoA, succinyl-CoA and PEP.  The sugar phosphates are found in glycolysis, gluconeogenesis, the pentose phosphate pathway, and the Calvin cycle.  Pyruvate, oxaloacetate and -ketoglutarate are keto acids.  Pyruvate derives from a number of sources including glycolysis and amino acids and is the port of entry into the citric acid cycle for glucose-derived carbons.  Oxaloacetate and -ketoglutarate are citric acid cycle intermediates and both can be produced from amino acids by deamination.  Acetyl-CoA is consumed in the citric acid cycle and is a common denominator between fatty acids, sugars, and amino acid.  Succinyl-CoA, a citric cycle intermediate, is the place of entry of propionate from dietary sources and odd-chain fatty acid catabolism, is a product of amino acid catabolism, and is used in heme biosynthesis. 

     ATP and NADPH serve critical roles in coupling catabolism and anabolism.  Catabolism is largely oxidative in nature, leading to reduction of cofactors NAD+ and FAD.  Anabolic pathways are reductive with NADPH usually serving as the immediate source of electrons.  This coenzyme is reduced in the pentose phosphate pathway.  Additionally, cycles  exist to move electrons from NADH to NADP+.  Catabolic pathways are exergonic and lead to synthesis of ATP.  ATP is then consumed in anabolic, energy requiring pathways.  The coupling of ATP production to a complex metabolic pathway such as aerobic oxidation of glucose to CO2 and H2O has a stoichiometry that is not defined by simple chemical considerations.  Rather ATP coupling stoichiometry is an evolved quantity.  Nevertheless, under physiological conditions, the complete oxidation of glucose gives high yields of ATP.  Furthermore, the process is always far from equilibrium making regulation by kinetic controls possible.

ATP Equivalents
     The metabolic unit of energy exchange is the ATP equivalent defined as the amount of energy released upon hydrolysis of ATP to ADP.  The ATP equivalent of key metabolic reactions is given below.

 
ATP hydrolysis, 1.0


PPi hydrolysis, 1.0


ATP to AMP and 2 Pi, 2.0


NADH oxidation, 3.0 ATP (2.5 in mitochondria)


FADH2 oxidation, 2.0 ATP (1.5 in mitochondria)


NADPH oxidation, 3.5 to 4 ATP

Substrate Cycles  

     Diametric pathways leading to synthesis and degradation of the same intermediate are always characterized by different ATP coupling coefficients.  Functioning of both pathways simultaneously gives rise to a substrate cycle in which the net result is ATP hydrolysis.  The coupling of ATP to pathways insures that they are thermodynamically favorable and, thus, must be regulated kinetically.  ATP serves an additional role in kinetic regulation by functioning as an allosteric effector in many key reactions.

Problems and Solutions

1.  The conversion of PEP to pyruvate by pyruvate dehydrogenase (glycolysis) and the reverse reaction to form PEP from pyruvate by pyruvate carboxylase and PEP carboxykinase (gluconeogenesis) represents a so-called substrate cycle. The direction of net conversion is determined by the relative concentrations of allosteric regulators that exert kinetic control over pyruvate kinase, pyruvate carboxylase, and PEP carboxykinase.  Recall that the last step in glycolysis is catalyzed by pyruvate kinase: 

PEP + ADPpyruvate + ATP

The standard free energy change is -31.7 kJ/mol.

a.  Calculate the equilibrium constant for this reaction.

b.  If [ATP] = [ADP], by what factor must [pyruvate] exceed [PEP] for this reaction to proceed in the reverse direction?

The reversal of this reaction in eukaryotic cells is essential to gluconeogenesis and proceeds in two steps, each requiring an equivalent of nucleoside triphosphate energy:

Pyruvate carboxylase

Pyruvate + CO2 + ATP  oxaloacetate + ADP + Pi
PEP carboxykinase

Oxaloacetate + GTP  PEP + CO2 + GDP

Net: Pyruvate + ATP + GTP PEP + ADP + GDP + Pi
c.  The ∆Gº’ for the overall reaction is +0.8 kJ/mol.  What is the value of Keq?

d.  Assuming [ATP] = [ADP], [GTP] = [GDP], and Pi = 1 mM when this reaction reaches equilibrium, what is the ration of [PEP]/[pyruvate]?

e.  Are both directions in the substrate cycle likely to be strongly favored under physiological conditions? 

