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Chapter Outline

· Triacylglycerol as energy storage molecule

· Highly reduced carbon source

· Stored without large amounts of water

· Stored in specialized cells: Adipocytes (adipose or fat cells)

· Hormonal regulation

· Adrenaline, glucagon, ACTH mobilize fatty acids from adipocytes

· Hormone binding to surface receptors leads to stimulation of cAMP-dependent protein kinase

· Triacylglycerol lipase (hormone-sensitive lipase) activated by phosphorylation

· Triacylglycerol lipase produces fatty acid and diacylglycerol

· Diacylglycerol lipase produces fatty acid and monoacylglycerol

· Monoacylglycerol lipases produces fatty acid and glycerol

· Fatty acids metabolized by -oxidation

· Glycerol metabolized by glycolysis

· Dietary triacylglycerols

· Pancreatic lipases secreted into duodenum release fatty acids and glycerol

· Lipase activity dependents on bile salts functioning as detergents

· Short-chain fatty acids directly absorbed

· Long-chain fatty acids recondensed onto glycerol in epithelial cells

· Resynthesized triacylglycerol complexed to proteins

· Chylomicrons released into blood

· -Oxidation

· Oxidation of -carbon, cleavage of C- C bond

· Occurs in mitochondria

· Two-carbon acetate units split off as acetyl-CoA

· Fatty acid activation and transport into mitochondria

· Short-chain fatty acids

· Diffuse into mitochondria

· Acyl-CoA synthetase (Acyl-CoA ligase or fatty acid thiokinase) produces acyl-CoA derivatives

· ATP to AMP + PPi  (PPi 2Pi) drives synthesis

· Long-chain fatty acids: Activated in cytosol

· Acyl-CoA synthetase produces acyl-CoA derivatives

· Carnitine acyltransferase I produces acylcarnitine

· Outside surface of inner mitochondrial membrane

· Carnitine acyltransferase II reforms acyl-CoA

· Matrix surface of inner mitochondrial membrane

· Enzymology of -oxidation: Four steps

· Acyl-CoA dehydrogenase

· Produces C-C double bond

· Noncovalent (but tightly bound) FAD reduced

· FADH2 passes electrons through electron transfer protein to coenzyme Q

· Three enzymes: Chain-length specific

· Site of inhibition of hypoglycin

· Enoyl-CoA hydrase (crotonase)

· Adds water across double bond

· Three kinds of enzymes

· Trans double bond hydrated to L--hydroxyacyl-CoA

· Cis double bond hydrated to D--hydroxyacyl-CoA

· Trans double bond hydrated to D--hydroxyacyl-CoA

· L-Hydroxyacyl-CoA dehydrogenase

· Oxidizes OH

· NAD+ reduced

· Thiolase (-ketothiolase)

· Cleaves off acetyl-CoA unit

· Acyl-CoA two carbons shorter

· Last cleavage releases

· Two acetyl-CoA for even carbon numbered chains

· One propionyl-CoA and one acetyl-CoA for odd carbon numbered chains

· Odd-chain fatty acids: In plant and marine organism triacylglycerols

· Propionyl-CoA converted to succinyl-CoA

· Propionyl-CoA also from Met, Val, Ile degradation

· Succinyl-CoA TCA cycle intermediate: To metabolize completely

· Succinyl-CoA to malate

· Malate to cytosol

· Cytosolic malate to pyruvate via malic enzyme

· Propionyl-CoA to succinyl-CoA: Three steps

· Propionyl-CoA carboxylase produces D-methylmalonyl-CoA

· Biotin-dependent reaction

· ATP hydrolysis drives reaction

· Methylmalonyl-CoA epimerase

· D-methylmalonyl CoA to L-methylmalonyl-CoA

· Epimerization not racemization

· Methylmalonyl-CoA mutase

· Carbonyl-CoA moiety moved from between carbons

· B12-dependent reaction

· Unsaturated fatty acids: -Oxidation and additional reactions

· Monounsaturated fatty acids: Enoyl-CoA isomerase: cis-∆3 to trans-∆2 isomerization of double bond

· Polyunsaturated fatty acids: 2,4-Dienoyl-CoA reductase

· Peroxisomal -oxidation: Acyl-CoA oxidase: Oxygen accepts electrons: H2O2 produced

· -Oxidation: Branched-chain fatty acids: Phytol: Chlorophyll breakdown product

· -Oxidation (, last letter of Greek alphabet)

