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 OUTLINE
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 V. Synthesis of Triacylglycerol and Phospholipids A. Review of Structure and Functions of TAG B. Overview of TAG Metabolism: TAG Cycle C. Steps in TAG and Phospholipid Synthesis D. Physiological Mechanism Inside the Body
 VI. Cholesterol A. Background B. Cholesterol Synthesis C. Regulation
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 I. OVERVIEW OF FAT METABOLISM
 • Recall what metabolism is, and the type of metabolic pathways…
 Metabolism – linked series of chemical reactions that begins with a particular molecule and converts it into some other molecule or molecules in a carefully defined fashion
 Types of Metabolic Pathways 1.
 2. 3. Some pathways can be either anabolic or catabolic,
 depending on the energy conditions in the cell. They are referred to as amphibolic pathways.
 • Needless to say lipids (fatty acids, triacylglycerols, phospholipids and cholesterol) and ketone bodies are metabolized by our cells according to its physiological demands (e.g. energy, homeostasis, etc.).
 • For a graphical overview of fat metabolism, refer to the first figure in the Appendix.
 A. LIPOLYSIS
 • LIPOLYSIS = Triacylglycerol (TAG) HYDROLYSIS = Catabolism and mobilization of
 stored fats (in adipocytes) during starvation
 • Initiated by hormone-sensitive lipase, which hydrolyzes the FAs at C1 and/or C3 of TAG.
 Figure 1. Mobilization of triacylglycerols stored in adipose tissue.
 When low levels of glucose in the blood trigger the release of glucagon, (1) the hormone binds its receptor in the adipocyte membrane and thus (2) stimulates adenylyl cyclase, via a G protein, to produce cAMP. This activates PKA, which phosphorylates (3) the hormone-sensitive lipase and (4) perilipin molecules on the surface of the lipid droplet. Phosphorylation of perilipin permits hormone-sensitive lipase access to the surface of the lipid droplet; where (5) it hydrolyzes triacylglycerols to free fatty acids and monoacylglycerol (MAG). (6) Fatty acids leave the adipocyte, bind serum albumin in the blood, and are carried in the blood; they are released from the albumin and (7) enter a specific cell via a specific fatty acid transporter where (8) the FAs oxidized to CO2, and the energy of oxidation is conserved in ATP. Not shown here is the hydrolysis of MAG by MAG lipase to yield a FA and glycerol
 • Regulated by hormones through cAMP-dependent
 interconversion • Amount of fatty acids (FAs) released depends on the
 activity of this enzyme. In the blood, FAs are transported in free form (non-esterified)
 • Only short-chain fatty acids are soluble in blood. Longer, less water-soluble fatty acids are transported by being bound to serum albumin.
 • Glycerol diffuses into the plasma and taken up by tissues like the liver and kidney with active glycerol kinase (absent in adipocytes).
 • TAG stores continually undergo lipolysis and reesterification.
 B. Lipogenesis
 • LIPOGENESIS = TAG SYNTHESIS • The pathway is active when overall energy demand
 is low and carbohydrate input exceeds total body needs. The carbohydrate content of food is high, while storage of carbohydrate in the body is limited.
 • TAGs come from lipoproteins: vLDL’s and chylomicrons
 • Formed in the liver and in the intestines and delivered by the blood to the liver and peripheral tissues.
 • Lipoprotein Lipase, in the inner surface of blood capillaries cleave TAGs into glycerol and fatty acids, which are taken up by adipocytes and converted back (reesterified) into fats.
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 II. FATTY ACID DEGRADATION
 A. Overview • Fatty acid breakdown (a.k.a. β-oxidation) brings
 about the oxidation of long-chain fatty acids with the production of energy in the form of ATP
 • The fatty acids are converted into their Acyl-CoA derivatives and then metabolized by the removal of two-carbon acetyl CoA units from the end of the acyl chain.
 • Fatty acids become the major source of energy during starvation (or when glucose stores are depleted).
 • FA oxidation occurs in the mitochondrial matrix.
 B. Steps in Fatty Acid Oxidation 1. Activation
 • Fatty Acids that come from the hydrolysis of TAGs are taken up by the cell via a specific FA transporter.
 • FAs are primed or activated by conjugation with Coenzyme A (CoASH). This process is coupled with ATP hydrolysis releasing AMP and PPi. PPi is further oxidized to 2 Pi to ensure completion of the process.
 Figure 2. FFA Oxidation. Step 1: Activation
 • This is catalyzed by Acyl-CoA Synthetase,
 which is a family of isozymes (different isozymes specific for fatty acids having short (~2-4 C), intermediate (~5-12 C), or long carbon chains (>12 C)) present in the cytosolic side of the outer mitochondrial membrane.
 • Fatty acyl–CoA esters formed at the cytosolic side of the outer mitochondrial membrane can be transported into the mitochondrion and oxidized to produce ATP, or they can be used in the cytosol to synthesize membrane lipids.
