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Chapter Outline

· Fatty acid biosynthesis

· Biosynthesis localized in cytosol: Fatty acid degradation in mitochondria

· Intermediates held on acyl carrier protein (ACP): Phosphopantetheine group attached to serine: CoA in degradation

· Fatty acid synthase: Multienzyme complex

· Carbons derived from acetyl units

· Acetyl CoA to malonyl CoA by carboxylation

· Acetyl unit added to fatty acid with decarboxylation of malonyl CoA

· Carbonyl carbons of acetyl units reduced using NADPH

· Source of acetyl units

· Amino acids, glucose

· Acetyl CoA used to produce citrate

· Citrate exported to cytosol: ATP-citrate lyase forms acetyl-CoA and oxaloacetate

· Source of NADPH

· Oxaloacetate utilization

· Oxaloacetate (from citrate) to malate: NADH dependent reaction

· Malate to pyruvate: Malic enzyme: NADPH produced

· Pentose phosphate pathway

· Malonyl-CoA production: Acetyl-CoA carboxylase

· Biotin-dependent enzyme

· ATP drives carboxylation

· Enzyme regulation

· Filamentous polymeric form active

· Citrate favors active polymer

· Palmitoyl-CoA favors inactive protomer (polymer’s monomer or building block molecule)

· Citrate/palmitoyl-CoA effects depend on state of phosphorylation of protein

· Unphosphorylated protein binds citrate with high affinity: Activation

· Phosphorylated protein binds palmitoyl with high affinity: Inactivation

· Acetyl transacetylase: Acetylates acyl carrier protein (ACP): Destined to become methyl end of fatty acid

· Malonyl transacetylase: Malonylates ACP

· -Ketoacyl-ACP synthase (acyl-malonyl ACP condensing enzyme): Accepts acetyl group: Transfers acyl group to malonyl-ACP

· Malonyl carboxyl group released: Decarboxylation drives synthesis

· Malonyl-ACP converted to acetoacetyl-ACP

· -Ketoacyl-ACP reductase

· Carbonyl carbon reduced to alcohol

· NADPH provides electrons

· -Hydroxyacyl-ACP dehydratase: Elements of water removed: Double bond created

· 2,3-trans-Enoyl-ACP reductase

· Double bond reduced

· NADPH provides electrons

· Subsequent cycles: C-16: Palmitoyl-CoA

· Additional modifications

· Elongation

· Mitochondrial-based system uses reversal of -oxidation

· Endoplasmic reticulum-based system uses malonyl-CoA

· Monounsaturation: One double bond

· Bacteria: Oxygen-independent pathway: Chemistry performed on carbonyl carbon

· Eukaryotes: Oxygen-dependent pathway

· Polyunsaturation

· Plants can add double bonds between C-9 and methyl end

· Animals

· Add double bonds between C-9 and carboxyl end

· Require essential fatty acids to have double bonds closer to methyl end

· Regulation

· Malonyl-CoA inhibition of carnitine-acyl transferase: Blocks fatty acid uptake

· Citrate/palmitoyl regulation of acetyl-CoA carboxylase

· Complex lipids

· Glycerolipids: Glycerol backbone

· Glycerophospholipids

· Triacylglycerols

· Sphingolipids: Sphingosine backbone

· Phospholipids

· Sphingolipids

· Glycerophospholipids

· Glycerolipid biosynthesis

· Phosphatidic acid is precursor

· Glycerokinase produces glycerol-3-P

· Glycerol-3-phosphate acyltransferase acylates C-1 with saturated fatty acid: Monoacylglycerol phosphate

· Eukaryotes can produce monoacylglycerol phosphate using DHAP

· Acyldihydroxyacetone phosphate reduced by NAPDH to monoacylglycerol phosphate

· Acyltransferase acylates C-2: Phosphatidic acid

· Phosphatidic acid used to synthesize two precursors of complex lipids

· Diacylglycerol: Precursor of

· Triacylglycerol: Diacylglycerol acyltransferase

· Phosphatidylethanolamine, phosphatidylcholine

· Ethanolamine phosphorylated

· CTP and phosphoethanolamine produce CDP-ethanolamine

· Transferase moves phosphoethanolamine onto diacylglycerol

· (Dietary choline: As per ethanolamine)

· (Phosphatidylethanolamine to phosphatidylcholine by methylation)

· Phosphatidylserine: Serine for ethanolamine exchange

· CDP-diacylglycerol

· Phosphatidate cytidylyltransferase produces CDP-diacylglycerol

· CDP-diacylglycerol used to produce

· Phosphaphatidyl inositol

· Phosphaphatidyl glycerol

· Cardiolipin

· Plasmalogens: -unsaturated ether-linked chain at C-1

· DHAP acetylated

· Acyl group exchanged for alcohol

· Keto group on DHAP reduced to alcohol and acylated

· Head group attached

· Desaturase produces double bonds

· Sphingolipid biosynthesis

· Serine and palmitoyl-CoA condensed with decarboxylation to produce 3-ketosphinganine

· Reduction forms sphingamine

· Sphingamine acylated to form N-acyl sphingamine

· Desaturase produces ceramide

· Cerebrosides: Galactose or glucose added

· Gangliosides: Sugar polymers: Sugars derive from UDP-monosaccharides

· Eicosanoids: Derived from 20-C fatty acids: Arachidonate is precursor

· Local hormones: Prostaglandins, thromboxanes, leukotrienes, hydroxyeicosanoic acids

· Prostaglandins

· Cyclopentanoic acid formed from arachidonate by prostaglandin endoperoxidase synthase