· Dicarboxylic acid produced

· Cytochrome P450 requires NADPH and oxygen

· -Carbon oxidized to carboxylic acid

· Ketone bodies: Acetoacetate, hydroxybutyrate, acetone

· Synthesis occurs in liver

· Converts acetyl units into ketone bodies

· Ketone bodies serve as fuel for brain, heart, muscle

· Ketogenesis: Four reactions

· Thiolase

· Reversal of last step in -oxidation

· Acetoacetyl-CoA produced from two acetyl-CoA 

· HMG-CoA synthase: -Hydroxy--methylglutaryl-CoA

· This and thiolase reaction in mitochondria leads to ketone body formation

· In cytosol, HMG-CoA production fuels cholesterol synthesis

· HMG-CoA lyase: Produces acetoacetate

· -Hydroxybutyrate dehydrogenase

· NADH-dependent reduction

· Acetoacetate will spontaneously decarboxylate to produce acetone

· Diabetes Mellitus

· Type I: Insulin secretion deficient

· Type II: Shortage of insulin receptors

Chapter Objectives

-Oxidation

     -Oxidation is a simple series of four steps leading to degradation of fatty acyl-coenzyme A derivatives.  You should know how fatty acids are supplied to -oxidation.  Lipases hydrolyze triacylglycerols.  The fatty acids released are converted to acyl-CoA derivatives by synthetases that use two high-energy phosphoanhydride bonds to drive synthesis.  -Oxidation is reminiscent of the steps in the citric acid cycle leading from succinate to oxaloacetate.  You might recall that they included oxidation by an FAD-dependent enzyme to produce a double bond, hydration of the double bond, and reduction of the alcoholic carbon to a ketone by an NAD+-dependent enzyme.  In -oxidation  (Figure 23.10), a similar series operates but with an acyl-CoA as substrate and thiolysis of the product to release acetyl-CoA and a fatty acyl-CoA, two carbons shorter.  The FAD-dependent enzyme, acyl-CoA dehydrogenase, will move electrons into the electron transport chain at the level of coenzyme Q and each electron pair will support production of 1.5 ATP.  Odd-carbon fatty acids are metabolized by -oxidation to yield several acetyl-CoAs and one propionyl-CoA, a three-carbon acyl-CoA.  Propionyl-CoA is metabolized by a vitamin B12-dependent pathway to succinyl-CoA, a citric acid cycle intermediate.    Oxidation of unsaturated fatty acids (Figure 23.24) requires additional enzymes.  Keep this in mind by remembering that typical double bonds in fatty acids are in cis configuration whereas the double bond formed during -oxidation is trans.  Double bonds starting at an odd-numbered carbon are simply isomerized to the trans configuration and moved, by one carbon, closer to the carboxyl end.  Double bonds at even-numbered carbons are ultimately reduced.
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Figure 23.10  The -oxidation of saturated fatty acids involves a cycle of four enzyme-catalyzed reactions.  Each cycle produces single molecules of FADH2, NADH, and acetyl-CoA and yields a fatty acid shortened by two carbons.  (The delta [∆] symbol connotes a double bond, and its superscript indicates the lowest-numbered carbon involved.)

Figure 23.24  The oxidation pathway for polyunsaturated fatty acids, illustrated for linoleic acid.  Three cycles of -oxidation of linoleoyl-CoA yield the cis-∆3,cis-∆6 intermediate, which is converted to a trans-∆2, cis-∆6 intermediate.  An additional round of -oxidation gives cis-∆4 enoyl-CoA, which is oxidized to the trans-∆2, cis-∆4 species by acyl-CoA dehydrogenase.  The subsequent action of 2,4-dienoly-CoA reductase yields the trans-∆3 product, which is converted by enoyl-CoA isomerase to the trans-∆2 form.  Normal -oxidation then produces five molecules of acetyl-CoA.

Ketone Bodies
     Acetyl units can be joined to form the four-carbon compound acetoacetate which together with -hydroxybutyrate, a reduced form of acetoacetate, are used as a source of fuel for certain organs of the body and in times of glucose shortage.  You should know the metabolic sequence leading to acetoacetate production.  An intermediate in the pathway, -hydroxy--methylglutaryl-CoA (HMG-CoA) is an important intermediate in cholesterol synthesis.

Problems and Solutions

1.  Calculate the volume of metabolic water available to a camel through fatty acid oxidation if it carries 30 lb of triacylglycerol in its hump.
Answer:  If we assume that the fatty acid chains in the triacylglycerol are all palmitic acid, the fatty acid content of a triacylglycerol as a percent of the total molecular weight is calculated as follows:
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-oxidation of palmitate produces 130 moles of H2O per mole of palmitate.  Therefore, 41.2 moles of palmitate metabolized gives:




2.  Calculate the approximate number of ATP molecules that can be obtained from the oxidation of cis-11-heptadecenoic acid to CO2 and water.
Answer:  cis-11-Heptadecenoic acid is a 17-carbon fatty acid with a double bond between carbons 11 and 12.  -oxidation, ignoring for the moment the presence of the double bond, will produce 7 acetyl-CoA units and one propionyl-CoA.  The 7 acetyl-CoA units are metabolized in the citric acid cycle with the following stoichiometry:

7 Acetyl-CoA + 14 O2 + 70 ADP + 70 Pi 7 CoA + 77 H2O + 14 CO2 + 70 ATP

In producing the 7 acetyl-CoAs, 7 -carbons had to be oxidized, and only 6 of these by the complete -oxidation pathway.  Thus,  6 FAD 6 FADH2, and 6 NAD+ 6 NADH.   And, if electrons from FADH2 produce 1.5 ATP, whereas electrons from NADH produce 2.5 ATPs, we have 9 ATPs from FADH2  and 15 ATPs from NADH.  Now we will deal with the double bond.  The presence of a double bond means that a carbon is already partially reduced, so, the FAD-dependent reduction step is bypassed and only NADH is generated.  Thus, one acetyl-CoA unit is generated along with only 2.5 ATPs.  Finally, we consider the propionyl-CoA unit that is metabolized into succinyl CoA.  In this pathway, propionyl-CoA is converted to methylmalonyl-CoA, a process driven in part by ATP hydrolysis.  Succinyl-CoA is a citric acid cycle intermediate that is metabolized to oxaloacetate.  This process yields 1 GTP, one FAD-dependent oxidation, and one NAD+-dependent reaction.  Thus a net of (1 + 1.5 + 2.5 - 1) 4 ATPs are produced.  Succinyl-CoA cannot be consumed by the citric acid cycle and we have only converted it to oxaloacetate.  One way of oxidizing succinate completely is to remove the carbons from the mitochondria as malate, and convert them to CO2 and pyruvate using malic enzyme.  This reaction is an oxidative-decarboxylation; NADP+ is reduced in the cytosol.  There is a slight reduction in ATP production potential for electrons on NADPH in the cytosol but we will ignore this and assume that the reduction is equivalent energetically to reduction of malate to oxaloacetate (which we have already taken into account).  Pyruvate is metabolized to acetyl-CoA with production of NADH, which supports 2.5 ATPs synthesized.  The acetyl-CoA unit results in 10 ATP.  To summarize: Oxidation of 7 -carbons produces 24 ATPs; oxidation of an additional -carbon (the one involved in a double bond) produces 2.5 ATPs; oxidation of 7 acetyl-CoAs contributes 70 ATPs; oxidation of an additional acetyl-CoA (derived from propionyl-CoA) yields 16.5 ATPs.  The total is 113.

3.  Phytanic acid, the product of chlorophyll that causes problems for individuals with Refsum's disease, is 3,7,11,15-tetramethylhexadecanoic acid.  Suggest a route for its oxidation that is consistent with what you have learned in this chapter.  (Hint: The methyl group at C-3 effectively blocks hydroxylation and normal -oxidation.  You may wish to initiate breakdown in some other way.)

Answer:  The structure of phytanic acid is:
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Normally it is metabolized by -oxidation.  The enzyme phytanic acid -oxidase hydroxylates the -carbon to produce phytanic acid, which is decarboxylated by phytanate -oxidase to produce pristanic acid.  Pristanic acid can form a coenzyme A ester which is metabolized by -oxidation to yield 3 propionyl-CoAs, 3 acetyl-CoAs and 2-methyl-propionyl-CoA.  The reaction sequence is shown below.
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4.  Even though acetate units, such as those obtained from fatty acid oxidation, cannot be used for net synthesis of carbohydrate in animals, labeled carbon from 14C-labeled acetate can be found in newly synthesized glucose (for example in liver glycogen) in animal tracer studies.  Explain how this can be.  Which carbons of glucose would you expect to be the first to be labeled by 14C-labeled acetate?
Answer:  Acetate, as acetyl-CoA, enters the citric acid cycle where its two carbons show up as carbons 1 and 2 or carbons 3 and 4 of oxaloacetate after one turn of the cycle.  C-1 and C-4 label derive from acetate labeled at the carboxyl carbon, whereas C-2 and C-3 label derive from label at the methyl carbon of acetate.  Oxaloacetate is converted to PEP with carbons 1, 2, and 3 becoming carbons 1, 2, and 3 of PEP, and so label is expected at carbon 1 if carboxy-labeled acetate is used and at carbons 2 or 3 if methyl-labeled acetate is used.  Conversion of PEP to glyceraldehyde-3-phosphate results in label either at carbon 1 or at carbon 2 or 3.  Isomerization to dihydroxyacetone phosphate labels the same carbons.  Carbons 1 of DHAP and glyceraldehyde-3-phosphate become carbons 3 and 4 of fructose-1,6-bisphosphate so aldolase will label fructose-1,6-bisphosphate at carbons 3 and 4 from carboxy-labeled acetate and carbons 1, 2, 5, and 6 from methyl-labeled acetate.

