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Lipid Metabolism

Page 2
                        

Learning Objectives
 1 How Are Lipids Involved in the Generationand Storage of Energy?
 2 How Are Lipids Catabolized?
 3 What Is the Energy Yield from the Oxidation of Fatty Acids?
 4 How Are Unsaturated Fatty Acids and Odd-Carbon Fatty Acids Catabolized?
 5 What Are Ketone Bodies?
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6. How Are Fatty Acids Produced?
 7. How Are Acylglycerols and Compound Lipids Produced?
 8. How Is Cholesterol Produced?
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Lipids vs. Carbohydrates
 • A gram of nearly anhydrous fat stores more than six times as much energy as a gram of hydrated glycogen, which is likely the reason that triacylglycerols rather than glycogen were selected in evolution as the major energy reservoir.
 The glycogen and glucose stores provide enough energy to sustain biological function for about 24 hours, whereas the triacylglycerol stores allow survival for several weeks.
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Fatty Acids and Energy• Fatty acids in triacylglycerols are the principal
 storage form of energy for most organisms
 – their carbon chains are in a highly reduced form
 – the energy yield per gram of fatty acid oxidized is greater than that per gram of carbohydrate oxidized
 C6 H1 2 O6 + 6 O2
 CH3 ( CH2 ) 14 COOH + 2 3 O2
 6 CO2 + 6 H2 O
 1 6 CO2 + 1 6 H2 O
 -15.9
 -38.9
 Palmitic acid
 Glucose
 Energy(kJ•mol -1)
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Chylomicron Formation
 Free fatty acids and monoacylglycerols are absorbed by
 intestinal epithelial cells. Triacylglycerols are resynthesized
 and packaged with other lipids and apoprotein B-48 to form
 chylomicrons, which are then released into the lymph
 system.
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Hydrolysis of Glycerol Esters
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Glycerol formed by lipolysis is absorbed by the liver and phosphorylated, oxidized to dihydroxyacetone phosphate, and
 then isomerized to glyceraldehyde 3-phosphate.
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Activation of Fatty AcidsStep 1:
 RCO-
 O
 + ATP + PPi
 RC- AMP
 O
 + CoA-SH + AMP
 RC- AMP
 Step 2:
 RCO-
 O
 + ATP + CoA-SH
 RC- SCoA + AMP + PPi
 acyl-CoAsynthetase
 O
 O
 RC- SCoA
 O
 Acyl adenylateintermediate
 An acyl-CoA
 Essential Note: Even one ATP is required in the activation step, anotherATP is required to hydrolyze the PPi in order to be recycled into ATP again
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Transport of Acyl-CoA
 • The acyl-CoA crosses the outer mitochondrial membrane, but not the inner membrane
 • The acyl group is then transferred to carnitine, carried across the inner mitochondrial membrane, and transferred to mitochondrial CoA-SH
 • Carnitine Palmitoyltransferase (CPT-1) has specificity for acyl groups between 14 and 18 carbons long
 CH2 N( CH3 ) 3
 CHCH2 COO-RC- SCoA HO
 O
 +
 CH2 N( CH3 ) 3
 CHCH2 COO-RC O
 O
 HS-CoA
 Carnitine
 An acyl-carnitine
 +
 +
 +