Answer:  a.  From ∆G° = -RT ln Keq we can write:




b.  Given [ATP] = [ADP], and Keq is 360,333, the reaction will proceed in reverse when ∆G > 0.  ∆G is given by:


[image: image1.wmf]
For the reaction to go in reverse and ∆G > 0, term in the ln must be > 1.  Thus, 

[ATP][pyruvate] > [ADP][PEP] 360,333.  When [ATP] = [ADP], [pyruvate] > 360,333[PEP].

c.  The following formula is used to determine Keq: ∆Gº’ = -RTln Keq
Solving for Keq we find that


[image: image2.wmf]
d.  When the reaction reaches equilibrium, the ratio of [PEP] to [pyruvate] is:


[image: image3.wmf]
e.  For the reaction: PEP + ADP pyruvate + ATP, from b we calculated:


[image: image4.wmf]
Ratios of [pyruvate] to [PEP] smaller than this value will react in the direction of pyruvate production until the equilibrium value is reached.  Thus, 




From d, we found that as long as the ratio of [PEP] to [pyruvate] does not exceed 724, the reaction will proceed as written.  Thus, both reactions will be favorable as long as [PEP]/[pyruvate] is between 0.0000028 and 724.
2.  Assume the following intracellular concentrations in muscle tissue: ATP = 8 mM, ADP = 0.9 mM, AMP = 0.04 mM, Pi = 8 mM.  What is the energy charge in muscle?  What is the phosphorylation potential?

Answer:  The energy charge is given by:




The phosphorylation potential, is given by:




3.  Strenuous muscle exertion (as in the 100-meter dash) rapidly depletes ATP levels.  How long will 8 mM ATP last if 1 gram of muscle consumes 300 mol of ATP per minute?  (Assume muscle is 70% water).  Muscle contains phosphocreatine as a reserve of phosphorylation potential.  Assuming  [phosphocreatine] = 40 mM, [creatine] = 4 mM, and ∆G°' (phosphocreatine + H2O creatine + Pi) = -43.3 kJ/mol, how low must [ATP] become before it can be replenished by the reaction phosphocreatine + ADP ATP + creatine.  [Remember, ∆G°' (ATP hydrolysis) = -30.5 kJ/mol.]

Answer:  One gram of muscle contains approximately 0.7 g of H2O, or 0.7 mL.  If the [ATP] = 8 mM, 0.7 mL contains




Phosphocreatine and ATP are coupled by the following reaction

phosphocreatine + ADP ATP + creatine

This is the sum of two reactions

phosphocreatine + H2O creatine + Pi 
           ∆G°'= -43.3 kJ/mol
and 
                               Pi + ADP ATP + H2O                ∆G°'=  30.5 kJ/mol

Thus, the overall  ∆G°'= -12.8 kJ/mol.  For the reaction to be favorable, ∆G must be less than zero or




The reaction is favorable and ADP is phosphorylated at the expense of phosphocreatine when [ATP]< 1,750 [ADP] and [Cr-P] = 40 mM and [Cr] = 4 mM.

4.  The standard reduction potentials for the (NAD+/NADH) and the (NADP+/NADPH) couples are identical, namely -320 mV.  Assuming the in vivo concentration ratios NAD+/NADH = 20 and NADP+/NADPH = 0.1, what is ∆G for the following reaction?

NADPH + NAD+ NADP+ + NADH

Calculate how many ATP equivalents can be formed from ADP + Pi by the energy released in this reaction.

Answer:  From ∆G = -nF∆Eo, where n is the number of electrons transferred, F is Faraday's constant (96,494 J/V. mol), and ∆Eo' is the change in redox potential.  We can calculate ∆G given that:


[image: image5.wmf]
Under standard conditions and under physiological conditions hydrolysis of ATP is a very favorable reaction with large negative ∆G values (on the order of -30 kJ/mol and -50 kJ/mol respectively).   The ∆G for the reaction of electron transfer from NADPH to NAD+ will not support ATP synthesis.

5.  Assume the total intracellular pool of adenylates (ATP + ADP + AMP) = 8 mM, 90% of which is ATP.  What are [ADP] and [AMP] if the adenylate kinase reaction is at equilibrium?  Suppose [ATP] drops suddenly by 10%.  What are the concentrations now for ADP and AMP, assuming adenylate kinase reaction is at equilibrium?  By what factor has the AMP concentration changed?

Answer:  Adenylate kinase catalyzes the following reaction

ATP + AMP ADP + ADP 

The equilibrium constant for the reaction Keq = 1.2 (given in Figure 27.2).




If the [ATP] suddenly falls by 10%, we have:




This relatively modest change in [ATP], causes almost a doubling of [ADP] levels and a 3.5-fold increase in [AMP].

6.  The reaction catalyzes by PFK and FBPase constitutes another substrate cycle.  PFK is AMP-activated; FBPase is AMP-inhibited.  In muscle, the maximal activity of PFK (moles of substrate transformed per minute) is ten times greater than FBPase activity.  If the increase in [AMP] described in Problem 5 raised PFK activity from 10% to 90% of its maximal value but lowered FBPase activity from 90% to 10% of its maximal value, by what factor is the flux of fructose-6-P through the glycolytic pathway changed? (Hint: Let PFK maximal activity = 10, FBPase maximal activity = 1; calculate the relative activities of the two enzymes at low [AMP] and at high [AMP]; let J, the flux of F-6-P through the substrate cycle under any condition, equal the velocity of PFK reaction minus the velocity of the FBPase reaction.)