5.  What would you expect to be the systemic metabolic effects of consuming unripened akee fruit?

Answer:  The unripened fruit of the akee tree contains a rare amino acid, hypoglycin, whose structure is shown below.
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This compound is converted into a potent inhibitor of acyl-CoA dehydrogenase.  Acyl-CoA dehydrogenase catalyzes the first oxidation step in -oxidation and inhibition of this enzyme blocks fatty acid catabolism.  Victims of hypoglycin poisoning become severely hypoglycemic because -oxidation is inhibited and glucose catabolism becomes the primary source of metabolic energy.

6.  Overweight individuals who diet to lose weight often view fat in negative ways, since adipose tissue is the repository of excess caloric intake.  However, the "weighty" consequences might be even worse if excess calories were stored in other forms.  Consider a person who is 10 lb "overweight," and estimate how much more he or she would weigh if excess energy were stored in the form of carbohydrate instead of fat.

Answer:  There are two problems to consider: carbohydrates are a more oxidized form of fuel than fats; and, storage of carbohydrates requires large amounts of water, which will add greatly to its weight.  From Table 23.1 we see that the energy content of fat and carbohydrate are 37 kJ/g and 16 kJ/g, respectively.  Fat has 2.3 times (37 kJ/g ÷ 16 kJ/g) the energy content of carbohydrate on a per weight basis.  Therefore, ten pounds of fat is equivalent to 23 pounds of carbohydrate.

7.  What would be the consequences of a deficiency of vitamin B12 for fatty acid oxidation?  What metabolic intermediates might accumulate?

Answer:  Vitamin B12 is a coenzyme prosthetic group for methylmalonyl-CoA mutase.  This enzyme is active in metabolism of odd-chain fatty acids.  The last round of oxidation releases acetyl-CoA and propionyl-CoA from odd-chain fatty acids.  Propionyl-CoA is further metabolized by being converted to (S)-methylmalonyl-CoA by propionyl-CoA carboxylase, a biotin-containing enzyme.  (S)-Methylmalonyl-CoA racemase then converts (S)-methylmalonyl-CoA to (R)-methylmalonyl-CoA, which is metabolized to succinyl CoA by methylmalonyl-CoA mutase.  This enzyme is a vitamin B12-dependent enzyme, and a deficiency in vitamin B12 will cause a build-up of (R)-methylmalonyl-CoA.  Depending on the amount of odd chain fatty acids (and propionic acid) in the diet, a deficiency of B12 is expected to act as a coenzyme A trap, slowly accumulating coenzyme A as methylmalonyl-CoA.

8.  Write a properly balanced chemical equation for the oxidation to CO2 and water of (a) myristic acid, (b) stearic acid, (c) -linolenic acid, and (d) arachidonic acid.

Answer:  a. Myristic acid is a saturated 14:0 fatty acid, CH3(CH2)12COOH.  To metabolize myristic acid, it is first activated to a coenzyme A derivative in the following reaction:

CH3(CH2)12COOH + ATP + CoA-SH CH3(CH2)12CO-S-CoA + AMP + PPi
Six cycles of -oxidation convert myristoyl-CoA to 7 acetyl-CoA units.  The balanced equation for -oxidation is:

CH3(CH2)12CO-S-CoA + 6 CoA-SH + 6 H2O + 6 NAD+ + 6 FAD  






7 CH3CO-S-CoA + 6 NADH + 6 H+ + 6 FADH2
The citric acid cycle metabolizes acetyl-CoA units as follows:

7 CH3CO-S-CoA + 21 H2O + 21 NAD+ + 7 FAD  






14 CO2 + 7 CoA-SH + 21 NADH + 21 H+ + 7 FADH2
This is accompanied by substrate-level GDP phosphorylation, which is equivalent to:

7 ADP + 7 Pi 7 ATP + 7 H2O

Electron transport recycles NAD+ as follows:

27 NADH + 27 H+  + 13.5 O227 NAD+ + 27 H2O 

that supports the production of  2.5  27 (ADP + Pi ATP +H2O) or 

67.5 ADP + 67.5 Pi 67.5 ATP + 67.5 H2O

FAD is recycled by:

13 FADH2 + 6.5 O213 FAD + 13 H2O 

which supports the production of  1.5  13 (ADP + Pi ATP +H2O) or

19.5 ADP + 19.5 Pi 19.5 ATP + 19.5 H2O

The AMP and PPi produced in the very first reaction can be metabolized by hydrolysis of PPi and phosphorylation of AMP to ADP using ATP.  Thus, PPi + H2O2 Pi and AMP + ATP2 ADP:

AMP + ATP + PPi + H2O2 ADP + 2 Pi
If we sum these equations  we find:

CH3(CH2)12COOH + 92 ADP + 92 Pi + 20 O292 ATP + 14 CO2 + 106 H2O

b.  Stearic acid or octadecanoic acid is 18:0 and its oxidation is given by:

CH3(CH2)16COOH + 12O ADP + 120 Pi + 26 O212O ATP + 18 CO2 + 138 H2O

c.  -Linolenic acid is a polyunsaturated 18-carbon fatty acid with double bonds at carbons 9, 12, and 15.  In two out of a total of 8 rounds of -oxidation, reduction by FAD is bypassed.  Therefore 2 fewer moles of FADH2 are reduced in the electron transport chain than for a fully saturated fatty acid and 1.0 fewer moles of O2 are consumed.  The amount of ATP is reduced by 1.5  2 = 3.0.  In addition, a NADH was actually consumed after the fifth cycle of -oxidation to resolve a conjugated double bond.  This accounts for 2.5 few ATP and 0.5 fewer O2 that in b.  The balanced equation is: 

CH3CH2(CH=CHCH2)3(CH2)6COOH + 114.5 ADP + 114.5 Pi + 24.5 O2  








114.5 ATP + 18 CO2 + 129.5 H2O

d.  Arachidonic acid is 5,8,11,14-eicosatetraenoic acid, a 20-carbon fatty acid with four double bonds.  It undergoes a total of 9 cycles of oxidation, with 2 cycles not producing FADH2 and consumption of two NADH to resolve two cases of conjugated double bonds.   The balanced equation is:

CH3(CH2)4(CH=CHCH2)4(CH2)2COOH + 126 ADP + 126 Pi + 27 O2 









126 ADP + 20 CO2 + 142 H2O

9.  How many tritium atoms are incorporated in acetate if a molecule of palmitic acid is oxidized in 100% tritiated water?

Answer:  For palmitic acid to be converted to acetate, it must pass through -oxidation, each cycle, except the last, will result in incorporation of tritium at the -carbon, which is destined to become carbon 2 of acetate.  You might recall that the four steps of -oxidation are dehydrogenation (oxidation), hydration, dehydrogenation (oxidation), and thiolysis.  During the hydration step, the elements of water are added across a carbon-carbon double bond.  In the subsequent dehydrogenation, the hydroxyacyl group, is oxidized to a keto group, with loss of two hydrogens, one of which is derived from water.  The other water hydrogen remains on the -carbon.  In the thiolase reaction, a proton is abstracted to form a carbanion that is subsequently reprotonated.  The proton is donated by a group on the enzyme but it is likely to be an exchangeable proton and thus be tritiated.  Thus, a C-2 carbon will have two tritium atoms, one from the hydration step and a second from the thiolase reaction. 

10.  What would be the consequences of a carnitine deficiency for fatty acid oxidation?

Answer:  Carnitine functions as a carrier of activated fatty acids across the inner mitochondrial membrane.  A deficiency of carnitine is expected to effectively block fatty acid metabolism by preventing mitochondrial uptake of fatty acids.

11.  Based on the mechanism for the methylmalonyl-CoA mutase (Figure 23.21), write reasonable mechanisms for the reactions shown below.
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Answer:  These reactions are all vitamin B​12-dependent reactions.  The identity of the enzymes, reactants, and products is shown below.
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In each reaction the positions of the groups in boxes are exchanged.  For the last three reactions, rearrangements of hydroxyl groups or an amino group leads to production of unstable intermediates.  These are shown below.
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12.  The ruby-throated hummingbird flies 500 miles nonstop across the Gulf of Mexico.  The flight takes 10 hours at 50 mph.  The hummingbird weighs about 4 grams at the start of the flight and about 2.7 grams at the end.  Assuming that all the lost weight is fat burned for the flight, calculate the total energy required by the hummingbird in this prodigious flight.  Does anything about the results of this calculation strike you as unusual?

Answer:  The hummingbird uses 4 – 2.7 = 1.3 grams of fat for the flight across the Gulf of Mexico.  Is we assume 37 kJ/gram of fat this amounts to
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Let’s see how this might compare against getting energy out of gasoline.  That is, what kind of gas mileage might we expect from the hummingbird.  Gasoline has about 45 kJ per gram.  The density of gasoline is about 0.8 g per ml.
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This sure beats the mileage my automobile gets.  (The calculation assumes 100% efficiency, which is unrealistic.)  Of course, the hummingbird is moving a lot less mass (4 grams) than does my car’s engine. 

13.  Energy production in animals is related to oxygen consumption.  The ruby-throated hummingbird consumes about 250 mL of oxygen per hour during its migration across the Gulf of Mexico.  Use this number and the data in problem 12 to determine a conversion factor for energy expended per liter of oxygen consumed.  If a human being consumes 12.7 kcal/min while running 8-minute miles, how long could a human run on the energy that the hummingbird consumes in its trans-Gulf flight?   How many 8-minute miles would a person have to run to lose 1 pound of body fat?