Page 12
                        

Transport of Acyl-CoA
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-Oxidation
 • -Oxidation: a series of four enzyme-catalyzed reactions that cleaves carbon atoms two at a time from the carboxyl end of a fatty acid.
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-Oxidation
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Summary
 • Fatty acids are activated and transported to the mitochondrial matrix for further catabolism
 • The breakdown of fatty acids takes place in the mitochondrial matrix and proceeds by successive removal of two-carbon units as acetyl-CoA
 • Each Cleavage of a two-carbon moiety requires a four-step reaction sequences called -oxidation
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Energetics of -Oxidation
 – This series of reactions is then repeated on the shortened fatty acid chain and continues until the entire fatty acid chain is degraded to acetyl-CoA
 CH3 ( CH2 ) 16 C- SCoA
 O
 Octadecanoyl-CoA(Stearyl-CoA)
 + 8 NAD+
 9 CH3 C-SCoA +8 NADH
 O
 Acetyl-CoA
 eight cycles of
 -oxidation
 8 FADH2
 8 FAD
 8 CoA-SH
 9 cycles of TCA
 9 ATP
 27 NADH
 9 FADH2
 18 CO2
 17 H2O
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Energetics of -Oxidation
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Energetics of -Oxidation
 – The overall equation for oxidation of stearic acidcan be obtained by adding the equations for
 -oxidation, the citric acid cycle, and oxidative
 phosphorylation
 CH3 ( CH2 ) 1 6 CSCo A
 O+ 2 6 O2 + 1 4 8 A DP + 1 4 8 P i
 1 8 CO 2 + 1 48 A TP +1 7 H2 O + Co A -S H
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Odd-Numbered Fatty Acids
 1
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How Are Unsaturated Fatty Acids Catabolized?
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Summary
 • FA with odd number of carbons produce propionyl-CoA in the last step of the oxidation
 • Propionyl-CoA can be converted to succinyl-CoA, which plays a role in the citric acid cycle
 • The oxidation of unsaturated FA requires enzymes that catalyze isomerization around the double bonds so that oxidation can proceed( isomerase & oxidase).
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Metabolic water
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Polar Bear
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Humming Bird
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Kangaroo Rat
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What are the similarities between the previous animals?
 What is the difference between camel and Kangaroo rat?
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Ketone Bodies
 • Ketone bodies: acetone, -hydroxybutyrate, and acetoacetate– formed principally in the liver mitochondria.– can be used as a fuel in most tissues and organs.
 • Formation occurs when the amount of acetyl-CoAproduced is excessive compared to the amount of oxaloacetate available to react with it, because it is being used in gluconeogenesis– during high intake of lipids and low intake of
 carbohydrates– diabetes not suitably controlled– strenuous exercise– starvation
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Ketone Bodies
 CH3 -C- CH3
 O
 CH3 -C- CH2 -COO-
 O
 CH3 -CH-CH2 - COO-
 OH
 2 CH3 C-SCoA
 O
 CH3 CCH2 C- SCoA
 OHS-CoA
 O
 Acetyl-CoA Acetoacetyl-CoA
 Acetoacetate -Hydroxybutyrate
 NADH
 NAD+ + H+
 CO2
 Acetone
 acetone smell on the breath of uncontrolled DM patient
 Used for energy
 Used for energy
 1
 2+ H20
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• Which tissues can use Ketone Bodies?
 • Why can’t red blood cells and liver use
 ketone bodies for energy production ?
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Heart muscle and the renal cortex use acetoacetate in preference to glucose.
 Glucose is the major fuel for the brain and red blood cells in well-nourished people on a balanced diet.
 However, the brain adapts to the utilization of acetoacetate during starvation and diabetes . In prolonged starvation, 75% of the fuel needs of the brain are met by ketone bodies.
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Utilization of Acetoacetate as a Fuel. Acetoacetate can be converted into two molecules of acetyl CoA,
 which then enter the citric acid cycle.
 (Absent in liver)
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Fatty Acid Biosynthesis• Biosynthesis is
 not the exact reversal of oxidation
 • Biosynthetic reactions occur in the cytosol
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Synthesis of Fatty Acids
 • Anabolic reactions take place in the cytosol
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Synthesis of Fatty Acids
 • Carboxylation of acetyl-CoA in the cytosol