· Aspirin inhibits enzyme

· Cholesterol 

· Membrane component

· Precursor of important biomolecules

· Bile salts

· Steroid hormones

· Vitamin D

· Cholesterol biosynthesis: In liver

· Mevalonate biosynthesis

· Thiolase condenses two acetyl-CoA to produce acetoacetyl-CoA

· HMG-CoA synthase produces HMG-CoA

· HMG-CoA reductase produces mevalonate

· Rate limiting step

· Regulation

· Inactivated by cAMP-dependent protein kinase

· Short half life of enzyme when cholesterol levels high

· Gene expression regulated

· Pharmacological target for blood cholesterol regulation

· Isopentenyl pyrophosphate and dimethylallyl pyrophosphate from mevalonate

· Squalene to lanosterol to cholesterol

· Lipid transport

· Fatty acids complexed to serum albumin

· Phospholipids, triacylglycerol, cholesterol transported as lipoprotein complexes

· Lipoprotein complex types: HDL, LDL, IDL, VLDL, Chylomicrons

· Chylomicrons formed in intestine

· HDL, VLDL assembled in liver

· Core of triacylglycerol

· Single layer of phospholipid

· Proteins and cholesterol inserted

· VLDL to IDL to LDL to liver for uptake and degradation

· HDL: Assembled without cholesterol but picks up cholesterol during circulation

· Bile salts

· Glycocholic acid

· Taurocholic acid

· Steroid hormones

· Cholesterol to pregnenolone

· Pregnenolone to progesterone

· Hormone

· Sex hormone precursor

· Androgens

· Estrogens

· Corticosteroids precursor

· Glucocorticoids

· Mineralocorticoids
Chapter Objectives

Fatty Acid Biosynthesis

     The steps of fatty acid biosynthesis (Figure 24.7) are similar in chemistry to the reverse of -oxidation.  Two-carbon acetyl units are used to build a fatty acid chain.  The carbonyl carbon is reduced to a methylene carbon in three steps: reduction to an alcoholic carbon, dehydration to a carbon-carbon double bond intermediate, and reduction of the double bond.  The two reduction steps utilize NADPH as reductant.  Two-carbon acetyl units are moved out of the mitochondria as citrate and activated by carboxylation to malonyl-CoA.  We have already seen similar carboxylation reactions and should remember that biotin is involved when carbons are added at the oxidation level of a carboxyl group.  The enzyme, acetyl-CoA carboxylase, is regulated by polymerization/depolymerization with the filamentous polymeric state being active.  You should understand the regulatory effects of citrate (favors polymer formation), palmitoyl-CoA (depolymerizes) and covalent phosphorylation (blocks citrate binding) on acetyl-CoA carboxylase activity.

     In -oxidation, we saw that the phosphopantetheine group of coenzyme A functioned as a molecular chauffeur for two-carbon acetyl units.  In synthesis, phosphopantetheine, attached to the acyl carrier protein, functions as a molecular chaperone by guiding the growth of fatty acid chains.

     In plants and bacteria, the steps of fatty acid biosynthesis are catalyzed by individual proteins whereas in animals a large multifunctional protein is involved.  Synthesis starts with formation of acetyl-ACP and malonyl-ACP by specific transferases.  The carboxyl group of malonyl-ACP departs, leaving a carbanion that attacks the acetyl group of acetyl-ACP to produce a four-carbon -ketoacyl intermediate, which is subsequently reduced by an NADPH-dependent reductase, dehydrated, and reduced a second time by another NADPH-dependent reductase.  To continue the cycle, malonyl-ACP is reformed, decarboxylates, and attacks the acyl-ACP.  The original acetyl group is the methyl-end of the fatty acid, whereas the malonyl groups are added at the carboxyl end.  NADPH is supplied by the pentose phosphate pathway and by malic enzyme, which converts the oxaloacetate skeleton, used to transport acetyl groups out of the mitochondria as citrate, into pyruvate and CO2 with NADP+ reduction.

     Additional elongation and introduction of double bonds can occur after synthesis of a C16 fatty acid.  Elongation can occur in the endoplasmic reticulum, where malonyl CoA is utilized, or in the mitochondria where acetyl-CoA is used.  Introduction of double bonds occurs via oxygen-independent mechanisms in bacteria and oxygen-dependent mechanisms in eukaryotes.  Be familiar with the reaction catalyzed by stearoyl-CoA desaturase, involving stearoyl-CoA and oxygen as substrates and oleoyl-CoA and water as products.

Complex Lipids
     The glycerolipids, including glycerophospholipids and triacylglycerols, are synthesized from glycerol, fatty acids, and head groups.  Synthesis starts with the formation of phosphatidic acid from glycerol-3-phosphate and fatty acyl-CoA.  C-1 is esterified usually with a saturated fatty acid.  Phosphatidic acid may be converted to diacylglycerol and then to triacylglycerol.   Alternately, diacylglycerol can be used to synthesize phosphatidylethanolamine and phosphatidylcholine with CDP-derivatized head groups serving as substrates.  Phosphatidylserine is produced by exchange of the ethanol head-group from PE with serine.  Phosphatidylinositol, phosphatidylglycerol, and cardiolipin (two diacylglycerols linked together by glycerol) are synthesized using CDP-diacylglycerol as an intermediate.  Plasmalogens are synthesized from acylated DHAP.  The acyl group is exchanged for a long-chain alcohol followed by reduction of the keto carbon of DHAP, acyl group transfer from acyl-CoA to C-2, head group transfer from CDP-ethanolamine and formation of a cis double bond between C-1 and C-2 of the long-chain alcohol.

     The sphingolipids all derive from ceramide, whose synthesis starts with bond formation between palmitic acid and the -carbon of serine (with loss of the serine carboxyl carbon as bicarbonate).  After a few steps a second fatty acid is attached to serine in amide linkage.  Subsequent sugar additions lead to cerebrosides and gangliosides.