Answer:




7.  Leptin not only induces synthesis of fatty acid oxidation enzymes and uncoupling protein-2 in adipocytes, but it also causes inhibition of acetyl-CoA carboxylase, resulting in a decline in fatty acid biosynthesis.  This effect on acetyl-CoA carboxylase, as an additional consequence, enhances fatty acid oxidation.  Explain how leptin-induced inhibition of acetyl-CoA carboxylase might promote fatty acid oxidation.

Answer:  Acetyl-CoA carboxylase catalyzes the production of malonyl-CoA and inhibition of this enzyme will immediately inhibit fatty acid biosynthesis because malonyl-CoA is a substrate for fatty acid synthase.  Malonyl has another regulatory role in fatty acid metabolism: it inhibits carnitine acyltransferase the enzyme responsible for fatty acid uptake by the mitochondria.  As malonyl-CoA levels fall, carnitine acyltransferase will cause an increased uptake of fatty acids into the mitochondria where they are metabolized by -oxidation

8.  Acetate produced in ethanol metabolism can be transformed into acetyl-CoA by the acetyl thiokinase reaction:

Acetate + ATP + CoASH  acetyl-CoA + AMP + PPi
Acetyl-CoA then can enter the citric acid cycle and undergo oxidation to 2 CO2.  How many ATP equivalents can be generated in a liver cell from the oxidation of one molecule of ethanol to 2 CO2 by this route, assuming oxidative phosphorylation is part of the process?  (Assume all reactions prior to acetyl-CoA entering the citric acid cycle occur outside the mitochondrion.)  Per carbon atom, which is a better metabolic fuel, ethanol or glucose?  That is, how many ATP equivalents per carbon atom are generated by combustion of glucose versus ethanol to CO2?
Answer:  Let’s try to answer the second to last question first, namely, which might be a better fuel, ethanol or glucose.  The formulas for glucose and ethanol are (C6H6O6) and (C3H6O).  Clearly, glucose is more oxidized than is ethanol and so if we are to metabolize these oxidatively we should anticipate ethanol to be the better fuel.  Let’s look into the biochemistry to see if we are correct.

     Ethanol is converted to acetaldehyde and then to acetate by action of alcohol dehydrogenase and acetaldehyde dehydrogenase, both use NAD+ and oxidant.  Thus, two NAD are generated in the cytosol.  Depending on how electrons are moved into the mitochondria, we may recover 1.5 ATP per NADH.  So, ethanol to acetate is accompanied by 3 ATP produced.

     The acetyl thiokinase reaction costs two phosphoanhydride bonds bring the conversion of ethanol to acetyl-CoA and CO2 to  one ATP.  Complete combustion of acetyl-CoA in the citric acid cycle generates 10 ATP (from 3 NADH at 2.5 ATP each, one FADH2 at 1.5 ATP and 1 GTP).  Ethanol combustion thus accounts for 11 ATP or 11 ATP ÷ 2 carbons or 5.5 ATP/carbon.

    Conversion of glucose to two pyruvate supports 2 ATP directly and two NADH that account for 1.5 ATP each.  Thus, glucose to two pyruvate supports 5 ATP.  Pyruvate to acetyl-CoA and subsequent oxidation of the acetyl unit in the citric acid cycle supports 12.5 ATP (from 3 NADH at 2.5 ATP each, one FADH2 at 1.5 ATP and one GTP).  For two pyruvate, there is a gain of 25 ATP for a total of 30 ATP per glucose.  This accounts for (30÷6) 5 ATP/carbon. 

     To summarize, ethanol accounts for 5.5 ATP/carbon whereas glucose accounts for 5.0 ATP/carbon.  (This is not an endorsement for the use of ethanol as a source of calories.  Excessive consumption of alcohol leads to numerous problems.)

9.  Assuming each NADH is worth 3 ATP, each FADH2 is worth 2 ATP, and each NADPH is worth 4 ATP: How many ATP equivalents are produced when one molecule of palmitoyl-CoA is oxidized to 8 molecules of acetyl-CoA by the fatty acid -oxidation pathway?  How many ATP equivalents are consumed when 8 molecules of acetyl-CoA are transformed into one molecule of palmitoyl-CoA by the fatty acid biosynthetic pathway?  Can both of these metabolic sequences be metabolically favorable at the same time if ∆G for ATP synthesis is +50 kJ/mol?

Answer:  To convert palmitoyl-CoA to 8 acetyl-CoAs we must run -oxidation 7 times.  This  produces 7 NADH and 7 FADH2, which accounts for (7x3 = 21 + 7x2 = 14) 35 ATP.

     To synthesize palmitoyl-CoA starting with 8 acetyl-CoAs we would have to convert seven acetyl-CoA to malonyl-CoA and then run 7 cycles of fatty acid biosynthesize with each cycle consuming 3 NADPH.  Production of 7 malonyl-CoA would consume 7 ATP.  Consumption of 14 NADPH would account for 64 ATP.  The total ATP cost for production is 71 ATP.

