
LIPID BIOSYNTHESIS



Lipid 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).



1. Biosynthesis of Fatty Acids 

and Eicosanoids



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.

Malonyl-CoA



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.

The enzyme contains a biotin prosthetic group covalently 
bound in amide linkage to the -amino group of a Lys 
residue.

The carboxyl group, derived from bicarbonate (HCO3), is 
first transferred to biotin in an ATP-dependent reaction. 

The biotinyl group serves as a temporary carrier of CO2, 
transferring it to acetyl-CoA in the second step to yield 
malonyl-CoA.

−



The acetyl-CoA carboxylase reaction

Acetyl-CoA carboxylase has three functional 
regions: biotin carrier protein (gray).

Biotin carboxylase, which activates CO2 by 
attaching it to a nitrogen in the biotin ring in 
an ATP-dependent reaction

Transcarboxylase, which transfers activated 
CO2 (shaded green) from biotin to acetyl-
CoA, producing malonyl-CoA. 

The long, flexible biotin arm carries the 
activated CO2 from the biotin carboxylase
region to the transcarboxylase active site.

The active enzyme in each step is shaded 
blue.



Fatty acid synthesis proceeds in a repeating reaction 
sequence

The long carbon chains of fatty acids are assembled in a 
repeating four-step sequence. 

A saturated acyl group produced by this set 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.

When the chain length reaches 16 carbons, the product 
(palmitate) leaves the cycle. 

Carbons C-16 and C-15 of the palmitate are derived from the 
methyl and carboxyl carbon atoms, respectively, of an 
acetyl-CoA used directly to prime the system at the outset.



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 complex.

(1) Condensation of an acti-
vated acyl group (an acetyl 
group from acetyl-CoA is 
the first acyl group) and 
two carbons derived from 
malonyl-CoA, with elimi-
nation of CO2 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 faci-
litating condensation.



Addition of two carbons to a growing fatty acyl
chain: a four-step sequence

The -keto product of this 
condensation is then 
reduced in three more 
steps nearly identical to 
the reactions of oxi-
dation, but in the 
reverse sequence: 

(2) the -keto group is 
reduced to an alcohol, 

(3) elimination of H2O 
creates a double bond, 
and 

(4) the double bond is 
reduced to form the 
corresponding saturated 
fatty acyl group.



The rest of the carbon atoms in the chain are derived from 
acetyl-CoA via malonyl-CoA.

In  oxidation, NAD+ and FAD serve as electron 
acceptors,

and the activating group is the thiol (−SH) group of 
coenzyme A. 

By contrast, the reducing agent in the synthetic sequence is 
NADPH and the activating groups are two different 
enzyme-bound −SH groups.

All the reactions in the synthetic process are catalyzed by a 
multienzyme complex, fatty acid synthase.



The fatty acyl chain grows by two-carbon units donated 
by activated malonate, with loss of CO2 at each step.

The initial acetyl group is shaded yellow, C-1 and C-2 of 
malonate are shaded pink, and the carbon released as 
CO2 is shaded green. 

After each two-carbon addition, reductions convert the 
growing chain to a saturated fatty acid of four, then six, 
then eight carbons, and so on. 

The final product is palmitate (16:0).

The overall process of palmitate synthesis



The fatty acid synthase complex has seven different 
active sites

The fatty acid synthase system consists of seven separate 
polypeptides, and at least three others act at some stage 
of the process.

The proteins act together to catalyze the formation of fatty 
acids from acetyl-CoA and malonyl-CoA. 

Throughout the process, the intermediates remain 
covalently attached as thioesters to one of two thiol
groups of the synthase complex. 

One point of attachment is the −SH group of a Cys residue 
in one of the seven synthase proteins (-ketoacyl-ACP
synthase); the other is the −SH group of acyl carrier 
protein.



Acyl carrier protein (ACP) is a small protein containing 
the prosthetic group 4’-phosphopantetheine compare 
this with the panthothenic acid and -mercapto-
ethylamine moiety of coenzyme A.

Hydrolysis of thioesters is highly exergonic, and the 
energy released helps to make two different steps in fatty 
acid synthesis (condensation) thermodynamically 
favourable. 

The 4’-phosphopantetheine prosthetic group of ACP is 
believed to serve as a flexible arm.