 2. Transport
 • The mitochondrial membrane is not permeable to fatty acids. Therefore fatty acids are transported by the acyl carnitine shuttle system.
 • Enzymes Involved: 1. Carnitine acyltransferases catalyze reaction
 ||> Carrier I -resides on the outer side of the inner mitochondrial membrane whereas
 ||> Carrier II -resides on the inner side of the inner mitochondrial
 2. Carnitine/acylcarnitine translocase, an antiporter in the inner mitochondrial membrane, mediates transmembrane exchange of fatty acyl-carnitine for carnitine
 Figure 3. FFA Oxidation. Step 2: Transport
 • The transport process can be described in four steps:
 1. Transfer of acyl portion of acyl CoA to carnitine via carnitine acyltrasferase I
 2. Transmembrane transport of fatty acyl-carnitine to matrix via the translocase enzyme
 3. Transfer of acyl portion from carnitine to CoA through carnitine acyltrasferase II
 4. Carnitine is returned to the cytosol
 • The length of the fatty acids dictates where it is activated to CoA. (size matters)
 Table 1 Transport and Oxidation Sites of Different FFAs
 size class  number  of carbons 
 catabolism site  membrane transport 
 short chain 2 to 4  mitochondrion free diffusion
 medium 4 to 12  mitochondrion diffusion
 long 12 to 20  mitochondrion carnitine cycle
 very long > 20  peroxisome <find out>
 3. Oxidation of Fatty Acyl CoA or β-oxidation
 • Oxidation of Fatty Acyl CoA is called β-oxidation because the C atom in the β position (C-3; C-1 being the carboxyl C) is oxidized per cycle.
 • β-oxidation consists of four steps catalyzed by different enzymes. (Focus more on the steps not so much on the enzymes) a. DEHYDROGENATION of fatty acyl CoA
 to enoyl CoA forms a trans Δ2-double bond on the
 fatty acyl chain producing FADH2 catalyzed by acyl-CoA dehydrogenase
 b. HYDRATION of the trans Δ2-enoyl Co forms β-hydroxyacyl CoA catalyzed by enoyl CoA hydratase
 c. OXIDATION of 3-hydroxyacyl CoA to 3-ketoacyl CoA
 forms NADH catalyzed by hydroxyacyl CoA
 dehydrogenase
 d. THIOLYSIS or cleavage of 3-ketoacyl CoA by a second CoASH molecule, giving
 acetyl CoA and an acyl-CoA, which shortened by two carbon atoms
 catalyzed by β-ketothiolase
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 a. Case I. Oxidation of Saturated Fatty Acids with Even number of Carbon Atoms
 In saturated, even-numbered C chains,
 the steps are repeated (n/2-1) times Each cycle produces an acetyl CoA plus
 1 FADH2 and 1 NADH. Recall how ATP is produced from acetyl CoA (TCA Cycle) and the reducing equivalents (Electron Transport Chain).
 Consider the β-oxidation of palmitoleic acid (Activated form: palmitoyl-CoA):
 ` Figure 4. β-oxidation of Palmitoyl-CoA (16 C)
 To summarize the energy yield for the β-
 oxidation of Palmitoyl-CoA
 Reaction  ATP Yield Activation of palmitate to palmitoyl CoA 7 rounds of β‐oxidation             Oxidation of 8 acetyl CoA       Oxidation of 7 FADH2       Oxidation of 7 NADH 
 ‐ 2  
 8 x 12 = 96 7 x   2 = 14 7 x   3 = 21 
 Net : Palmitate + xO2 +… → 16CO2 + yH2O +…  129 ATP 
 b. Case 2. Oxidation of Unsaturated Fatty Acids (UFAs) with Even number of Carbon Atoms
 Unsaturated Fatts Acids (UFAs) usually contain
 a cis double bond at position 9 or 12 (e.g. Linoleic acid [18:2; Δ9,12]
 As with Saturated Fatty Acids (SFAs), degradation of UFAs occurs via β-oxidation until the C9-cis double bond is reached
 PROCESS:
 a.) Since enoyl-CoA hydratase only accepts substrates with trans double bonds, the corresponding enoyl-CoA is converted by an isomerase from the cis-Δ3, cis-Δ6 isomer into the trans-Δ2, cis-Δ6 isomer
 b.) Degradation by β-oxidation can now continue until a shortened trans-Δ2, cis-Δ4 derivative occurs in the next cycle. This, however, cannot be isomerized in the same way as before, and instead is reduced in an NADPH-dependent way to the trans-Δ3 compound.
 c.) After rearrangement by enoyl-CoA isomerase [1], degradation can finally be completed via normal β-oxidation.