     For the reactions to be favorable at the same time each of their ∆Gs would have to be negative.  Since palmitoyl-CoA to 8 acetyl-CoA supports production if 35 ATP this “costs” (35 x 50 =) 1,750 kJ/mol.  Provided ∆G for the reaction is more negative than this value, the reaction will be favorable.   For the reaction going from acetyl-CoA to palmitoyl-CoA, it consumes 71 ATP at a cost of (71 x 50 =) 3,550 kJ/mol. (That is, hydrolysis of 71 ATP releases –3,550 kJ/mol.) 

10. If each NADH is worth 3 ATP, each FADH2 is worth 2 ATP, and each NADPH is worth 4 ATP, calculate the equilibrium constant for cellular respiration, assuming synthesis of each ATP costs 50 kJ/mol of energy.  Calculate the equilibrium constant for CO2 fixation under the same conditions, except here ATP will hydrolyze to ADP + Pi with the release of 50 kJ/mol.  Comment on whether these reactions are thermodynamically favorable under such conditions.

Answer:  Because the question talks about carbon dioxide fixation, we can assume that cellular respiration is for glucose to CO2 and H20.  For complete oxidation of glucose, we generate 2 ATP to pyruvate and two NADH, which account for 6 ATP, for a total of 8 ATP.  From 2 pyruvate to 2 acetyl-CoA and through the citric acid cycle, we produce 2 GTP, 2 FADH2, which account for 6 ATP, and 8 NADH, which account for 24 ATP.  The total ATP is 38 ATP.  At 50 kJ/mol, this accounts for 1,900 kJ per mol glucose.

     For CO2 fixation, the metabolic cost is 12 NAPDH and 18 ATP (See equation 21.3).  This is equivalent to (12 x 4 = 45 + 18 =) 66 ATP.  At 50 kJ/mol, this accounts for 3,300 kJ per mol per 6 CO2.

     To calculate the equilibrium constants we would have to know the ∆Gº’ for both reactions.  It would then be a simple task to calculate Keq given ∆Gº’ = -RTln Keq.  Let us assume that the energy calculations above correspond to ∆Gº values for ATP hydrolysis or ATP production.  Further, let us assume the following ∆Gº’ for oxidation of glucose to carbon dioxide and water:

C6H12O6 + 6 O2 g 6 CO2 + 6 H2O ∆Gº’ = -2870 kJ/mol

This reaction is, in effect, cellular respiration with but without coupling to ATP synthesis.  Since ∆G is a state function, ∆Gº’glycolysis = ∆Gº’glucose oxidation + ∆Gº’ATP hydrolysis. 

Therefore, ∆Gº’glycolysis= +1,900 –2870 = -970 kJ/mol.  And, Keq = e(970/RT) = e391.  My Hewlett·Packard calculator had a problem when I tried to evaluate this.  To help, I took the log base 10 of e391, which is 391 x log e (391 x .434 =169) and then raised 10 to this power.  The final answer is 10169.

     To calculate the equilibrium constant for carbon dioxide fixation we would go through a similar analysis using now +2870 kJ/mol for formation of glucose from carbon dioxide and water and –3,300 kJ/mol for ATP hydrolysis. Therefore, ∆Gº’gluconeogenesis= -3,300 + 2870 = -430 kJ/mol.  And, Keq = e(430/RT) = e173, which equals to 1075.

11.  In type II diabetes, glucose production in the liver is not appropriately regulated, so glucose is overproduced.  One strategy to treat this disease focuses on the development of drugs targeted against regulated steps in glycogenolysis and gluconeogenesis, the pathways by which liver produces glucose for release into the blood.  Which enzymes would you select for as potential targets for such drugs?

Answer:   Type II diabetes is characterized by hyperglycemia.  Since the liver is a source of blood glucose via gluconeogenesis or glycogenolysis, lowering hepatic glucose release might address the problem.  It would make sense to stop glycogen breakdown and stimulate glycogen synthesis by targeting glycogen phosphorylase to inhibit it or glycogen synthase to stimulate it.   Another target you could consider is glycogen phosphorylase kinase, the enzyme that regulates both glycogen phosphorylase and glycogen synthetase.  For glucose to exit liver cells and enter the blood stream, glucose-6-phosphatase must be active.  This enzyme might also be a good target.  

     Finally, it might be useful to regulate glycolysis/gluconeogenesis at the interconversion between fructose-6-phosphate and fructose-1,6-bisphosphate.  This interconversion is accomplished by phosphofructokinase I and fructose-1,6-bisphosphatase.  Finally, fructose-2,6-bisphosphate plays a role in regulation of glycolysis and gluconeogenesis so it might be useful to target phosphofructokinase II, a bifunctional enzyme that also has fructose-2,6-bisphosphatase activity.  

12.  As chief scientist for drug development at PhatFarmaceuticals, Inc., you want to create a series of new diet drugs. You have a grand plan to design drugs that might limit production of some hormones or promote the production of others.  Which hormones are on your “limit production” list and which are on your “raise levels” list?