Prostaglandins

     The prostaglandins are produced from arachidonic acid released by phospholipase A2 action on phospholipids.  Production of these local hormones is blocked by aspirin, and nonsteroid anti-inflammatory agents such as ibuprofen and phenylbutazone.

Cholesterol

     Cholesterol derives from HMG-CoA, a product we already encountered in ketone body formation.  You might recall that ketone bodies are produced from acetyl-CoA units.  HMG-CoA is a six-carbon CoA derivative produced from three acetyl units.  The rate-limiting step in cholesterol synthesis is formation of 3R-mevalonate from HMG-CoA by HMG-CoA reductase, which catalyzes two NADPH-dependent reductions.  This enzyme is carefully regulated by 1) phosphorylation leading to inactivation, 2) degradation, and 3) gene expression.  Mevalonate, a six-carbon intermediate, is converted to isopentenyl pyrophosphate, which is used to synthesize cholesterol.  Cholesterol is the precursor of bile salts and the steroid hormones.  You should understand how lipoproteins are responsible for movement of cholesterol and other lipids in the body.
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Figure 24.7  The pathway of palmitate synthesis from acetyl-CoA and malonyl-CoA.  Acetyl and malonyl building blocks are introduced as acyl carrier protein conjugates.  Decarboxylation drives the -ketoacyl-ACP synthase and results in the addition of two-carbon units to the growing chain.  Concentrations of free fatty acids are extremely low in most cells, and newly synthesized fatty acids exist primarily as acyl-CoA esters.
Problems and Solutions

1.  Carefully count and account for each of the atoms and charges in the equations for the synthesis of palmitoyl-CoA, the synthesis of malonyl-CoA, and the overall reaction for the synthesis of palmitoyl-CoA from acetyl-CoA.
Answer:  Malonyl-CoA is synthesized as follows

Acetyl-CoA + HCO3- + ATP4- malonyl-CoA- + ADP3- + Pi2- + H+
The carbons in the acetyl group of acetyl-CoA derive from glucose via glycolysis or from the side chains of various amino acids. The bicarbonate anion is produced from CO2 and H2O by carbonic anhydrase CO2 + H2O H2CO3 H+ + HCO3-.  Generation of ADP and Pi from ATP is a hydrolysis reaction; however, water does not show up in the equation because incorporation of bicarbonate carbon into malonyl-CoA is accompanied by release of water.

Synthesis of palmitoyl-CoA is described as follows

Acetyl-CoA + 7 malonyl-CoA- + 14NADPH + 7 H+ + 7 ATP4-



palmitoyl-CoA + 7 HCO3- + 14 NADP+ + 7 ADP3- + 7 Pi2-  + 7 CoASH

For bicarbonate to show up on the right hand side of the equation, the carbon dioxide released by reacting malonyl-CoA and acetyl-CoA must be hydrated and subsequently ionized.  So, each bicarbonate is accompanied by production of protons.  This is the reason why only half as many protons as NADPH are found in the reaction.  Carbons 15 and 16 derive from acetyl-CoA directly; the remaining carbons in palmitoyl-CoA derive from acetyl-CoA by way of malonyl-CoA.

2.  Use the relationships shown in Figure 24.1 to determine which carbons of glucose will be incorporated into palmitic acid.  Consider the cases of both citrate that is immediately exported to the cytosol following its synthesis and citrate that enters the TCA cycle.
Answer:  The six carbons of glucose are converted into two molecules each of CO2 and acetyl units of acetyl-coenzyme A.  Carbons 1, 2, and 3 of glyceraldehyde derive from carbons 3 and 4, 2 and 5, and 1 and 6 of glucose respectively.  Carbon 1 of glyceraldehyde is lost as CO2 in conversion to acetyl-CoA, so we expect no label in palmitic acid from glucose labeled only at carbons 3 and 4.   The carbonyl carbon and the methyl carbon of the acetyl group of acetyl-CoA derive from carbons 2 and 5, and carbons 1 and 6 of glucose, respectively.  The methyl carbon is incorporated into palmitoyl-CoA at every even-numbered carbon, whereas the carbonyl carbon is incorporated at every odd-numbered carbon.

     Acetyl-CoA is produced in the mitochondria and exported to the cytosol for fatty acid biosynthesis by being converted to citrate.  The cytosolic enzyme, citrate lyase, converts citrate to acetyl-CoA and oxaloacetate.  When newly synthesized citrate is immediately exported to the cytosol, the labeling pattern described above will result.  However, where citrate is instead metabolized in the citric acid cycle, back to oxaloacetate, label derived from acetyl-CoA shows up at carbons 1, 2, 3 and 4 of oxaloacetate.  These carbons do not get incorporated into palmitoyl-CoA.

3.  Based on the information presented in the text and in Figures 24.4 and 24.5, suggest a model for the regulation of acetyl-CoA carboxylase.  Consider the possible roles of subunit interaction, phosphorylation, and conformation changes in your model.
Answer:  Acetyl-CoA carboxylase catalyzes the formation of malonyl-CoA, the committed step in synthesis of fatty acids.  This enzyme is a polymeric protein composed of protomers, or subunits, of 230 kD.  In the polymeric form, the enzyme is active whereas in the protomeric form the enzyme is inactive.  Polymerization is regulated by citrate and palmitoyl-CoA such that citrate, a metabolic signal for excess acetyl units, favors the polymeric and, therefore, active form of the enzyme whereas palmitoyl-CoA shifts the equilibrium to the inactive form.  The activity of acetyl-CoA carboxylase is also under hormonal regulation.  Glucagon and epinephrine stimulate cyclic AMP-dependent protein kinase that will phosphorylate a large number of sites on the enzyme.  The phosphorylated form of the enzyme binds citrate poorly and citrate binding occurs only at high citrate levels.  Citrate is a tricarboxylic acid with three negative charges and its binding site on the enzyme is likely to be composed of positively-charged residues.  Phosphorylation introduces negative charges, which may be responsible for the decrease in citrate binding.