Answer:  The hummingbird uses 48.1 kJ in the 10-hour flight.  The energy per L O2 is:
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To determine how long a human would run on 48.1 kJ of energy, we must convert 12.7 kcal/min to kJ/min and divide this into 48.1 kJ.
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Using energy at this rate, 48.1 kJ would last:
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To consume a pound of fat (37 kJ/gram) at a consumption rate of 12.7 kcal/min 53.1 kJ/min).
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So, you would have to run 316 minutes or about 5 and one half hours, not a light workout.  Running 8-minute miles, you would have to run (316 ÷ 8 =) 39.5 miles.  When you take your morning jog or play a few games of squash, if you happen to weigh yourself before and after, it is likely that you will lose more than a pound.  Most of this is, however, water loss due to sweating.  (A pint’s a pound the world around.  As for every pint of perspiration you lose a pound, which you gain back by drinking fluids.)

14.  Write a reasonable mechanism for the HMG-CoA synthase reaction shown in Figure 23.28.

Answer:
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15.  Discuss the changes of the oxidation state of cobalt in the course of the methylmalonyl-CoA mutase reaction.  Why do they occur as shown in Figure 23.21?

Answer:  The mechanism shown in Figure 23.21 involves free-radical formation on methylmalonyl-CoA, which results in rearrangement to succinyl CoA.  Free-radical formation is initiated by cleavage of the Co-C bond in cobalamin by hemolytic cleavage.  Homolytic cleavage is decomposing of a compound into two uncharged atoms or radicals.  The electron pair in the Co-C bond is in effect split with one electron going to cobalt and the other to the methylene carbon.  Cobalt is thus reduced from Co3+ to Co2+.  The methylene carbon has an unpaired electron, a free radical, which attacks the methyl carbon of methylmalonyl CoA abstracting a hydrogen atom (proton and electron) thus creating a free radical on methylmalonyl-CoA.  Upon rearrangement, to a free-radical form of succinate, a hydrogen atom is taken from cobalamin, which allows the Co-C bond to reform.  Reformation of this bond is by free-radical attack on Co2+ leading to oxidation to Co3+.

16.  Study Figure 23.11 and comment on why nature uses FAD/FADH2 as a cofactor in the acyl-CoA dehydrogenase reaction rather than NAD+/NADH.
Answer:  From Figure 23.11 we learn that the acyl-CoA dehydrogenase reaction moves two electrons from fatty acyl CoA to coenzyme Q.  The electrons pass from substrate to FAD, which is reduced to FADH2.  Electrons are then passed one at a time through an iron-sulfur protein  (ETF: UQ oxidoreductase) to coenzyme Q.  Electron movement through iron-sulfur centers are one-electron transfers.  FAD and coenzyme Q are both capable of accepting one electron at a time.  NAD+ can participate on two-electron transfers only.

17.  Study Figure 23.10.  Where else in metabolism have you seen the chemical strategy and logic of the -oxidation pathway?  Why is it that these two pathways are carrying out the same chemistry?
Answer:  Figure 23.10 shows one round of -oxidation.  The steps from acyl-CoA to -ketoacyl-CoA are the same chemistry as found in the TCA cycle from succinate to oxaloacetate.  Succinate to fumarate involves formation of a carbon-carbon double bond, a reduction reaction carried out by succinate dehydrogenase, which used FAD as oxidant.  Fumarate to malate is hydration of the double bond.  Finally, malate to oxaloacetate is oxidation of a hydroxyl to a keto group.  This last step is catalyzed by malate dehydrogenase, which uses NAD+ as electron acceptor.  In the case of reduction of FAD to FADH2, both enzymes (acyl-CoA dehydrogenase and succinyl CoA dehydrogenase) move electrons to CoQ in the electron transport chain.  In fatty acid synthesis, the reverse of this sequence occurs but for the two oxidation/reduction steps, NADPH2 is employed by two separate enzymes.     

Questions for Self Study

1.  What is the difference between initiation of catabolism of short-chain fatty acids and long-chain fatty acids?

2.  -Oxidation consists of cycles of a sequence of oxidation, hydration, oxidation and cleavage.  The first three steps in this sequence are reminiscent of the metabolism of which steps in the citric acid cycle?

3.  During -oxidation a double bond is transiently produced in the fatty acid chain.  How is this double bond different than double bonds found in mono- and polyunsaturated fatty acids?