Answer:  The hormones you would likely want to target involve hunger.  Hormones you might want to up regulate include -melanocyte-stimulating hormone, which is derived from proopiomelanocortin.  Stimulation of melanocortin 1 receptors leads to depression of appetite and increase in energy expenditure.  Appetite-stimulating (orexigenic) hormones like neuropeptide Y and agouti-related protein, are antagonists of the appetite-suppressing (anorexigenic) hormone melanocortin by suppressing production of proopiomelanocortin, the precursor of  -melanocyte-stimulating hormone.  So, you might want to down regulate neuropeptide Y (NPY) and agouti-related protein (AgRP).  Leptin and insulin are long-term regulators of eating behavior.  Insulin is responsive to blood glucose, which when high, leads to production of insulin.  Insulin, in turn, stimulates fat cells to release leptin, which leads to appetite suppression.  So, both insulin and leptin may be targeted to increase.  Short-term appetite signals include ghrelin and cholecystokinin.  Ghrelin might be down regulated as its release by stomach leads to appetite stimulation.  Cholecystokinin, released by the gastrointestinal tract, causes appetite suppression.  Finally, the gut hormone PYY3-36 suppresses appetite and should be scheduled for up-regulation. 

13.  The existence of leptin was revealed when the ob/ob genetically obese strain of mice was discovered.  These mice have a defect leptin gene.  Predict the effects of daily leptin injections on ob/ob mice on food intake, fatty acid oxidation, and body weight.  Similar clinical trials have been conducted on humans, with limited success.   Suggest a reason why this therapy might not be a miracle cure for overweight individuals.

Answer:  Leptin, a 146-amino acid peptide is produced by adipocytes in response to insulin.  High leptin levels in blood lead to appetite suppression.  Fat metabolism is also regulated by leptin.  Triacylglycerol production is inhibited and fat metabolism increased. Further, leptin induces synthesis of uncoupling protein 2, which leads to energy loss as heat.  Uncoupling protein 2, in effect, short-circuits the proton gradient in the mitochondria.  The energy of the gradient is dissipated as heat and thus not used for ATP production.  Leptin also blocks NPY release by the hypothalamus. Since NYP is orexigenic, down regulation of it by leptin leads to appetite loss of appetite.  Given all this we might expect the ob/ob mice to lower body weight as a consequence of increase fat metabolism in adipocytes, inefficiency of electron transport in adipocytes and decrease in food intake.

     In obese individuals, leptin may not be the problem.  Since leptin is produced by adipocytes, obese individuals may already have high blood levels of leptin and so increasing levels by injection may not have big effects. 

14.  Would it be appropriate to call neuropeptide Y (NPY) the obesity-promoting hormone?  What would be the phenotype of a mouse whose melanocortin-producing neurons failed to produce melanocortin?  What would be the phenotype of a mouse lacking a functional MC3R gene?  What would be the phenotype of a mouse lacking a functional leptin receptor gene?

Answer:  Since neuropeptide Y stimulates eating behavior it might be reasonable to think that it would cause obesity.  A review by Levens and Della-Zuana (in Current Opinion in Investigative Drugs (2003) 1198-204) discusses research on NPY and NPY receptors.  As it turns out decreasing NPY levels with antisense oligonucleotides, antibodies or NPY knockout mice has not consistently supported a role for NPY in obesity.  Drugs targeted towards NPY receptors have been equally disappointing.  The evidence to date seems to indicate that NPY is not an important obesity-promoting hormone.  Lack of melanocortin would lead to appetite stimulation.  Lack of a MC3R gene would have a phenotype similar to lack of melanocortin.  Finally, lack of leptin receptors would also be expected to lead to obesity.

15.  The Human Biochemistry box, The Metabolic Effects of Alcohol Consumption, points out that ethanol is metabolized to acetate in the liver by alcohol dehydrogenase and aldehyde dehydrogenase:

CH3CH2OH + NAD+  CH3CHO + NADH + H+
CH3CHO + NAD+  CH3COO- + NADH + H+
These reactions alter the NAD+/NADH ratio in liver cells.  From your knowledge of glycolysis, gluconeogenesis, and fatty acid oxidation, what might be the effect of an altered NAD+/NADH ratio on these pathways?  What is the basis of this effect?

Answer:  With these two reactions going rapidly, NAD+ supplies might be expected to be limiting.  This would turn down glycolysis at glyceraldehydes-3-phosphate dehydrogenase.  Fatty acid oxidation would also suffer because NAD+ is required in two steps of -oxidation.  The  citric acid cycle would also be effected because NADH is a negative regulator of several steps.  Lastly, we might expect in increase in gluconeogenesis because the glyceraldehydes-3-phosphate step would be stimulated by excess NADH to run in the direction of gluconeogenesis.    

16.  Consult Figure 27.5 and answer the following questions: Which organs use both fatty acids and glucose as a fuel in the well-fed state, which rely mostly on glucose, which rely mostly on fatty acids, which one never uses fatty acids, and which one produces lactate?

Answer:  The organ that uses both fatty acids and glucose is the heart.  The brain relies mostly on glucose but in times of low glucose will use ketone bodies.  Fatty acids are metabolized by adipose tissue, which can also use glucose to produce glycogen. Muscle relies heavily on fatty acids.  Lactate is produced by skeletal muscle. 