 Figure 5. β-oxidation of Linoleoyl-CoA (18:2; Δ9,12)
 To summarize the energy yield for the β-oxidation of Linoleoyl-CoA (18:2; Δ9,12)
 Reaction  ATP Yield Activation of palmitate to palmitoyl CoA NADPH 8 rounds of β‐oxidation             Oxidation of 9 acetyl CoA       Oxidation of 6 FADH2*       Oxidation of 8 NADH 
 ‐ 2 ‐ 3 
 9 x 12 = 108 6 x   2 = 12 8 x   3 = 24 
 Net : Linoleoyl‐CoA+ xO2 +…→ 18CO2 + yH2O+… 139 ATP * Less two FADH2 since Linoleoyl-CoA has two double bonds; the
 dehydrogenation step will be by-passed twice.
 Compared to its saturated counterpart (stearoyl-CoA), linoleoyl-CoA yields less ATP per unit oxidized.
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 III. KETONE BODIES
 c. Case 3. Oxidation of Saturated Fatty Acids (OFAs) with Odd number of Carbon Atoms
 Figure 6. β-oxidation of OFA
 Fatty acids with an odd-number of C
 atoms are treated in the same way as “normal” fatty acids (Case 1).
 In the last step, propionyl CoA arises instead of acetyl CoA. This is first carboxylated by propionyl CoA carboxylase into (S)-methylmalonyl CoA [3], which, after isomerization into the (R) enantiomer, is isomerized into succinyl CoA [4]. Succinyl CoA can enter the Kreb Cycle, from which ATP can be indirectly produced.
 Coenzymes: • Carboxylase [3] requires biotin • Mutase [4] is dependent on
 coenzyme cobamide derived from Vit. B12 (5-deoxyadenodyl cobalamin)
 • Succinyl CoA is an intermediate of the Krebs cycle, and is available for gluconeogenesis. Odd-numbered fatty acids from propionyl-CoA can therefore be used to synthesize glucose.
 This pathway is important for ruminant animals, which are dependent on symbiotic microorganisms to break down their food. The microorganisms produce large amounts of propionic acid as a degradation product, which the host can channel into the metabolism in the way described.
 To summarize the energy yield for the β-oxidation of Heptadecanoyl-Coa (17 C)
 Reaction  ATP Yield Activation of hepatadecanoyl‐CoA 7 rounds of β‐oxidation             Oxidation of 7 acetyl CoA       Oxidation of 7 FADH2       Oxidation of 7 NADH       Oxidation of 1 succinyl‐CoA 
 ‐ 2  
 7 x 12 = 84 7 x   2 = 14 7 x   3 = 21 
 ~6 Net : heptadecanoate + xO2 +… → 17CO2 + yH2O +… 123 ATP 
 A. Introduction 1. Types of Ketone Bodies
 • In humans and most other mammals, acetyl-CoA formed in the liver during oxidation of fatty acids can either (1) enter the citric acid cycle or (2) undergo conversion to the “ketone bodies”
 • Under metabolic conditions associated with a high rate of fatty acid oxidation, the LIVER produces considerable quantities of acetoacetate and 3-hydroxybutyrate. Acetoacetate continually undergoes spontaneous decarboxylation to yield acetone. These three substances are collectively known as the KETONE BODIES.
 Figure 7. Interrelationships of the Ketone Bodies
 2. Properties and Physiological Role
 • Ketone bodies are the most water soluble form of lipid-based energy used by extrahepatic tissues (brain, heart, muscles and kidney) during starvation (low glucose level)
 • The net flow of ketone bodies from the liver to the extrahepatic tissues results from active hepatic synthesis coupled with very low utilization. The reverse situation occurs in extrahepatic tissues.
 • In healthy people, acetone is formed in very small amounts from acetoacetate, which is easily decarboxylated, either spontaneously or by the action of acetoacetate decarboxylase.
 • Higher than normal quantities of ketone bodies present in the blood or urine constitute ketonemia (hyperketonemia) or ketonuria, respectively. The overall condition is called ketosis. Acetoacetic and 3-hydroxybutyric acids are both moderately strong acids and are buffered when present in blood or other tissues. However, their continual excretion in quantity progressively depletes the alkali reserve, causing ketoacidosis. This may be fatal in uncontrolled diabetes mellitus.
 B. Ketogenesis
 • KETOGENESIS – formation of ketone bodies in the mitochondrial matrix of hepatocytes when there is a high rate of fatty acid oxidation.
 • The pathway of ketogenesis involves synthesis and breakdown of 3-hydroxy-3-methylglutaryl-CoA (HMGCoA) by two key enzymes, HMG-CoA synthase and HMG-CoA lyase.
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 IV. FATTY ACID SYNTHESIS
 Figure 8. Ketogenesis
 • The utilization of ketone bodies occurs in the following steps:
 If we start with β-hydroxybutyrate, then it is first oxidized to acetoacetate with the production of one NADH.
 Coenzyme A must now be added to the acetoacetate. The thioester bond is a high energy bond, so ATP equivalents must be used. In this case the energy comes from a transesterification of the CoASH from succinyl CoA to acetoacetate by Coenzyme A transferase. The succinyl CoA comes from the TCA cycle where a GTP is not made.
