Chapter 21      Lipid Biosynthesis

· Lipids are the principal form of stored energy in most organisms and major constituents of cellular membranes.
· Specialized lipids serve as 
· pigments (retinal, carotene), 
· cofactors (vitamin K), 
· detergents (bile salts), 
· transporters (dolichols), 
· hormones (vitamin D derivatives, sex hormones), 
· extracellular and intracellular messengers (eicosanoids, phosphatidylinositol derivatives), 
· anchors for membrane proteins (covalently attached fatty acids, prenyl groups, and phosphatidylinositol).

0. Biosynthesis of Fatty Acids
· Fatty acid biosynthesis and breakdown occur by different pathways, are catalyzed by different sets of enzymes, and take place in different parts of the cell.
· Biosynthesis requires the participation of a three-carbon intermediate, malonyl-CoA, that is not involved in fatty acid breakdown.
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Malonyl-CoA Is Formed from Acetyl-CoA and Bicarbonate
· The formation of malonyl-CoA from acetyl-CoA is an irreversible process, catalyzed by acetyl-CoA carboxylase (Fig. 21–1).
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Fatty Acid Synthesis Proceeds in a Repeating Reaction Sequence
· In all organisms, the long carbon chains of fatty acids are assembled in a repeating four-step sequence, catalyzed by a system collectively referred to as fatty acid synthase (Fig. 21–2).
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· A saturated acyl group produced by each four-step series of reactions becomes the substrate for subsequent condensation with an activated malonyl group.
· With each passage through the cycle, the fatty acyl chain is extended by two carbons.
· There are two major variants of fatty acid synthase: 
· Fatty acid synthase I (FAS I), found in vertebrates and fungi, 
· Fatty acid synthase II (FAS II), found in plants and bacteria.
· Seven active sites for different reactions lie in separate domains of a single polypeptide chain (Fig. 21–3a).
[image: ][image: ]

· -ketoacyl-ACP synthase (KS), 
· malonyl/acetyl-CoA–ACP transferase (MAT), 
· -hydroxyacyl-ACP dehydratase (DH), 
· enoyl-ACP reductase (ER), 
· -ketoacyl-ACP reductase (KR). 
· acyl carrier protein (ACP). 
· thioesterase (TE)  
· When the chain length reaches 16 carbons, that product (palmitate, 16:0) leaves the cycle (Fig. 21–4).
· The mammalian polypeptide functions as a homodimer.
· The subunits appear to function independently.
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Fatty Acid Synthase Receives the Acetyl and Malonyl Groups
· The acetyl group of acetyl-CoA is transferred to ACP by the malonyl /acetyl-CoA–ACP transferase (MAT). The acetyl group is then transferred to the Cys —SH group of the -ketoacyl-ACP synthase (KS) (Fig. 21–6).
· Transfer of the malonyl group from malonyl-CoA to the —SH group of ACP, is also catalyzed by MAT.
· Acetyl and malonyl groups are combined to form acetoacetyl-ACP by KS.
· The acetoacetyl-ACP undergoes reduction to form -hydroxybutyryl-ACP by -ketoacyl-ACP reductase (KR).
· Water is removed from -hydroxybutyryl-ACP to yield trans-2-butenoyl-ACP by -hydroxyacyl-ACP dehydratase (DH).
· Trans-2-butenoyl-ACP is reduced (saturated) to form butyryl-ACP by enoyl-ACP reductase (ER).
[image: ] [image: ]


The Fatty Acid Synthase Reactions Are Repeated to Form Palmitate
· The butyryl group is transferred from the —SH group of ACP to the —SH group of -ketoacyl-ACP synthase.
· To start the next cycle of four reactions that lengthens the chain by two more carbons, another malonyl group is linked to the —SH group of ACP by MAT (Fig. 21–7).
· After condensation, the product is a six-carbon acyl group.
· Seven cycles of condensation and reduction produce the 16-carbon saturated palmitoyl group, still bound to ACP.
· Free palmitate is released from the ACP by thioesterase (TE) in the multifunctional protein.
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· The overall reaction for the synthesis of palmitate from acetyl-CoA is in two parts. 
· The formation of seven malonyl-CoA molecules:
7 Acetyl-CoA + 7 CO2 + 7 ATPS  [image: ] 7 malonyl-CoA + 7 ADP + 7 Pi
· The seven cycles of condensation and reduction:
Acetyl-CoA + 7 malonyl-CoA + 14 NADPH +14 H+

palmitate + 7 CO2 + 8 CoA + 14 NADP+ + 6 H2O
· Only six net water molecules are produced, because one is used to hydrolyze the thioester linking the palmitate product.
· The overall process is
8 Acetyl-CoA + 7 ATP + 14 NADPH + 14 H+