17.  Figure 27.3 illustrates the response of R (ATP-regenerating) and U (ATP-utilizing) enzymes to energy charge.

a.  Would hexokinase be an R enzyme or a U enzyme?  Would glutamine:PRPP amidotransferase, the second enzyme in purine biosynthesis, be an R enzyme or a U enzyme?

b.  If energy charge = 0.5: Is the activity of hexokinase high or low?  Is ribose-5-P pyrophosphokinase activity high or low?

b.  If energy charge = 0.95: Is the activity of hexokinase high or low?  Is ribose-5-P pyrophosphokinase activity high or low?
Answer:  a.  Hexokinase is an R enzyme because it is in glycolysis, an ATP-producing pathway. Despite being an ATP consuming enzyme, it is active when energy charge is low because it is an enzyme in purine biosynthetic pathway that is regulated by adenine nucleotide pools through feedback inhibition by AMP, ADP and ATP.  It is not, however, an ATP-dependent enzyme.  Therefore, it is neither an R nor a U enzyme.

b.  When the energy charge is 0.5, the activity of hexokinase is high.  Despite the enzyme consuming ATP, it is stimulated by low ATP because its reaction is a gateway to glycolysis, an ATP producing pathway.  Ribose-5-phosphate pyrophosphorylase converts ribose-5-phosphate to 5-phosphoribose-1-pyrophosphate (PRPP).  This enzyme is active in purine metabolism.  It is likely that this enzyme is a U enzyme and thus inhibited when energy charge is low.  At EC of 0.5, we should expect the activity of this enzyme to be low.

c.  When the energy charge is 0.95, we expect hexokinase, an R enzyme, to have low activity and ribose-t-phosphate pyrophosphokinase, a U enzyme, to have high activity.

Questions for Self Study

1.  Describe the interplay between -oxidation, a catabolic pathway, and fatty acid biosynthesis, an anabolic pathway.  How are the two connected?  Does degradation of a fatty acid provide sufficient resources to support resynthesis of a fatty acid of the same length?

2.  What two important compounds couple anabolism and catabolism?

3.  Metabolism in a typical aerobic heterotropic cell (a chemoheterotroph) can be described as an interaction of three functional blocks: catabolism, anabolism, and macromolecular synthesis and growth.  How is this picture altered for a chemoautotroph?  A photoheterotroph?  A photoautotroph?

4.  The balanced equation for oxidation of glucose via glycolysis, the citric acid cycle, and electron transport is C6H12O6 + 6 O2 + 38 ADP + 38 Pi  6 CO2 + 38 ATP + 44 H2O.  Of the ATPs produced, how many derive from simple chemical stoichiometry and how many from evolved coupling stoichiometry?

5.  Describe the reaction catalyzed by adenylate kinase. What important allosteric regulator is produced by this reaction?

6.  Table 27.1 is reproduced below with the last three columns randomly ordered.  Rearrange the entries in these columns to correct Table 27.1

	Organ
	Energy 

     Reservoir
	Preferred Substrate
	Energy Source Exported

	Brain


	Glycogen, 

triacylglycerol
	Fatty acids
	Fatty acids, glycerol

	Skeletal muscle

(resting)


	Triacylglycerol


	Glucose(ketone bodies during starvation)
	Fatty acids, glucose, ketone bodies

	Skeletal muscle

(prolonged exercise)
	Glycogen


	Fatty acids
	None



	Heart muscle
	None
	Glucose
	Lactate

	Adipose tissue
	Glycogen
	Amino acids, glucose, fatty acids
	None

	Liver
	None
	Fatty acids
	None


Answers

1.  In -oxidation, fatty acids are converted into acetyl-CoA units.  During the process, coenzymes are reduced.  Fatty acid biosynthesis involves joining of acetyl units and oxidation of reduced coenzymes.  Per acetyl unit, the number of reduced coenzymes produced in -oxidation balances the number of reduced coenzymes consumed during fatty acid synthesis.  However, fatty acid synthesis is driven by hydrolysis of high-energy phosphate bonds whereas -oxidation, once primed, is thermodynamically spontaneous.  To support anabolism of fatty acids from a catabolic series, some of the acetyl units of the catabolic series would have to be consumed in the citric acid cycle to provide energy for fatty acid biosynthesis.

2.  ATP and NADPH.

3.  For a photoautotroph an additional block is added in which light energy is converted to ATP and reducing equivalents which are used, in turn, to fix carbon dioxide.  A photoheterotroph can also harvest light but cannot fix carbon dioxide.  Thus, its block lacks the ability to produce reducing equivalents using light energy and to fix carbon dioxide.  The chemoautotroph can fix carbon dioxide with reducing equivalents derived from inorganic compounds.

4.  The conversion of glucose to two pyruvates produce two ATP.  Two additional ATPs are generated by substrate level phosphorylation in the citric acid cycle in which two pyruvates are metabolized to carbon dioxide and water.  Thus, the simple chemical reaction stoichiometry is 4 ATP.