4.  Fill in the blanks.  Odd-carbon fatty acids are metabolized by -oxidation until the last three carbons are released as      .  This compound is converted to      , a citric acid cycle intermediate in a series of three steps.  In the first step, a carboxyl group is added  by propionyl-CoA carboxylase.  This enzyme uses the water-soluble vitamin       during catalysis.  The third reaction is catalyzed by methylmalonyl-CoA mutase, a vitamin       dependent enzyme.  

5.  Acetoacetate is an example of a ketone body.  How is acetoacetate produced from acetyl-CoA?  How can acetoacetate be converted to two other ketone bodies?

6.   Label the compounds in the catabolic series shown below.
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Answers

1.  Short-chain fatty acids are transported into the mitochondria as free fatty acids where they are converted to acyl-CoA derivatives.  Long-chain fatty acids are attached to carnitine and moved across the inner membrane as O-acylcarnitine.  They are then transferred to coenzyme A.

2.  Succinate to fumarate to malate to oxaloacetate.

3.  The double bond transiently produced during fatty acid catabolism is trans whereas double bonds found in naturally occurring fatty acids are usually cis.  Also, double bonds in naturally occurring fatty acids may start at even-numbered carbons as well as odd-numbered carbons in the fatty acid chain. 

4.  Propionyl-CoA; succinyl-CoA; biotin, B12.

5.  Acetoacetate is produced in a three-step metabolic sequence from acetyl-CoA.  Acetoacetyl-CoA is produced in the first step and subsequently converted to -hydroxy--methylglutaryl-CoA (HMG-CoA).  HMG-CoA is then metabolized to acetoacetate and acetyl-CoA.  Decarboxylation of acetoacetate leads to production of acetone.  Reduction of acetoacetate leads to production of -hydroxybutyrate.

6.  -Hydroxybutyrate, acetoacetate, acetoacetyl-CoA, and acetyl-CoA are across the top line.  Succinyl-CoA and succinate are shown on the bottom.

Additional Problems
1.  It has been suggested that conversion of gasoline-powered automobiles to ethanol will require larger fuel tanks to keep the same effective range.  Can you suggest a simple reason why this is the case?

2.  Production of free fatty acids from fat deposits involves three separate lipases, triacylglycerol lipase, diacylglycerol lipase, and monoacylglycerol lipase.  Fatty acid production is also under hormonal regulation but only one of the lipases is sensitive.  Which lipase is hormonally controlled, how is regulation achieved, and why does it make good metabolic sense to regulate this particular lipase?

3. -Oxidation begins with conversion of a free fatty acid to an acyl-coenzyme A derivative, a reaction catalyzed by acyl-CoA synthetase.  Explain why this enzyme is named synthetase.

4.  Describe the chemistry involved in the four steps of -oxidation.

5.  Metabolism of fatty acids with cis double bonds requires one or two additional enzymes.  Explain.

6.  In insulin-dependent diabetes mellitus, insulin deficiency can lead to shock as a result of metabolic acidosis.  A person in shock may have a detectable odor of acetone on their breath.  Explain the source of acetone and the cause of acidosis.

Abbreviated Answers

1.  We are informed in Table 23.1 that fat has over twice the energy content of glycogen on a per gram basis.  The reason is that the average carbon in fat is less oxidized than the average carbon in glycogen and so the amount of energy released in oxidation of carbon to CO2 is greater.  The same is true in comparing gasoline and ethanol.  Gasoline is composed primarily of hydrocarbons whereas the average carbon in ethanol, C2H6O, is slightly more oxidized.  

2.  Adrenaline, glucagon and adrenocorticotropic hormone  mobilize fatty acids from adipocytes by stimulation of triacylglycerol lipase or hormone-sensitive lipase.  The hormones bind to surface receptors, which results in the stimulation of adenylyl cyclase and an increase in intracellular cyclic AMP levels.  cAMP activates protein kinase, which in turn phosphorylates triacylglycerol lipase leading to activation of this enzyme.  Diacylglycerol lipase is active against the product of triacylglycerol lipase activity and monoacylglycerol lipase requires the product of diacylglycerol lipase activity.  Thus, only the first enzyme in this series of enzymes needs to be regulated.

3.  Synthetases use cleavage of high-energy phosphoanhydride bonds to drive product formation.  Acyl-CoA synthetase uses ATP to AMP + PPi conversion to produce acyl-CoA.

4.  Starting from acyl-CoA the - and -carbons are reduced to form  trans-∆2-enoyl-CoA and hydrated to L--hydroxyacyl-CoA.  The -carbon is oxidized to -ketoacyl-CoA and cleaved to produce acetyl-CoA and an acyl-CoA two carbons shorter.