 – catalyzed by acetyl-CoA carboxylase
 – biotin is the carrier of the carboxyl group
 – Malonyl-CoA is key intermediate that is produced
 CH3 C-SCoA
 Acetyl-CoA
 + HCO3-
 ATP ADP + Pi
 CH2 C-SCoA
 O
 Biotin, Mn 2+COO-
 Malonyl-CoA
 O
 1
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Synthesis of Fatty Acids
 • Step 1: priming of the system by acetyl-CoA
 CH3 C-SCoA + HS-ACP CH3 C-S-ACP + HS-CoA
 O
 Acetyl-CoA Acetyl-ACP
 CH3 C-S-ACP
 O
 Acetyl-ACP
 + HS-Synthase CH3 C-S-Synthase
 O
 Acetyl-Synthase
 + HS-ACP
 + HS-Synthase CH3 C-S-Synthase
 O
 Acetyl-Synthase
 + HS-CoA
 O
 CH3 C-SCoA
 Acetyl-CoA
 O
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Synthesis of Fatty Acids
 • Step 2: ACP-malonyltransferase reaction
 CH2 C-SCoA
 COO-
 Malonyl-CoA
 + HS-ACP CH2 C-S-ACP
 COO-
 Malonyl-ACP
 + HS-CoA
 O O
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Step 3: condensation reaction
 • (CO2 is lost from malonyl ACP as it combines with acetyl Synthase.)
 HS-Synthase
 CH3 C-S-Synthase
 Acetyl-Synthase
 + CH2 C-ACP
 COO-
 Malonyl-ACP
 CH3 C-CH2 - C-S- ACP
 O
 Acetoacetyl-ACP
 + CO2 +
 O
 OO
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Synthesis of Fatty Acids
 • Step 4: the first reduction
 • Step 5: dehydration
 D--Hydroxybutyryl-ACP
 OH
 C C
 C-S-ACP
 H3 C H
 + H2 O
 Crotonyl-ACP
 C
 OH
 CH2 -C- S- ACPHH3 C
 O
 C H 3 C - C H 2 - C - S - A C P
 O
 Acetoacetyl-ACP
 + N A D P H + H +
 D- -Hydroxybutyryl-ACP
 C
 O H
 C H 2 - C - S - A C PHH 3 C
 O
 + N A D P +
 O
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Synthesis of Fatty Acids
 • Step 6: the second reduction
 CH3 -CH2- CH2 -C- S- ACP
 O
 Butyryl-ACP
 + NADPH + H+
 O
 H
 C C
 C-S-ACP
 H3 C H
 Crotonyl-ACP
 + NADP+
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Synthesis of Fatty Acids
 • The cycle now repeats on butyryl-ACP
 + CH2 C-S-ACP
 CO2-
 Malonyl-ACP
 CH3 CH2 CH2 C-S- ACP
 O
 CH3 CH2 CH2 CH2 CH2 C- S- ACP
 Butyryl-ACP
 Hexanoyl-ACP
 3. condensation
 4. reduction
 6. reduction
 5. dehydration
 O
 O
 The production is six carbon atoms (B-ketoacyl-ACP)
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Sources of NADPH for Fatty Acid Synthesis
 First, oxaloacetate is reduced to malate by NADH. This
 reaction is catalyzed by a malate dehydrogenase in the cytosol.
 Second, malate is oxidatively decarboxylated by an NADP +
 -linked malate enzyme (also called malic enzyme).
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One molecule of NADPH is generated for each molecule of acetyl CoA that is transferred from mitochondria to the cytosol. Hence, eightmolecules of NADPH are formed when eight molecules of acetyl CoA are transferred to the
 cytosol for the synthesis of palmitate.
 The additional six molecules of NADPH required for this process come from the pentose phosphate pathway
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Synthesis of Fatty Acids
 • Repeated turns of this series of reactions occurs to lengthen the growing fatty acid chain.
 • Hexanoyl ACP returns to condense with malonyl ACP during the third turn of this cycle.
 • Longer products also return to condense with malonyl CoA until the chain has grown to its appropriate length (most often C16).
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Fatty Acid MetabolismDegradation Synthesis
 Products acetyl-CoA Precursor s acetyl-CoA
 Malonyl-CoA
 Oxidative process
 requires NAD+, FAD
 produces ATP
 Reductive process
 requires NADPH
 Begins at carboxyl end Begins at CH 3CH2 end
 In mitochondria, no orderedaggregate enzymes
 In cytosol, catalyzed byordered multienzyme complex
 L- -
 ---Hydroxyacyl D--Hydroxyacyl-ACP
 intermediates
 requires ATP
 Carboxylated biotin required
 No malonyl-CoA
 No requirement for biotin
 intermediates
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Fatty Acid Synthase Inhibitors May Be Useful Drugs
 • Mice treated with inhibitors of the condensing enzyme showed remarkable weight loss due to inhibition of feeding.
 • The results of additional studies revealed that this inhibition is due, at least in part, to the accumulation of malonyl CoA.
 • Thus, fatty acid synthase inhibitors are exciting candidates both as antitumor and as antiobesity drugs.
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Metabolism of Fatty Acids

Page 51
                        

Mammals lack the enzymes to introduce double bonds at carbon atoms beyond C-9 in the fatty acid chain.
 Hence,mammals cannot synthesize linoleate (18:2) and linolenate (18:3). Linoleate and linolenate are the two
 essential fatty acids.
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• END of part I Lipid Metabolism
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