     In the phosphorylated form, low levels of palmitoyl-CoA will inhibit the enzyme.  Thus, the enzyme is sensitive to palmitoyl-CoA binding and to depolymerization in the phosphorylated form.  If we assume that the palmitoyl-CoA binding site is located at a subunit-subunit interface, and that phosphorylated, and hence negatively charged subunits interact with lower affinity than do unphosphorylated subunits, we see that it is easier for palmitoyl-CoA to bind to the enzyme.

4.  Consider the role of the pantothenic acid groups in animal fatty acyl synthase and the size of the pantothenic acid group itself, and estimate a maximal separation between the malonyl transferase and the ketoacyl-ACP synthase active sites.

Answer:  In fatty acyl synthase, pantothenic acid is attached to a serine residue as shown below.

   [image: image2.wmf]
The approximate distance from the pantothenic group to the -carbon of serine is calculated as follows.  For carbon-carbon single bonds the bond length is approximately 0.15 nm.  The distance between carbon atoms is calculated as follows.

 [image: image3.wmf]



Let us use this length for carbon-carbon single bonds, carbon-oxygen bonds, oxygen-phosphorous bonds, and carbon-nitrogen bonds exclusive of the amide bond.  For the amide bond we will use a distance of 0.132 nm.  The overall length is approximately 1.85 nm from the -carbon of serine to the sulfur.  The maximal separation between malonyl transferase and ketoacyl-ACP is about twice this distance or approximately 3.7 nm.  The actual distance between these sites is smaller than this upper limit.

5.  Carefully study the reaction mechanism for the stearoyl-CoA desaturase in Figure 24.14, and account for all of the electrons flowing through the reactions shown.  Also account for all of the hydrogen and oxygen atoms involved in this reaction, and convince yourself that the stoichiometry is correct as shown.

Answer:  Stearoyl-CoA desaturase catalyzes the following reaction

Stearoyl-CoA + NADH + H+ + O2 oleoyl-CoA + 2 H2O

This reaction involves a four-electron reduction of molecular oxygen to produce two water molecules.  Two of the electrons come from the desaturation reaction directly, in which desaturase removes two electrons and two protons from stearoyl-CoA to produce the carbon-carbon double bond in oleoyl-CoA.  The other two electrons and protons derive from NADH + H+.  Two electrons from NADH are used by another enzyme, NADH-cytochrome b5 reductase, to reduce FAD to FADH2.  Electrons are then passed one at a time to cytochrome b5, which passes electrons to the desaturase to reduce oxygen to water.  So, two electrons and two protons come from palmitoyl-CoA and two electrons come from NADH  with two protons being supplied by the surrounding solution.

6.  Write a balanced, stoichiometric reaction for the synthesis of phosphatidyl-ethanolamine from glycerol, fatty acyl-CoA, and ethanolamine.  Make an estimate of the ∆G°' for the overall process.

Answer:  The synthesis of phosphatidylethanolamine involves the convergence of two separate pathways: A diacylglycerol backbone is synthesized from glycerol and fatty acids; ethanolamine is phosphorylated and activated by transfer to CTP to produce CDP-ethanolamine.  CDP-ethanolamine: 1,2-diacylglycerol phosophoethanolamine transferase then catalyzes the formation of phosphatidylethanolamine from diacyl-glycerol and CDP-ethanolamine.

     Starting from glycerol, production of diacylglycerol involves the following reactions:

Glycerol + ATP4-glycerol-3-phosphate + ADP3- + H+
Glycerol-3-phosphate + fatty acyl-CoAlysophosphatidic acid + CoA-SH

 Lysophosphatidic acid + fatty acyl-CoAphosphatidic acid + CoA-SH

Phosphatidic acid + H2Odiacylglycerol + Pi2-
We have:

Glycerol + 2 fatty acyl-CoA + H2O + ATP4-diacylglycerol + 2 CoA-SH+ ADP3- + Pi2-+H+

Production of CDP-ethanolamine involves the following:

Ethanolamine + ATP4-phosphoethanolamine + ADP3- + H+

Phosphoethanolamine + CTP4-CDP-ethanolamine  + PPi 4-

PPi 4- + H2O2 Pi2-

Or,

Ethanolamine + ATP4- + CTP4-+ H2OCDP-ethanolamine + ADP3- + 2 Pi2- + H+
Finally, for the reaction catalyzed by CDP-ethanolamine: 1,2-diacylglycerol phosophoethanolamine transferase we have:

Diacylglycerol + CDP-ethanolaminephosphatidylethanolamine + CMP2-  + H+

The balanced, stoichiometric reaction is:

Glycerol + ethanolamine + 2 fatty acyl-CoA + 2 ATP4- +  CTP4- + 2 H2O   


                Phosphatidylethanolamine + 2 CoA-SH + 2 ADP3- +  2 H+ + 3 Pi2- + CMP2-  
7.  Write a balanced, stoichiometric reaction for the synthesis of cholesterol from acetyl-CoA.

Answer:  The immediate precursors of cholesterol are isopentenyl pyrophosphate and dimethylallyl pyrophosphate, both of which derive from hydroxymethylglutaryl-CoA (HMG-CoA).  HMG-CoA is synthesized from acetyl-CoA by the following route:

[image: image4.wmf]
The reaction is:

3 Acetyl-CoA  HMG-CoA + 2 CoA-SH

HMG-CoA is anabolized into isopentenyl pyrophosphate and dimethylallyl pyrophosphate, both of which are used to synthesize squalene, which is converted by way of lanosterol into cholesterol.  (The next question asks us to trace carbons from mevalonate to cholesterol, so it is worthwhile now to look at these reactions in detail).