5.  The reaction catalyzed by adenylate kinase is ATP + AMP  2 ADP.  In the reverse reaction, AMP, an important allosteric regulator, is produced from ADP.

6.  Table 27.1

	Organ
	Energy 

     Reservoir
	Preferred Substrate
	Energy Source Exported

	Brain


	None
	Glucose(ketone bodies during starvation)
	None

	Skeletal muscle

(resting)


	Glycogen


	Fatty acids
	None

	Skeletal muscle

(prolonged exercise)
	None


	Glucose
	Lactate



	Heart muscle
	Glycogen
	Fatty acids
	None

	Adipose tissue
	Triacylglycerol
	Fatty acids
	Fatty acids, glycerol

	Liver
	Glycogen, 

triacylglycerol
	Amino acids, glucose, fatty acids
	Fatty acids, glucose, ketone bodies


Additional Problems

1.  A plot of the rate of running versus distance for recent world records of several races is shown below.  It appears that the data can be divided into three linear regions.  For each region, describe the source of energy being utilized by muscle.

[image: image6.wmf]
2.  In brown fat, the protein thermogenin functions in a substrate cycle.  Describe this cycle and state its purpose.

3.  The energy of ATP hydrolysis is a highly exergonic process with a large negative free energy change.  We have discussed in this chapter how coupling of ATP hydrolysis is used to drive pathways.  Give an example of a reaction driven by ATP hydrolysis and describe how ATP hydrolysis is coupled to the reaction.

4.  Explain why NADPH and NADH have different energy equivalents?

5.  Why is there a difference in energy between cytosolic NADH and mitochondrial NADH?

6.  Carl and Gerti Cori were the first to describe the metabolic interplay between muscle and liver involving lactic acid formation in muscle and glucose formation in liver.  This metabolic couple is known as the Cori cycle.  Describe it.

Abbreviated Answers

1.  The first two points on the graph represent the winning  performances for the 100- and 200-meter dash.  These races are run almost completely on high-energy phosphate stores of ATP and phosphocreatine, which limit the muscle to about 20 sec of intense activity.  The group of races constituting the line of high slope is using a combination of aerobic and anaerobic respiration.  At the end of these races high-energy phosphate stores are exhausted, lactic acid levels have risen, and aerobic respiration is functioning maximally.  The long-distance races rely completely on aerobic respiration.  (It is of interest to note that the 2000-meter race, a grueling contest, is at the break-point between the long-distance races and the anaerobic/aerobic-dependent races.)

2.  Thermogenin functions as a proton channel in the inner mitochondrial membrane.  The substrate cycle involves protons as substrates.  Protons are pumped out of the mitochondria by electron transport but are allowed back in via thermogenin.  Thus, protons move from one side of the membrane to the other.  The purpose is to generate heat.

3.  Any one of the biotin containing enzymes is a good example.  Biotin is involved in metabolism of one-carbon units at the oxidation level of a carboxylate.  The reaction mechanism involves formation of a phosphorylated bicarbonate intermediate by nucleophilic attack of bicarbonate on the -phosphate of ATP, releasing ADP.  This activated carboxylate is then transferred to enzyme-bound biotin and from there to substrate to produce the carboxylated product.  Carboxylation of biotin thus depends on ATP hydrolysis.

4.  The oxidized and reduced forms of these dinucleotides are maintained by the cell at very different levels.  [NADPH] is used as a primary source of electrons for metabolic pathways and cells maintain [NADPH] > [NADP+].  The situation for [NADH] is just the opposite.  

5.  The ratio [NADH] to [NAD+] is likely to be different in the cytosol and the mitochondria.  In addition, in order to use oxidation of NADH to NAD+ to drive synthesis of ATP, cytosolic NADH will have to donate electrons to the electron transport chain against the high [NADH] gradient in mitochondria. 

6.  In the Cori cycle, muscle produces lactic acid as a consequence of intense activity.  Lactic acid is sent via the blood to the liver where it is used in gluconeogenesis to produce glucose.  Liver cells are capable of releasing glucose back to the blood because they have glucose-6-phosphatase. 

Summary

     The metabolism of a typical heterotrophic cell can be represented as three interconnected functional blocks composing the metabolic pathways of: 1) catabolism, 2) anabolism and 3) macromolecular synthesis and growth.  An energy cycle exists whose agents are ATP and NADPH.  Energy and reducing power is delivered from catabolism to anabolism in the form of ATP and NADPH, and ATP and NADPH are regenerated from ADP and NADP+ via catabolic reactions.  Phototrophic cells contain a fourth metabolic system consisting of the photochemical apparatus for transforming light into chemical energy.  In autotrophic cells, a fifth system occurs, the carbon dioxide fixation pathway for carbohydrate synthesis.