 Liver mitochondria lack β-ketoacyl-CoA transferase; starvation causes the brain and some other tissues to increase the synthesis of β-ketoacyl-CoA transferase, and therefore to increase their ability to use these compounds for energy (our liver is a selfless provider!)
 The acetoacetyl CoA is now cleaved to two acetyl CoA's with Thiolase and enter the Krebs (TCA) Cycle.
 Figure 9. Utilization of Ketone Bodies
 Table 5 Energy Yield: Net ATP derived by peripheral Tissues)
 • Ketogenesis is regulated at three crucial
 steps:
 control of free fatty acid mobilization from adipose tissue;
 the activity of carnitine palmitoyltransferase-I in liver, which determines the proportion of the fatty acid flux that is oxidized rather than esterified; and
 Partition of acetyl-CoA between the pathway of ketogenesis and the citric acid cycle.
 A. Overview • Fatty acid synthesis brings about the
 concatenation of 8 acetyl-CoA (2C) to long-chain fatty acids (primarily, palmitate (C16)) using ATP and NADPH as reducing power.
 • While the β-oxidation and fatty acid syhtesis are the reversal of each other, these reactions are not reversible, i.e. it is not catalyzed by the same enzyme. Fatty acid synthesis is catalyzed by a multisubstrate enzyme, fatty acyl synthase, a multi-enzyme complex. In addition, the carrier of the acyl group is ACP rather than CoA.
 • Occurs mainly in the liver; also in the kidney, brain, lungs, adipose tissue and mammary glands
 • The pathway is active when there is caloric excess in diet.
 • Fat (TAGs) reserves accounts for 400,000 kJ whereas glycogen reserves accounts for only 5000 kJ. Thus, excess energy is mainly stored as fat.
 • Major source of C is dietary CHO. Main pathway occurs in cytosol.
 B. Substrates and Enzymes
 • Acetyl CoA – immediate substrate and building block of FA; formed from (CH2O)n via oxidation of pyruvate in mitochondria; transported from mitochondria to cytosol via the citrate transport system.
 Figure 10. Acetyl CoA as substrate of Fatty Acid Synthesis. Acetyl CoA from the mitochondrial oxidation of pyruvate is shuttled to the cytosol as citrate (upon reacting with oxaloacetate). Oxaloacetate is shuttled back to the mitochondrial matrix as pyruvate via malic reaction.
 • Acetyl CoA carboxylase – catalyze the rate limiting step (COMMITTED STEP) in FA synthesis, which is the formation of malonyl CoA from the carboxylation of acetyl CoA.
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 • Acetyl CoA carboxylase has biotin as a
 prosthetic group, a common feature in CO2 binding enzymes. It adds CO2 in the form of bicarbonate HCO3
 - with a concomitant use of ATP. Just like other committed steps, this step is also irreversible.
 • The reaction below is a key regulatory step. The enzyme is activated by dephosphorylation. In animal cells, acetyl-CoA carboxylase exists as an equilibrium between an inactive dimer and an active polymer. Citrate acts as a precursor and an allosteric activator, shifting the equilibrium towards the active polymer state, while long chain fatty acyl-CoA (e.g. palmitoyl-Coa is an inhibitor) shifts the equilibrium towards inactive dimer. The problem is that the true end product is triacylglycerol, and its synthesis keeps the fatty acyl-CoA level down. Thus, there is no regulatory limit on triacylglycerol production.
 Figure 11. Commited in Fatty Acid synthesis. Acetyl CoA carboxylase, the catalyzes the carboxylation of acetyl-CoA in the cytosol to malonyl-CoA. This is an investment reaction that provides the energy for the condensation of acyl groups.
 • Fatty acid synthase – multienzyme complex consisting of a dimer, each monomer of which has seven different catalytic activities plus a domain that covalently binds a molecule of 4’-phosphopantetheine; in prokaryotes, this latter domain is a separate protein referred to as ACP or acyl carrier protein.
 B. Reactions of Fatty Acid Synthase
 Figure 12. Fatty Acid Synthase
 Each subunit of the enzyme binds acetyl residues as thioesters at two different SH groups: at one peripheral cysteine residue (Cys-SH) and one central 4-phosphopantetheine group (Pan-SH). Pan-SH, which is very similar to coenzyme A, is covalently bound to a protein segment of the synthase known as the acyl-carrier protein (ACP). This part functions like a long arm that passes the substrate from one reaction center to the next. The two subunits of fatty acid synthase cooperate in this process; the enzyme is therefore only capable of functioning as a dimer.