     Synthesis of isopentenyl pyrophosphate from HMG-CoA is as follows:

[image: image5.wmf]
Overall, the reaction is:

HMG-CoA + 2 NAPDH  + 3 ATP  isopentenyl pyrophosphate (or dimethylallyl 




pyrophosphate) +  CoA-SH + 2 NADP+ + 3 ADP + Pi + CO2
Production of squalene using isopentenyl pyrophosphate and dimethylallyl pyrophosphate proceeds as follows.  Two farnesyl pyrophosphates are produced from two dimethylallyl pyrophosphates and four isopentenyl pyrophosphates.  The farnesyl pyrophosphates are reacted to produce squalene as follows:

[image: image6.wmf]
Squalene is converted to lanosterol in two steps catalyzed by squalene epoxidase and squalene oxidocyclase.      Squalene + 0.5 O2 + NADPH  lanosterol

The overall equation for acetyl-CoA to lanosterol is: 

18 Acetyl-CoA + 13 NADPH +13 H+ + 18 ATP + 0.5 O2  



Lanosterol + 18 CoA-SH + 13 NADP+ + 18 ADP + 6 Pi  + 6 PPi + 6 CO2 

The pathway from lanosterol to cholesterol involves the oxidation and loss of three carbons. 

8.  Trace each of the carbon atoms of mevalonate through the synthesis of cholesterol, and determine the source (i.e., the position in the mevalonate structure) of each carbon in the final structure. 

Answer:
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9.  Suggest a structural or functional role for the O-linked saccharide domain in the LDL receptor (Figure 24.40).

Answer:  LDL receptors are synthesized on the rough endoplasmic reticulum and move through the smooth endoplasmic reticulum and Golgi apparatus before being incorporated into the plasma membrane.  On the plasma membrane, LDL receptors bind LDL, aggregate into patches, and are internalized into coated vesicles that fuse with lysosomes where LDL is degraded.  The O-linked saccharide domain functions to extend the receptor domain away from the cell surface, above the glycocalyx coat.  This allows the receptor to bind circulating lipoproteins.     
10.  Identify the lipid synthetic pathways that would be affected by abnormally low levels of CTP.

Answer:  Phosphatidylethanolamine and phosphatidylcholine synthesis depend on the formation of CDP-ethanolamine and CDP-choline respectively.  Phosphatidyl-inositol and phosphatidylglycerol biosynthesis utilize CDP-diacylglycerol.  The synthetic pathways of all of these compounds may be affected if the cell experiences low levels of CTP.

11.  Determine the number of ATP equivalents needed to form palmitic acid from acetyl-CoA.  (Assume for this calculation that each NADPH is worth 3.5 ATP.)

Answer:  Palmitate is synthesized with the following stoichiometry:

8 Acetyl-CoA + 7 ATP + 14 NADPH  palmitate + 7 ADP + 14 NADP+ + 8 CoA-SH + 6 H2O + 7 Pi

The 14 NADPHs are equivalent to (14  3.5 =) 49 ATPs.  Combining these with the 7 ATPs used to synthesize malonyl-CoA gives a total of 56 ATPs consumed.

12.  Write a reasonable mechanism for the 3-ketosphinganine synthase reaction, remembering that it is a pyridoxal phosphate-dependent reaction.

Answer: 
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13.  Why is the involvement of FAD important in the conversion of stearic acid to oleic acid?
Answer:  In eukaryotes, unsaturation reactions are catalyzed by stearoyl-CoA desaturase.  This enzyme functions along with cytochrome b5 reductase and cytochrome b5 to pass electrons, one at a time to desaturase.  Desaturase reduces O2, a 4-electron reduction for which two electrons come from the fatty acid that is desaturated and two ultimately from NADH.  The two electrons from NADH pass through cytochrome b5 reductase, an FAD-containing enzyme, which must pass electrons one at a time to cytochrome b5.  NAD cannot participate in one-electron transfers whereas FAD can.  FADH2 can lose one electron or two.

14.  Write a suitable mechanism for the HMG-CoA synthase reaction.  What is the chemistry that drives this condensation reaction.

Answer:   The mechanism for HMG-CoA was already discussed in problem 14 of chapter 23.  The chemistry is not unlike that of citrate synthase.  HMG-CoA synthase produces hydroxymethylglutaryl-CoA from acetyl-CoA and acetoacetyl-CoA.  The reaction is accompanied by hydrolysis of a thioester bond linking coenzyme to the acetyl group.  We learned in earlier chapters that these thioester bonds are high energy.  Production of fatty acyl-CoA by acyl-CoA synthetase, which is used to activate fatty acids for beta oxidation, uses in effect two phosphoanhydride bonds to create the thioester bond.  (As an interesting aside, synthase and synthetase both run reactions that join two substrates to form a product. Synthetases, in general, drive these reaction with hydrolysis of high-energy phosphoanhydride bonds.  Synthases do not.) 

15.  Write a suitable reaction mechanism for the -ketoacyl ACP synthase, showing how the involvement of malonyl-CoA drives this reaction forward.
Answer:  -Ketoacyl ACP synthase links an acetyl group from malonyl-ACP onto an acyl-group (acetyl- in the first round) during fatty acid synthesis.  Malonyl-CoA is, in effect, an activated acetyl group produced at the expense of hydrolysis of ATP by acetyl-CoA carboxylase.  The mechanism of action involves decarboxylation of malonyl-CoA to produce a carbanion on the beta carbon, which attacks the carbonyl carbon of acyl-ACP producing -ketoacyl ACP.  This mechanism is shown below.

[image: image12.wmf]
16.  Consider the synthesis of linoleic acid from palmitic acid and identify a series of three consecutive reactions that embody chemistry similar to three reactions in the tricarboxylic acid cycle.