5.  For cis double bonds starting at an odd carbon, -oxidation proceeds normally until the double bond is between the  and carbons.  An enoyl-CoA isomerase is used to rearrange the cis-∆3 bond to a trans-∆2 bond, which is hydrated, oxidized and cleaved normally.  For cis double bonds starting at an even carbon, -oxidation cycles eventually produce a cis-∆4 intermediate, which is converted to a trans-∆2,cis-∆4  intermediate by acyl-CoA dehydrogenase.  Next, a 2,4-dienoyl-CoA reductase, in mammals, produces a trans-∆3 enoyl-CoA, which is converted to a trans-∆2 enoyl-CoA isomer by enoyl-CoA isomerase, a normal -oxidation cycle intermediate.  In E. coli, the double bound between carbons 4 and 5 is simply reduced by a 2,4-enoyl-CoA reductase to give trans-∆2 enoyl-CoA.

6.  Acidosis and acetone are a consequence of ketone body formation.  In liver mitochondria, acetoacetate and -hydroxybutyrate are produced and excreted into the blood to be transported to other tissues to be used as fuels.  These compounds are acidic with pKa = 3.5 and in high concentrations causes a drop in blood pH.  Acetoacetate, an unstable compound, will nonenzymatically breakdown into acetone and CO2.

Summary

     Fatty acids represent the principal form of energy storage for many organisms.  Fatty acids are advantageous forms of stored energy, since 1) the carbon in fatty acids is highly reduced (thus yielding more energy in oxidation than other forms of carbon), and 2) fatty acids are not hydrated and can pack densely in storage tissues.  Fatty acids are acquired readily in the diet and can also be synthesized from carbohydrates and amino acids.  Whether dietary or synthesized, triacylglycerols are a major source of fatty acids.  Release of fatty acids from triacylglycerols is triggered by hormones such as adrenaline and glucagon, which bind to plasma membrane receptors and activate (via cyclic AMP) the lipases, which hydrolyze triacylglycerols to fatty acids and glycerol.  A large fraction of dietary triacylglycerols is absorbed in the intestines and passes into the circulatory system as chylomicrons.

     Following Knoop’s discovery that fatty acids were degraded to two-carbon units, Lynen and Reichart showed that these two-carbon units were acetyl-CoA.  The process of -oxidation of fatty acids begins with the formation of an acyl-CoA derivative by acyl-CoA synthetase, but transport of the acyl chain into the mitochondrial matrix occurs via acyl-carnitine derivatives, which are converted back to acyl-CoA derivatives in the matrix.  -Oxidation involves 1) formation of a C-C double bond, 2) hydration across the double bond and 3) oxidation of the -carbon, followed by 4) a thiolase cleavage, leaving acetyl-CoA and the CoA ester of the fatty acid chain, shorter by two carbons.  (A metabolite of hypoglycin, found in unripened akee fruit, inhibits the first of these reactions, resulting in vomiting, convulsions and death.)  Repetition of this cycle of reactions degrades fatty acids with even numbers of carbons completely to acetyl-CoA.  -Oxidation of fatty acids with odd numbers of carbon atoms yields acetyl-CoA plus a single molecule of propionyl-CoA, which is subsequently converted to succinyl-CoA in a sequence of three reactions.  Complete -oxidation of a molecule of palmitic acid generates 129 high-energy phosphate bonds, i.e., formation of 129 ATP from ADP and Pi.  This massive output of energy from -oxidation permits migratory birds to travel long distances without stopping to eat.  The large amounts of water formed in -oxidation allow certain desert and marine organisms to thrive without frequent ingestion of water.

     Unsaturated fatty acids are also catabolized by -oxidation, but two additional mito​chondrial enzymes - an isomerase and a novel reductase - are required to handle the cis-double bonds of naturally occurring fatty acids.  Degradation of polyunsaturated fatty acids also requires the activity of 2,4-dienoyl-CoA reductase.  Although -oxida​tion in mitochondria is the principal pathway of fatty acid catabolism, a similar path​way also exists in peroxisomes and glyoxysomes.  Fatty acids with branches at odd car​bons in the chain are degraded by -oxidation.  Phytol, an isoprene breakdown product of chlorophyll, is degraded via -oxidation.  Defects in this pathway lead to Refsum’s disease, which is characterized by poor night vision, tremors and neurologic disorders and which is caused by accumulation in the body of phytanic acid.  -Oxidation in the ER of eukaryotic cells leads to the synthesis of small amounts of dicarboxylic acids.  This is accomplished in part by cytochrome P-450, which hydroxylates the terminal carbon atom of the fatty acid chain.  Ketone bodies are a significant source of fuel and energy for certain tissues.  Acetoacetate and 3-hydroxybutyrate are the preferred substrates for kidney cortex and heart muscle, and ketone bodies are a major energy source for the brain during periods of starvation.  Ketone bodies represent easily transportable forms of fatty acids which move through the circulatory system without the need for complexation with serum albumin and other fatty acid binding proteins.
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