 • Enzyme Domains: Domain 1 – catalyzes the entry of the substrates acetyl CoA and malonyl CoA by:
 1. [ACP]-S acetyltransferase and 2. [ACP]-S malonyl transferase and
 subsequent condensation of the two partners by
 3. 3-oxoacyl-[ACP]-synthase (3)
 Domain 2 – catalyzes the conversion of the 3-oxo group to a CH2 group by
 4. 3-oxoacyl-[ACP]-reductase 5. 3-hydroxyacyl-[ACP]-dehydratase and 6. enoyl-[ACP]-reductase
 Domain 3 – releases the finished product by 7. acyl-[ACP]-hydrolase after seven steps
 of chain elongation
 • Main Steps (Fig. 11) 1. Substrate entry: The first cycle (n=1) starts
 with the transfer of an acetyl residue from acetyl CoA to the peripheral cysteine residue (Cys-SH). At the same time,
 2. Substrate entry: a malonyl residue is transferred from malonyl CoA to 4 phosphopantetheine (Pan-SH).
 3. Chain elongation: By condensation of the acetyl residue – or (in later cycles) the acyl residue – with the malonyl group, with simultaneous decarboxylation, the chain is elongated.
 4. Reduction of 3-oxo group 5. Water cleavage: Dehydration of the 3-
 hydroxyl derivative 6. Reduction: Renewed reduction of the 3-oxo
 group • Correspond in principle to a reversal of
 β-oxidation • Uses NADPH + H+ for reduction.
 NADPH molecules are supplied mainly by the pentose phosphate pathway and by the malic reaction (see Fig. 10) in the citrate transport system.
 • Lead to an acyl residue bound at Pan-SH with 2n + 2 C atoms (n=the number of the cycle).
 • Depending on the length of the product, [1] The acyl residue is transferred back to the peripheral cysteine, so that the next cycle can begin again with renewed loading of the ACP with a malonyl residue, or
 7. Product release: After seven cycles, the completed palmitic acid is hydrolytically released.
 • Overall Reaction for Synthesis of Palmitate
 from Acetyl CoA:
 Formation of 7 Malonyl CoA molecules: 7 Acetyl-CoA + 7CO2 + 7ATP
 → 7 malonyl-CoA + 7ADP + 7Pi
 7 cycles of condensation and reduction Acetyl-CoA + 7 malonyl-CoA + 14NADPH + 14H+ →
 palmitate + 7CO2 + 8 CoASH + 14NADP+ + 6H2O
 Overall Reaction 8 Acetyl-CoA + 7ATP + 14NADPH + 14H+
 palmitate + 8 CoASH + 7ADP + 7Pi + 14NADP+ + 6H2O
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 V. TRIACYLGLYCEROL METABOLISM
 Figure 13. Reactions of Fatty Acid Synthesis.
 C. Regulation of Fatty Acid Metabolism
 • Fatty Acid Synthesis Primary signals:
 ||> Insulin turns on ||> Glucagon turns off ||> Epinephrine turns off ||> Phosphorylation turns off
 Secondary signals:
 ||> Citrate activates acetyl-CoA carboxylase
 • Fatty Acid Oxidation Primary signals (effects on hormone-sensitive lipase):
 Primary signals ||> Insulin turns off ||> Glucagon turns on ||> Epinephrine turns on ||> Phosphorylation turns on
 Secondary signals:
 ||> Malonyl-CoA inhibits carnitine acyltransferase
 A. Review of Structure and Function of TAGs and Phospholipids
 • TAG = glycerol esterified with three fatty acids
 Figure 12. Structure of Triacylglycerol.
 • Functions as a major storage lipid, an energy reservoir in animals (stored in reduced and anhydrous form in the adipocytes); It is more efficient in storing energy than glycogen.
 • Phospholipids (glycerophospholipids and sphingolipids) are amphiphilic or amphipatic lipids which are major components of cell membranes.
 Figure 12. Backbone Structure of Phospholipids.
 B. Overview of TAG and Phospholipid Synthesis
 • Synthesis of fats and phospholipids starts with glycerol 3-phosphate. This compound can arise via two pathways:
 1. from the liver From the phosphorylation of glycerol by
 glycerol kinase or Reduction of dihydroxyacetone phosphate
 derived from glycolysis.
 2. from Adipose tissue Reduction of DHAP (dihydroxyacetone
 phosphate) lacks glycerol kinase and can produce
 glycerol 3-phosphate only from glucose via dihydroxyacetone phosphate
 Thus, adipose tissue can store fatty acids only when glycolysis is activated, that is, in the fed state
 Figure 14. Triacylglycerol Cycle
 In both pathways, glycerol phosphate can be produced from glucose, using the first reactions of the glycolytic pathway to produce DHAP.
 A pathway in the liver, NOT in the adipose tissue, uses glycerol kinase to convert free glycerol to glycerol phosphate
 DHAP is reduced by glycerol phosphate dehydrogenase to glycerol phosphate
 Adipocytes can take up glucose only in the presence of insulin. Thus, when plasma glucose and plasma insulin levels are low, adipocytes have only a limited ability to synthesize glycerol phosphate, and cannot produce TAG.