Answer:  Palmitic acid is a saturated 16-carbon fatty acid whereas linoleic acid –shown below- is 18 carbons long with two carbon-carbon double bonds.  To convert palmitic acid to linoleic acid it must first be elongated using one cycle of fatty acid synthesis. Elongation of palmitoyl-CoA involves a thiolase reaction using acetyl-CoA, which adds to the carboxyl end.  The -keto acyl CoA derivative is then reduced to  -hydroxy, dehydrated to form a carbon-carbon double bond and then reduced to produce stearyl-CoA.  The chemistry of this series of reactions is similar to the chemistry found in the TCA cycle but going in reverse from oxaloacetate to succinate.

To convert stearyl-CoA to linoleilyl-CoA we would have to produce two carbon-carbon double bonds by oxidation of the saturated fatty acid.  While plants can produce this polyunsaturated fatty acid, mammals cannot.

[image: image13.wmf]
17.  Rewrite the equation in Section 24.1 to describe the synthesis of behenic acid (see Table 8.1).

Answer:  Behenic acid (a.k.a., docosanoic acid) is a 22-carbon long fatty acid –shown below.  On page 770 we are given the equation for synthesis of palmitoyl-CoA, a 16-carbon long fatty acid.  To produce behenic acid we need to recognize that we will need to run three more cycles of fatty acid synthesis.  Each cycle will consume one acetyl-CoA, 1 ATP and 2 NADPH.

 [image: image14.wmf]
The equation is:

11-Acetyl-CoA + 10 ATP4- + 20 NADPH + 10 H+  behenoyl-CoA + 20 NADP+ + 10 CoA-SH + 10 ADP3- + 10 Pi2-.  (There are only 10 H+ consumed, and not 20 (thinking that each NADPH used is actually used with a proton), because hydrolysis of ATP releases a proton.  You can see this by counting charge in the equation.)

Questions for Self Study

1.  How are acetate units moved from the mitochondria to the cytosol?  What other role does the acetate carrier play in regulation of metabolism?

2.  Although acetate units are incorporated into fatty acids during synthesis, they derive from three-carbon compounds attached to coenzyme A.  What is this three-carbon coenzyme A derivative?  What enzyme is responsible for its formation?  How many high-energy phosphate bonds are cleaved to drive its synthesis?

3.  Describe how, in animals, the activity of acetyl-CoA carboxylase is regulated by citrate and palmitoyl-CoA and how this regulation is sensitive to covalent modification of the enzyme.

4.  Match an enzyme with an activity.

a.  Acetyltransferase
1.  Keto carbon converted to alcoholic carbon.

b.  Dehydrase
2.  Attaches malonyl group to fatty acid synthase.

c.  Malonyltransferase
3. Attaches acetyl group to acyl carrier protein.

d.  Enoyl reductase
4.  Carbon-carbon double bond reduced.

e.   -Ketoacyl reductase
5.  Condensation of acetyl group and malonyl group.

f.  -Ketoacyl synthase
6.  Enoyl intermediate formed.

5.  From the following list of compounds identify those that are cholesterol derivatives and appropriately identify each cholesterol derivative as a hormone (H), bile salt (B), or vitamin (V).

a.  Prostaglandin D2
b.  Glycocholic acid.

c.  Squalene

d.  Testosterone 

e. Arachidonic Acid.

f.  Cortisol 

g.  Cholecalciferol 

h.  Progesterone 

i.  Thromboxanes

j.  Taurocholic acid  

k.  Aldosterone  

6.  What is the rate-limiting step in cholesterol biosynthesis?

7.  Match a lipoprotein complex with a function.

a.  Chylomicrons
1.  Formed from very low density lipoproteins.

b.  Very low density lipoproteins
2.  Formed  in the intestine.

c.  Low-density lipoproteins
3.  Slowly accumulate cholesterol.

d.  High-density lipoproteins
4.  Carry lipid from the liver.

8.  In eukaryotes, glycerolipids are all derived from phosphatidic acid.  Draw the structure of phosphatidic acid and outline its biosynthesis from dihydroxyacetone-phosphate and from glycerol-3-phosphate.

9.  What is the role of cytidine in lipid biosynthesis?

10.  Fill in the blanks.  The prostaglandins are       that function locally and at very low concentrations.  They are synthesized from      , a 20-carbon polyunsaturated fatty acid.  Mammals can produce this fatty acid from       (18:29,12) but must acquire this polyunsaturated fatty acid from their diet.

Answers

1.  Acetate units on acetyl-CoA are used to produce citrate in the mitochondria.   Citrate is exported to the cytosol where it is converted to acetyl-CoA and oxaloacetate.  Citrate inhibits phosphofructokinase and thus serves as a regulator of glycolysis.  It also stimulates fatty acid synthesis.

2.  Malonyl-CoA is produced by acetyl-CoA carboxylase at the expense of one high-energy phosphate bond.

3.  Acetyl-CoA carboxylase is active in a polymeric state.  The equilibrium between active polymer and inactive protomers is affected by citrate and palmitoyl-CoA.  Citrate is an allosteric activator of the enzyme and shifts the equilibrium to the polymer.  Palmitoyl-CoA shifts the equilibrium to the inactive, protomeric state.  The enzyme is phosphorylated by a number of kinases and the phosphorylated state has a low affinity for citrate and a high affinity for palmitate.

4.  a. 3; b. 6; c. 2; d. 4; e. 1; f. 5.

5.  b. B; d. H;  f. H; g. V; h. H; j. B; k. H.

6.  The production 3R-mevalonate from HMG-CoA catalyzed by HMG-CoA reductase.

7.  a. 2; b. 4; c. 1; d. 3.