palmitate + 8 CoA + 7 ADP + 7 Pi + 14 NADP+ + 6H2O

Acetate Is Shuttled out of Mitochondria as Citrate
· In nonphotosynthetic eukaryotes, nearly all the acetyl-CoA used in fatty acid synthesis is formed in mitochondria from pyruvate oxidation and from the catabolism of the carbon skeletons of amino acids.
· Acetyl-CoA is generated in the mitochondria and must be transported to the cytosol.
· Mitochondrial acetyl-CoA first reacts with oxaloacetate to form citrate, in the citric acid cycle reaction catalyzed by citrate synthase (Fig. 21–10).
· Citrate then passes through the inner membrane on the citrate transporter.
· In the cytosol, citrate cleavage by citrate lyase regenerates acetyl-CoA and oxaloacetate.
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Fatty Acid Biosynthesis Is Tightly Regulated
· The reaction catalyzed by acetyl-CoA carboxylase is the rate-limiting step in the biosynthesis of fatty acids, and this enzyme is an important site of regulation.
· In vertebrates,
· Palmitoyl-CoA, glucagon and epinephrine are  inhibitor 
· Citrate is activator (Fig. 21–11a).
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Long-Chain Saturated Fatty Acids Are Synthesized from Palmitate
· Palmitate (16:0) is the precursor of other long-chain fatty acids (Fig. 21–12).
· Palmitoleate (16:1), stearate (18:0), oleate (18:1), linoleate (18:2) are synthesized from palmitate.
· Mammals cannot make linoleate and must obtain it from plant sources.
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0. Biosynthesis of Triacylglycerols
· Most of the fatty acids have one of two fates:
· incorporation into triacylglycerols for the storage of metabolic energy 
· incorporation into the phospholipid components of membranes.
· Both pathways begin at the same point: the formation of fatty acyl esters of glycerol.

Triacylglycerols and Glycerophospholipids Are Synthesized from the Same Precursors
· Animals can synthesize and store large quantities of triacylglycerols, to be used later as fuel.
· Humans can store only a few hundred grams of glycogen in liver and muscle (230 g), barely enough to supply the body’s energy needs for 12 hours.
· In contrast, the total amount of stored triacylglycerol in a 70-kg man of average build is about 15 kg, enough to support basal energy needs for as long as 12 weeks.
· Triacylglycerols have the highest energy content of all stored nutrients.
· The excess of carbohydrate is converted to triacylglycerols and stored in adipose tissue.
· Glycerol 3-phosphate is derived from the dihydroxyacetone phosphate by the glycerol 3-phosphate dehydrogenase; a small amount of glycerol 3-phosphate is also formed from glycerol by the glycerol kinase (Fig. 21–17).
· Fatty acyl–CoAs are formed from fatty acids by acyl-CoA synthetases.
· The first stage in the biosynthesis of triacylglycerols is the acylation of the two free hydroxyl groups of glycerol 3-phosphate by two molecules of fatty acyl–CoA to yield diacylglycerol 3-phosphate, more commonly called phosphatidic acid.
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· Phosphatidic acid can be converted either to a triacylglycerol or to a glycerophospholipid (Fig. 21–18).
· In the pathway to triacylglycerols, phosphatidic acid is hydrolyzed by phosphatidic acid phosphatase to form a 1,2-diacylglycerol. 
· Diacylglycerols are then converted to triacylglycerols by transesterification with a third fatty acyl–CoA.
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0. Cholesterols Biosynthesis
· The structure of the 27-carbon cholesterol is formed from acetyl-CoA in a complex series of reactions,
· Bile acids and steroid hormones are derived from cholesterol.