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 C. Steps in TAG and Phospholipid Synthesis
 1. Formation of phosphatidic acid from G3P Glycerol phosphate accepts two fatty
 acids from fatty acyl-CoA. The fatty acyl-CoA is formed by the expenditure of two high-energy phosphate bonds from ATP.
 Fatty acyl-CoA is the donor of the fatty acyl group to the two non-phosphorylated positions of glycerol phosphate to make a phosphatidic acid.
 Figure 15. Biosynthesis of Phosphatidic Acid
 2. Triacylglycerol formation from
 phosphatidic acid
 The third fatty acid can be added after the removal of the phosphate of the phosphatidic acid.
 This scheme results in a triacylglycerol, although other phosphatidic acids can be used as precursors to various membrane lipids.
 Figure 16. Biosynthesis of Phosphatidic Acid
 Joining of a fatty acid derivative to
 diacylglycerol is catalyzed by the enzyme diacylglycerolacyltransferase (DGAT)
 Note: Because other molecules in the triglyceride synthesis pathway can be utilized for other biochemical reactions, the DGAT step is the only COMMITTED STEP in triglyceride synthesis.
 D. Physiological Mechanism Inside the Body
 (In greater details)
 1. Intracellular FFA is first converted to acyl-CoA by acyl-CoA synthase (ACS),
 2. acyl-CoA is used as a substrate by two parallel TAG-synthetic pathways in the SMOOTH ENDOPLASMIC RETICULUM (ER) to form G3P
 3. Glycerol-3-phosphate (G3P) that is generated by glucose metabolism is acylated sequentially by glycerol-3-phosphateacyltransferase (GPAT) and sn-1-acylglycerol-3-phosphate acyltransferase (AGPAT) to phosphatidic acid (PA)
 4. PA is converted to diacylglycerol (DAG) by phosphatidicacidphosphohydrolase (PAP)
 5. The alternative pathway involves the acylation of monoacylglycerol (MAG) by MAG acyltransferase (MGAT).
 6. The two pathways merge with the acylation of DAG to TAG by diacylglycerolacyltransferase (DGAT).
 • Migration of TAGs from ER: Nascent lipid droplets that are generated from
 the ER are coated by S3-12 and at least one of the PAT family proteins which includes:
 a. perilipin (PER), b. adipose differentiation-related protein (ADRP)
 and c. tail-interacting protein of 47 kDa (TIP47)
 mature lipid drops are mainly coated with perilipin
 the mechanism by which other PAT proteins are replaced with perilipin is unclear
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 VI. CHOLESTEROL
 the relative rate of lipogenesis and lipolysis is
 determined by nutritional states and is regulated by endocrine factors, such as catecholamines and insulin
 effects of endocrine factors (hormones) are by the phosphorylation of perilipin and hormone-sensitive lipase (HSL)
 phosphorylation of perilipin allows HSL to access lipid droplets, which results in the hydrolysis of TAG to Free Fatty Acids (FFAs) that are then released from the adipocytes
  
 A. Background
 Figure 17. Cholesterol and Cholesterol Transporters (Lipoproteins)
 • Functions: a major constituent of the cell membranes of
 (FLUIDITY BUFFER) and of plasma lipoproteins in animal cells
 precursor of your steroid hormones (corticoids and sex hormones), bile acids and vitamin D.
 Figure 16. Some Steroid Hormones Derived from Cholesterol
 • Sources and Distribution in the Body:
 It is often found as cholesteryl ester, where the -OH group (on C3) is esterified w/ a long-chain fatty acid.
 The body can provide its full daily cholesterol requirement (ca. 1 g) by synthesizing it itself (de novo synthesis).
 With a mixed diet (exogenous sources), only about half of the cholesterol is derived from endogenous biosynthesis, w/c takes place in the intestine and skin, and mainly in the liver (about 50%). The rest is taken up from food.
 Recall how cholesterol is absorbed along the intestine and transported as plasma lipoproteins to the liver and extrahepatic tissues.
 Most of the cholesterol is incorporated into the lipid layer of plasma membranes, or exported in one of three forms: biliary cholesterol, bile acids (hydrophilic cholesterol derivatives), or cholesteryl esters (through the action of acyl-CoA–cholesterol acyl transferase or ACAT).
 A very small amount of cholesterol is used for biosynthesis of the steroid hormones.
 Up to 1 g cholesterol per day is released into the bile and thus excreted
 Figure 18. Cholesterol Transport
 B. Cholesterol Synthesis
 • occurs in the cytosol and smooth endoplasmic reticulum mainly in hepatocytes
 • the pathway can be divided into 5 stages:
 1. Three Acetyl CoA molecules are converted to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
 Two acetyl-CoA (2C) condensed to form
 acetoacetyl-CoA (4C). HMG-CoA (6C) is formed by condensation of
 acetyl-CoA (2C) and acetoacetyl-CoA (4C), catalyzed by HMG-CoA synthase
 HMG-CoA is also an intermediate on the pathway for synthesis of ketone bodies
 The conversion of acetyl CoA to acetoacetyl CoA and then to HMG-CoA corresponds to the biosynthetic pathway for ketone bodies. In this case, however, the synthesis occurs not in the mitochondria as in ketone body synthesis, but in the smooth endoplasmic reticulum.