8.  Dihydroxyacetone phosphate is converted to 1-acyldihydroxyacetone-phosphate by an acyltransferase reaction and reduced to 1-acylglycerol-3-phosphate by a reductase.  This compound can also be synthesized from glycerol-3-phosphate by acyltransferase.  Transfer of a second acyl group to C-2 produces phosphatidic acid whose structure is shown below.
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9.  The head groups of phosphatidylethanolamine and phosphatidylcholine derive from cytidine diphosphate derivatives.  CDP-diacylglycerol is a precursor of phosphatidylinositol, phosphatidylglycerol, and cardiolipin.

10.  Hormones; arachidonic acid; linoleic acid.

Additional Problems
1.  What are the sources of carbons for fatty acid biosynthesis?  What is the role of the citrate-malate-pyruvate shuttle in making carbon compounds available for fatty acid biosynthesis?

2.  Movement of citrate out of the mitochondria coordinates glycolysis and fatty acid biosynthesis.  Explain.

3.  Name the three water soluble vitamins that are crucial to fatty acid synthesis and briefly describe the roles they play in this process.

4.  Why do mammals require certain essential fatty acids in their diet?  

5.  Outline the synthesis of glycerophospholipid.

6.  Lovastatin lowers serum cholesterol by interfering with HMG-CoA reductase, the enzyme that catalyzes the rate limiting step in cholesterol synthesis.  The drug is administered as an inactive lactone that is activated by hydrolysis to mevinolinic acid, a competitive inhibitor of HMG-CoA reductase.  Can you recall another lactone hydrolysis reaction encountered in an earlier chapter?

7.  What is the role of high-density lipoproteins in regulation of cholesterol levels in the blood?

8.  Synthesis of the steroid hormones from cholesterol starts with the reaction catalyzed by desmolase shown below.  Why is this a critical reaction for formation of steroid hormones?
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Abbreviated Answers

1.  The immediate source of carbons is acetyl-CoAs, which are produced from carbohydrates, amino acids, and lipids.  Acetyl-CoA is produced in the mitochondria but fatty acid biosynthesis occurs in the cytosol.  To move acetyl units out of the mitochondria, they are condensed onto oxaloacetate to form citrate, in a citric acid cycle reaction.  Citrate is then transported out of the mitochondria to the cytosol, where ATP-citrate lyase catabolizes citrate to acetyl-CoA and oxaloacetate.  This cytosolic acetyl-CoA is used to synthesize fatty acids.  So, the citrate-malate-pyruvate shuttle is responsible for moving two-carbon units from the mitochondria to the cytosol.  However, it has another purpose: it supplies some of the NADPH needed for fatty acid synthesis.  Cytosolic oxaloacetate is reduced to malate and then oxidatively decarboxylated to CO2 and pyruvate by malic enzyme, in an NADP+-dependent reaction.  The NADPH thus formed is consumed during the reduction steps of fatty acid biosynthesis.     

2.    When glycolysis was covered, it was pointed out that phosphofructokinase activity is inhibited by citrate.  In this chapter, we saw how citrate is used to move two-carbon units from the mitochondria to the cytosol for fatty acid biosynthesis.  An increase in the concentration of citrate is a signal that the citric acid cycle is backing up, either because energy stores are satisfactory or because there is an abundance of acetyl units.  In either case, there is not reason to continue glycolysis.  Movement of citrate out of the mitochondria shifts acetyl units from degradation via the citric acid to storage via cytosolic fatty acid synthesis and serves to turn down glycolysis at phosphofructokinase. 

3.  Biotin is a component of acetyl-CoA carboxylase.  Nicotinamide is found in NADPH.  Phosphopantetheine is covalently attached to acyl carrier protein.  Biotin functions as an intermediate carrier of activated carboxyl groups in malonyl-CoA biosynthesis by acetyl-CoA carboxylase.  NADPH is required at two reduction steps in each round of chain elongation in fatty acid biosynthesis.  Phosphopantotheine serves  as a carrier of the growing fatty acid.  This group is covalently attached to a serine residue in acyl carrier protein and serves to carry acetyl groups, malonyl groups, and acyl groups during various stages of fatty acid biosynthesis.

4.  Mammals cannot introduce a double bond beyond C-9 in a given fatty acid.  The prostaglandins are synthesized from linoleic acid, ∆9,12-octadecadienoic acid, which cannot be produced by mammals and is therefore an essential fatty acid.

5.  The components of glycerophospholipids are glycerol, phosphate, fatty acids, and an alcoholic head group.  Synthesis starts with either glycerol (via reduction of glyceraldehyde) or DHAP being converted to glycerol-3-phosphate by glycerokinase or glycerol-3-phosphate dehydrogenase, respectively.  Glycerol-3-phosphate is converted to 1-acylglycerol-3-P and then to phosphatidic acid (1,2-diacylglycerol-3-P) by two acyltransferase reactions.  Phosphatidic acid serves as the precursor for triacylglycerol and the glycerophospholipids phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), and cardiolipin (diphosphatidylglycerol).  Phosphatidic acid is converted to diacylglycerol, which is converted to PE or PC by transferases using CDP-derivatized ethanolamine or choline.  Alternatively, phosphatidic acid can be converted to its CDP derivative, CDP-diacylglycerol, which is metabolized to PI or PG.  PS is produced from PE using serine to displace ethanolamine.

6.  In the pentose phosphate pathway, conversion of 6-phosphogluconolactone to 6-phosphogluconate involves hydrolysis of a lactone.  

7.  HDL is assembled in the endoplasmic reticulum of liver cells and secreted into the blood.  Newly synthesized HDL contains very little cholesterol but with time it accumulates cholesterol as both free cholesterol and as cholesterol esters.  HDL then returns to the liver where cholesterol is either stored or converted to bile salts and excreted?

8.  The steroid hormones are transported in the blood to target tissues and must therefore be slightly more soluble than cholesterol.  The reaction catalyzed by desmolase removes the hydrocarbon tail of cholesterol, making the product more soluble.