Cholesterol Is Made from Acetyl-CoA in Four Stages
1. Condensation of three acetate units (3 acetyl-CoA) to form a six-carbon intermediate, mevalonate (Fig. 21–33 and 34).
2. Conversion of mevalonate to activated isoprene units
3. Polymerization of six 5-carbon isoprene units to form the 30-carbon linear squalene
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4. Cyclization of squalene to form the four rings of the steroid nucleus, with a further series of changes (oxidations, removal or migration of methyl groups) to produce cholesterol.
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FIGURE 21-2 Addition of two carbons to a growing fatty acyl chain: a
four-step sequence. Each malonyl group and acetyl (or longer acyl) group is
activated by a thioester that links it to fatty acid synthase, a multienzyme
system described below in the text. €) Condensation of an activated acyl group
(an acetyl group from acetyl-CoA is the first acyl group) and two carbons
derived from malonyl-CoA. with elimination of CO, from the malonyl group.
extends the acyl chain by two carbons. The mechanism of the first step of this
reaction is given to illustrate the role of decarboxylation in facilitating
condensation. The f-keto product of the condensation is then reduced in three
‘more steps nearly identical to the reactions of / oxidation, but in the reverse
sequence: @) the f-keto group is reduced to an alcohol. €) elimination of H,0
creates a double bond, and @ the double bond is reduced to form the
corresponding saturated fatty acyl group.
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FIGURE 21-3 The structure of fatty acid synthase type I systems.
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FIGURE 214 The overall process of palmitate synthesis. The faty acy!
chain grows by two-carbon units donated by activated malonate, with
loss of CO; at cach step. The inital acetyl group is shaded yellow, C-1
and C-2 of malonate are shaded pink, and the carbon released as CO,
is shaded green. After each two-carbon addition, reductions convert
the growing chain to a saturated fatty acid of four, then si, then eight
carbons, and so on. The final product is palmitate (16:0).
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FIGURE21-6 Sequence of events during synthesis of a fatty acid. The.
‘mammalian FAS | complex is shown schematically, with catalytic do-
‘mains colored as in Figure 21-3. Each domain of the larger polypep-
tide represents one of the six enzymatic activities of the complex,
amanged in a large, tight *S” shape. The acyl carrier protein (ACP) is not
resolved i the crystal structure shown in figure 21-3, but s attached
tothe KS domain. The phosphopantetheine am of ACP ends in an —SH.
After the firt panel, the enzyme shown in color i the one that will act
in the next step. As n Figure 214, the inital acetyl group is shaded yel-
low, C-1 and C-2 of malonate are shaded pink, and the carbon released
a5 CO i shaded green. Steps (1) to (@) are described in the text.
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FIGURE 21-7 Beginning of the second round of the fatty acid synthesis
cycle. The butyryl group is on the Cys —SH group. The incoming malonyl
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group is first attached to the phosphopantetheine —SH group. Then. in the
condensation step. the entire butyryl group on the Cys —SH is exchanged for
the carboxyl group of the malonyl residue, which is lost as CO (green). This
step is analogous to step @) in Figure 21-6. The product, a six-carbon f-
ketoacyl group. now contains four carbons derived from malonyl-CoA and two
derived from the acetyl-CoA that started the reaction. The f-ketoacyl group
then undergoes steps € through @ in Figure 21-6.
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FIGURE 21-10 Shuttle for transfer of acetyl groups from mitochondria to
the cytosol. The outer mitochondrial membrane is freely permeable to all these
compounds. Pyruvate derived from amino acid catabolism in the mitochondrial
matrix, or from glucose by glycolysis in the cytosol. is converted to acetyl-CoA
in the matrix. Acetyl groups pass out of the mitochondrion as citrate: in the
cytosol they are delivered as acetyl-CoA for fatty acid synthesis. Oxaloacetate
is reduced to malate, which can be retumed to the mitochondrial matrix and
converted to oxaloacetate. The major fate for cytosolic malate, however, is
oxidation by malic enzyme to generate cytosolic NADPH; the pyruvate
produced refurns to the mitochondrial matrix.
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FIGURE 21-11 Regulation of fatty acid synthesis. () In the cells of
vertebrates, both allosteric regulation and hormone-dependent cova-
lent modification influence the flow of precursors into malonyl-CoA.
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FIGURE 21-12 Routes of synthesis of unsaturated fatty acids and their
derivatives. Palmitate is the precursor of stearate and longer-chain saturated
fatty acids. as well as the monounsaturated acids palmitoleate and oleate.
Mammals cannot convert oleate to linoleate or a-linolenate (shaded light red).
which are therefore required in the diet as essential fatty acids. Conversion of
linoleate to other polyunsaturated fatty acids and cicosanoids is outlined.
Unsaturated fatty acids are symbolized by indicating the number of carbons and
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the number and position of double bonds, as in Table 10-1. Linoleate and a-
linolenate are important omega-6 and omega-3 fatty acids, respectively; they
are also precursors for a wide range of unsaturated fatty acids that act as
signaling molecules.
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FIGURE 21-17 Biosynthesis of phosphatidic acid. A fatty acyl group is
activated by formation of the fatty acyl-CoA. then transferred to ester linkage
with L-glycerol 3-phosphate. formed in either of the two ways shown.
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FIGURE 21-18 Phosphatidic acid in lipid biosynthesis. Phosphatidic acid is
the precursor of both triacylglycerols and  glycerophospholipids.
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v of cholesterol biosynthesis.
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FIGURE 21-34 Formation of mevalonate from acetyl
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FIGURE 21-1 The acetyl-CoA carboxylase reaction. Acetyl-CoA
carboxylase has three functional regions: biotin carrier protein (gray): biotin
carboxylase, which activates CO, by attaching it to a nitrogen in the biotin ring
in an ATP-dependent reaction (see Fig. 16-17); and transcarboxylase. which
transfers activated CO, (shaded green) from biofin to acetyl-CoA. producing
malonyl-CoA. Part of the biotin carrier protein and the long, flexible biotin arm
rotate to carry the activated CO, from the biotin carboxylase active site to the
transcarboxylase active site. The active enzyme in each step is shaded in blue.