 Figure 19. Formation of HMG-CoA
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 2. COMMITTED STEP: HMG-CoA is reduced to
 Mevalonate by HMG CoA Reductase
 HMG CoA Reductase, an integral protein of SER membrane, is the major rate-limiting and regulated enzyme of the pathway
 NADPH serves as reductant target of pharmaceutical intervention
 • e.g. cholesterol-lowering drugs (HMG-CoA reductase inhibitors → statins)
 Figure 20. Formation of Mevalonate from HMG-CoA
 3. Mevalonate is converted to the isoprene-based molecule, Isopentenyl Pyrophosphate (IPP), with the concomitant loss of CO2
 Mevalonate is activated by 2 sequential phosphate
 transfers from ATP, yielding the pyrophosphate derivative.
 Nice to know: This is catalyzed by mevalonate kinase and 5-phosphomevalonate kinase.
 ATP-dependent decarboxylation with dehydration yields Isopentenyl Pyrophosphate (IPP) (catalyzed by 5-pyrophosphomevalonate decarboxylase).
 Figure 21. Formation of Isopentyl pyrophosphate from Mevalonate
 IPP is the first (“the active isoprene”) of several
 compounds in the pathway that are referred to as Isoprenoids, by reference to the compound isoprene.
 Note: in some sources, diphosphate is used instead of pyrophosphate
 Figure 22. Overview of Isoprenoid Biosynthesis. (nice-to-know)
 4. Isopentenyl Pyrophosphate is converted to squalene and its cyclization to Lanosterol
 IPP undergoes isomerization (catalyzed by IPP
 isomerase) to form dimethylallyl pyrophosphate. The two C5 molecules condense to yield geranyl
 pyrophosphate, and the addition of another isopentenyl pyrophosphate produces farnesyl pyrophosphate.
 This can then undergo dimerization in a head-to-tail reaction, to yield squalene.
 Farnesyl pyrophosphate is also the starting point for other polyisoprenoids, such as dolichol and ubiquinone.
 Squalene is a linear isoprenoid. This is cyclized, with O2 being consumed, to form lanosterol, a C30 sterol.
 Figure 23. From Isopentenyl Pyrophosphate to Lanosterol (love it!)
 5. Lanosterol undergoes demethylation to produce cholesterol
 Lanosterol then undergoes a series of 19 demethylation steps to remove just three methyl groups to produce cholesterol.
 The reaction is catalyzed by demethylases, and NADPH dependent monooxygenases. (Never mind the enzymes.
 All 27 carbon atoms of cholesterol are derived from acetate (as acetyl CoA).
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 VII. REFERENCES
 Figure 24. Lanosterol to Cholesterol. (an oversimplification)
 C. Regulation and Summary
 Figure 25. Regulation of cholesterol formation balances synthesis
 with dietary uptake.
 • Repression of Transcription: Effector: Cholesterol
 • Interconversions
 Effector: Hormones Insulin (promotes dephosphorylation =
 activation) and thyroxine STIMULATE the enzyme.
 Glucagon INHIBITS it by cAMP-dependent phosphorylation.
 A large supply of cholesterol from food also inhibits 3-HMG-CoA reductase.
 • Lehninger PRINCIPLES OF BIOCHEMISTRY, 4e • Harper’s ILLUSTRATED BIOCHEMISTRY, 27e • Koolman COLOR ATLAS OF IOCHEMISTRY, 2e • Dr. Fojas’ Slides • Doc Nic’s BIOCHEMISTRY MODULE
 Yes  I  know,  our  trans  is  so  loaded,  so  full  of  fats.  Maybe  you’ll  ask yourself,  tinuro  ba’to?  Ayun,  sana  ma‐appreciate  ninyo  ang  trans namin.  Kinulang  na  kami  sa  oras  para  i‐refine  itong  trans.  Expect some  clarifications  from  us  soon.  Ayun.  Kung may  hindi malinaw  o mali sa trans namin. Sa akin nyo na lang sabihin. So sleepy... Alphius   
 Alphius  greets:  Researchmates,  Anatomates  (Karen,  Jana,  Lovely, Isabel  &  Bryan),  IILE‐mates,  Histomates,  IDC‐mates,  SGD‐mates; batchmates and classmates. Para sa trans na ito, gusto kong batiin si Lennie, Alex, David, Ivan, Ronnie,  Jesha, Lance, Aaron, Jopi, Kim Ong, Lau, JaySexy, Everly, Sharmie, Jhing, Dalvie, Pito, Ryan, Scott, Sam, Abi, Maetrix,  Jam  at  Kay  R.  Syempre,  hello  rin  kay,  Marvin  Bioman, Marivic,  Schubert,  Siobe,  Marianne,  Mark..  Jean  (Cuz!),  Bryan  and Mau,  pass  muna  ako  next  time.  Sa  iyo  na  nagbabasa  nito,  sana makatulong  ang  trans  namin.  Kain  ka  na  at  baka  you’re  body  is running on ketone bodies. Yawn zzzz….. 