     Three levels of stoichiometry can be recognized in metabolism:  1) simple reaction stoichiometry, 2) obligate coupling stoichiometry, and 3) evolved coupling stoichiometry, particularly as represented in ATP coupling.  The net yield of 38 ATP/ glucose in cellular respiration is a biological adaptation, not the consequence of inviolable chemical laws.  At 38 ATP/glucose, the Keq for cellular respiration is 10170.  The ATP coupling coefficient is defined as the number of ATP phosphoric anhydride bonds formed or broken in a given metabolic sequence.  The ATP equivalent is the metabolic unit of energy exchange.  All substrates, metabolites and coenzymes can be assigned an ATP value reflecting the net cost of their metabolic conversion in ATP equivalents.  NADH has an ATP value of 3; FADH2 of 2; and NADPH of 4.  Considering the thermodynamics of a generally defined conversion, AB, the nature and magnitude of the ATP equivalent can be illustrated.  Coupling the AB conversion to ATP hydrolysis raises the equilibrium ratio, [B]eq/[A]eq, by 1.4 x 108-fold.  The energetics of ATP is crucial to the solvent capacity of the cell: The thermodynamic favorability of phosphoryl transfer by ATP makes it possible for the cell to carry out reactions with great efficiency, even though [reactants] are low.

     If the ATP coupling coefficient for a particular metabolic sequence in one direction differs by 1 or more from the ATP coupling coefficient for the counterpart sequence running in the opposite direction, a substrate cycle is possible.  In the absence of regulation, such substrate cycles could result in the net hydrolysis of ATP and wasteful dissipation of cellular energy.  Phosphofructokinase (PFK) and fructose bisphosphatase (FBPase) constitute an example of a substrate cycle; both reactions are thermodynamically favorable under physiological conditions.  It turns out that ATP coupling coefficients for opposing sequences always differ, and this difference allows both sequences to be thermodynamically favorable.

     The concept of unidirectionality reveals an important feature of metabolic relationships: Nearly all metabolic pathways are unidirectional and fulfill only one purpose, either synthesis or degradation.  For this to be possible, both pathways in pairs of opposing sequences must be thermodynamically favorable at essentially the same time and under the same conditions.  The ATP coupling coefficient for each metabolic sequence has evolved so that the overall equilibrium for the conversion is highly favorable.  This function of ATP in metabolism can be represented as the stoichiometric role of ATP.  The most vivid illustration of ATP and unidirectionality is given by the grandest pair of opposing metabolic sequences in the biosphere - cellular respiration and photosynthetic CO2 fixation.  Cellular respiration has a coupling coefficient of +38 ATP and proceeds with a Keq of 10170; carbon dioxide fixation has a coupling coefficient of 

-66 and a Keq of 1060.

     ATP also acts as an important allosteric effector in the kinetic regulation of metabolism, thereby serving a second distinctive role in metabolism.  Energy charge is a concept that provides a measure of how fully charged the adenylate system is with high-energy phosphoryl groups.  Enzymes can be classified as R or U in terms of their response to energy charge.  R-type enzymes are members of ATP-regenerating metabolic pathways, while U enzymes are characteristically in biosynthetic, or ATP-utilizing sequences.  Thus, R and U pathways are diametrically opposite with regard to ATP involvement.  The reciprocal relationship between R and U systems means that energy charge reaches a point of metabolic steady-state at an E.C. value of 0.85 - 0.88.  Phosphorylation potential is a better index of the cell’s momentary capacity to drive phosphorylation reactions.

     In multicellular organisms, organ systems have arisen to carry out specific physiological functions.  Essentially all cells in these organisms have the same set of enzymes in the central pathways of intermediary metabolism, but the various organs do differ significantly in the metabolic fuels - glucose, glycogen, fatty acids, amino acids - that they prefer to use for energy production.  Brain has a very high respiratory metabolism, essentially no fuel reserves, and is dependent on a supply of blood glucose as its principal fuel.  Muscle is intermittently active as muscle contraction and relaxation takes place on demand.  ATP is necessary to drive contraction in response to a increased [Ca2+] pulse as the metabolic signal.  The Ca2+-ATPase operating during muscle relaxation uses almost as much ATP as the acto-myosin contractile system.  Muscle is a major storage site of glycogen.  During strenuous exercise, the rate of glycolysis in muscle may increase 2,000-fold.  Muscle fatigue is the result of a drop in cytosolic pH due to the accumulation of H+ released during glycolysis.  Heart, a rhythmically active muscle system, has minimal reserves of fuel such as glycogen or triacylglycerols, and prefers free fatty acids as fuel.  Adipose tissue is a metabolically active, amorphous tissue widely distributed throughout the body.  A 70-kg person has enough triacylglycerols stored in adipose tissue to fuel 3 months’ worth of modest activity.  Glucose is the signal for release of fatty acids from adipocytes to the blood:  When glucose levels are sufficient, adipocytes can form glycerol 3-phosphate allowing triacylglycerol synthesis from fatty acids generated by triacylglycerol turnover.  Brown fat is a form of adipose tissue containing lots of mitochondria.  In brown fat, oxidative phosphorylation is uncoupled by thermogenin and the energy of fatty acid oxidation is released as heat.  The liver is a major metabolic processing organ.  It serves an essential role in buffering [blood glucose].  It is also a center for fatty acid turnover, ketone body formation and conversion of amino acids into other metabolic fuels.
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