Summary

     The biosynthesis of lipid molecules proceeds via mechanisms and pathways, which are different from those of their degradation.  In the synthesis of fatty acids, for example, 1) intermediates are linked covalently to the -SH groups of acyl carrier proteins instead of coenzyme A, 2) synthesis occurs in the cytosol instead of the mitochondria, 3) the nicotinamide coenzyme used is NADPH instead of NADH, and 4) in eukaryotes, the enzymes of fatty acid synthesis are associated in one large polypeptide chain instead of being separate enzymes.  Fatty acids are synthesized by the addition of two carbon acetate units, which have been activated by the formation of malonyl-CoA, decarboxylation of which drives the reaction forward.  Once the growing fatty acid chain reaches 16 carbons in length, it dissociates from the fatty acid synthase and is subject to the introduction of unsaturations or additional elongation.  Acetyl-CoA needed for fatty acid synthesis is provided in the cytosol by citrate that is transported across the mitochondrial membrane and converted to acetyl-CoA and oxaloacetate by ATP-citrate lyase.  Formation of malonyl-CoA by acetyl-CoA carboxylase (ACC), a biotin-dependent enzyme, commits acetate units to fatty acid synthesis.  In animals, ACC is a multifunctional protein, which forms long, filamentous polymers.  It is allosterically activated (and polymerized) by citrate and inhibited (and depolymerized) by palmitoyl-CoA.  Affinities for both these regulators are decreased by phosphorylation of the enzyme at up to 8 to 10 separate sites.  The fatty acid synthesis reactions involve formation of O-acetyl and O-malonyl enzyme intermediates, followed by transfer of the acetyl group to the -SH of an acyl carrier protein (ACP) and then to the -ketoacyl-ACP synthase.  Transfer of the malonyl group to the ACP is followed by decarboxylation of the malonyl group and condensation of the remaining two-carbon unit with the carbonyl carbon of the acetate group on the synthase.  This is followed by reduction of the -carbonyl to an alcohol, dehydration to yield a trans-double bond and reduction to yield a saturated bond.  Introduction of unsaturations in the nascent chain occurs by O2-dependent and O2-independent pathways and may be followed by further chain elongation.  Several mechanisms are utilized to introduce multiple unsaturations in a fatty acid chain.  Regulation of fatty acid synthesis is related to regulation of fatty acid breakdown and the activity of the TCA cycle, because of the importance of acetyl-CoA in all these processes.  Malonyl-CoA inhibits carnitine transport, blocking fatty acid oxidation.  Citrate activates ACC and palmitoyl-CoA inhibits, both in chain-length-dependent fashion.  The enzymes of fatty acid synthesis are also under hormonal control.

     Glycerolipid synthesis is built around the synthesis of phosphatidic acid from glycerol-3-phosphate or dihydroxyacetone phosphate.  Specific acyltransferases add acyl chains to these glycerol derivatives.  Other glycerolipids, such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are synthesized from phosphatidic acid via CDP-diacylglycerol and diacylglycerol.  Base exchange converts phosphatidylethanolamine to phosphatidylserine.  Other phospholipids, such as phosphatidylinositol, phosphatidylglycerol and cardiolipin are synthesized from CDP-diacylglycerol.  Dihydroxyacetone phosphate is a precursor to the plasmalogens.  Platelet activating factor (PAF), an ether lipid, dilates blood vessels, reduces blood pressure and aggregates platelets.  Sphingolipids are produced via condensation of serine and palmitoyl-CoA by 3-ketosphinganine synthase and reduction of the ketone product to form sphingamine.  Acylation followed by desaturation yields ceramide, the precursor to other sphingolipids and cerebrosides.

     Eicosanoids, derived from arachidonic acid by oxidation and cyclization, are ubiquitous local hormones.  They include the prostaglandins, thromboxanes, leukotrienes and other hydroxyeicosanoic acids.  A variety of stimuli, including histamine, epinephrine, bradykinin, proteases and other agents associated with tissue injury and inflammation, can stimulate the release of eicosanoids, which have short half-lives and are rapidly degraded.  Aspirin acetylates endoperoxide synthase on its cyclooxygenase subunit, irreversibly inhibiting the synthesis of prostaglandins.

     Cholesterol biosynthesis begins with mevalonic acid, which is formed from acetyl-CoA by thiolase, HMG-CoA synthase and HMG-CoA reductase.  The HMG-CoA reductase reaction is the rate-limiting step in cholesterol biosynthesis.  Inhibition of this enzyme by lovastatin blocks cholesterol biosynthesis and can significantly lower serum cholesterol.  Mevalonate is converted to squalene via isopentenyl pyrophosphate and dimethylallyl pyrophosphate, which join to yield farnesyl pyrophosphate and then squalene.  Squalene is cyclized in two steps and converted to lanosterol.  The conversion of lanosterol to cholesterol requires another 20 steps.

     Lipids circulate in the body in lipoprotein complexes, including high density lipoproteins, low density lipoproteins, very low density lipoproteins and chylomicrons.  Lipoproteins consist of a core of mobile triacylglycerols and cholesterol esters, surrounded by a single layer of phospholipid, into which is inserted a mixture of cholesterol and proteins.  Lipoproteins are bound to lipoprotein receptors at target sites and progressively degraded in circulation by lipoprotein lipases.  Defects of lipoprotein metabolism can lead to elevated serum cholesterol.

     Steroids such as the bile acids and steroid hormones are synthesized from cholesterol via key intermediates such as pregnenolone and progesterone.  The male hormone testosterone is a precursor to the female hormones including estradiol.  Steroid hormones modulate transcription of DNA to RNA in the cell nucleus.  The corticosteroids, including glucocorticoids and mineralocorticoids, synthesized by the adrenal glands, are important physiological regulators.
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