 Bryan: Tadaa!! Greetin'  time again!!  i have a horrible  feelin'  i'd have  thuh  longest  greetin'  again..haha!  well..'di  na'ko maguiguilty  ngayon, may  ginawa  na'ko  sa  trans!!  haha!!  pero 'pag  may  mali,  "it's  professor  alphius'  fault!!"..kiddin!!  haha!! sorry  sa katoxican ng  trans namin..toxic naman kasi yung  topic eh!! gah!! effer!!  time  tah get serious..greetins na!  i wanna say hello tah mah fellow transers!! mau, jean, alph!! lookin' fo'ward tah more transes (and greetins) wit y'all! sa anatomates ko, yoko na  mag‐dissect!!  maki‐leech  nalang  tayo!!  wahahaha!!  Sa members ng feeding program ko (ricky,  janna,  joreb, rr, marvie, pito  and more..),  binilhan  ko  na  kayo  ng  lockers!!  check  niyo nalang sa unit..Shoutout tah thuh members of Delta‐Delta‐Delta and Alpha‐Delta‐Mu!! Personal Greetins: Roland!! you're such an effin smartass!! balita ko kayo na daw ni..haha!! Hi tah karen a., karen  f.,  therese,  alex,  sam,  jb and  ivan!!  karla, mainchindihan mo na ni subong?? Franco and MIguel, who is thuh better twin??  LeeAnn!! one week!! hope not.. casti,  tsk  tsk  tsk..hi kataligam!! Sausage!!  don't worry,  iiwasan  ko  na  si..baka  kasi  kung  anong mangyari eh! hahaha!! Jaysexy,  landi ng trans greetin' mo..well, wala naman kaming magagawa eh..lol!! Tonch,  libre ko!!  Jhing, september  5!!  Julie,  bobo  pala  ah!!  Denden,  so  kelan  mo sasabihin kay SouthMall na crush mo siya?? haha!! Kim, *away* *away* *away*!! haha!! Joey, captain, sali ka sa saturday futsal club!! Mommy Carla, sino ba  talaga?? si bon o si......wahahaha! Mara!! I meant Meh‐ra..Thanks..:) Meg, o i greeted ye again ah!! haha!!  Huckie,  you  still  effin  owe  me  man..>:)  Marvie!!  Yun lang..baka wala  nang  space  eh..joke!!  Sept,  sorry  fo  thuh  effin millionth  time..i owe  ye  a bunch..thanx  fo  thuh huge help  last week..still owe ye fo that too..oi! chillintime and mah baller!! 4‐words  and  peace&bounce  man!!  B‐)  ok..7:04am  ko  na  'to natapos..nakatulog eh..Effer!!   fro thuh words of Dr. Trinidad, "wut's thuh diff??"...
 Jean: HOY. Wala lang. punta ka sa lady med ha. Galingan mo magaralkundi.  P.S. Ay hello palakay  co‐phu girl  ko. Haha. Phu girls! Classic. That’s  what  we  are.  Handshake.  ☺  Hey  yo  roomies! Sarapkomaglutongmalingno?  hahaha.  Labidabskita!  Bes! Mwahlalalala.   Mau:  Jean,  Alphius  and  Bryan   Sorry hindiakonakatulongsapaggawanitong  trans  natin.  Bawiako next  time  sainyo,  pramis!  Mga  2014   Sana nagagampanankonangmabutitungkulinkobilang  LO  sa  204. Sana masmaging SOLID pa  tayona class. Walangbibitiw! Mga PH    kainnamantayo  lunch  ngsabaysabay.Mishuol! mwamwah. LOL  \m/  UY MANOOD KAYO AT SUPORTAHAN ANG UP MEDCHOIR THIS FRIDAY AFTERNOON (Wed to Fri talagayungcompet, pero  Friday  langyungwalatayongpasok)  SA  1st  CCP NATIONAL  CHORAL  COMPETITION  2009  SA  CCP!!!  50% off  ang  ticket  prices  parasamga  students. Suportahannatinmgakaklasenatingmedchoir  members (Patrick  A,  Maisie,  at  Dane)  at  samga  “supertrainees” (Anne B, Julie R, Ako). Amici! #s 6, 26, 63, 73 101, 127, 139 Bading! AFTG! ~MaU  
 P.S. ulitni jean:  grabehan, may adiksataas.  
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 FAT METABOLISM
 VII. ATTACHMENT
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