Acyl carrier protein (ACP) 

The prosthetic group is 4’-
phosphopantetheine, which is 
covalently attached to the 
hydroxyl group of a Ser residue 
in ACP. 

Phosphopantetheine contains the 
B vitamin pantothenic acid, also 
found in the coenzyme A 
molecule. 

Its −SH group is the site of entry 
of malonyl groups during fatty 
acid synthesis.



Fatty acid synthase receives the acetyl and malonyl groups

First, the acetyl group of acetyl-CoA is transferred to the Cys −SH 
group of the -ketoacyl-ACP synthase. 

This reaction is catalyzed by acetyl-CoA–ACP transacetylase.

The second reaction, transfer of the malonyl group from malonyl-
CoA to the −SH group of ACP, is catalyzed by malonyl-CoA–
ACP transferase. In the charged synthase complex, the acethyl
and malonyl groups are very close to each other and are activated 
for the chain-lengthening process.



Step 1 Condensation
The first reaction is condensation of the activated acetyl and 

malonyl groups to form acetoacetyl-ACP, an acetoacetyl group 
bound to ACP through the phosphopantetheine −SH group; 
simultaneously, a molecule of CO2 is produced. 

In this reaction, catalyzed by -ketoacyl-ACP synthase (KS), the 
acetyl group is transferred from the Cys −SH group of the 
enzyme to the malonyl group on the −SH of ACP, becoming the 
methyl-terminal two-carbon unit of the new acetoacetyl group.

The carbon atom of the CO2 formed in this reaction is the same 
carbon originally introduced into malonyl-CoA from HCO3 by 
the acetyl-CoA carboxylase reaction.

CO2 is only transiently in covalent linkage during fatty acid 
biosynthesis; it is removed as each two-carbon unit is added.

–



Step 2 Reduction of the Carbonyl Group

The acetoacetyl-ACP formed in the condensation step now 
undergoes reduction of the carbonyl group at C-3 to form 
D-β-hydroxybutyryl-ACP. 

This reaction is catalyzed by -ketoacyl-ACP reductase
(KR) and the electron donor is NADPH. 

The D-β-hydroxybutyryl group does not have the same 
stereoisomeric form as the L-β-hydroxyacyl intermediate 
in fatty acid oxidation.



Step 3 Dehydration 

The elements of water are now removed from C-2 and C-3 of 
D-β-hydroxybutyryl-ACP to yield a double bond in the 
product, trans-Δ2- butenoyl-ACP. 

The enzyme that catalyzes this dehydration is -hydroxyacyl-
ACP dehydratase (HD).

Step 4 Reduction of the Double Bond 

Finally, the double bond of trans-Δ2-butenoyl-ACP is reduced 
(saturated) to form butyryl-ACP by the action of enoyl-
ACP reductase (ER); again, NADPH is the electron donor.



The fatty acid synthase reactions are repeated to form 
palmitate

Production of the four-carbon, saturated fatty acyl–ACP 
completes one pass through the fatty acid synthase
complex. 

The butyryl group is now transferred from the 
phosphopantetheine −SH group of ACP to the Cys −SH 
group of -ketoacyl-ACP synthase, which initially bore 
the acetyl group. 

To start the next cycle of four reactions that lengthens the 
chain by two more carbons, another malonyl group is 
linked to the now unoccupied phosphopantetheine −SH 
group of ACP.



Condensation occurs as the butyryl group, acting like the 
acetyl group in the first cycle, is linked to two carbons of 
the malonyl-ACP group with concurrent loss of CO2.

The product of this condensation is a sixcarbon acyl group, 
covalently bound to the phosphopantetheine −SH group. 

Its -keto group is reduced in the next three steps of the 
synthase cycle to yield the saturated acyl group, exactly 
as in the first round of reactions − in this case forming 
the six-carbon product.

Seven cycles of condensation and reduction produce the 
16-carbon saturated palmitoyl group, still bound to ACP.



Chain elongation by the synthase complex generally stops 
at this point, and free palmitate is released from the ACP 
by a hydrolytic activity in the complex. 

Small amounts of longer fatty acids such as stearate (18:0) 
are also formed. 

In certain plants (coconut and palm, for example) chain 
termination occurs earlier; up to 90% of the fatty acids in 
the oils of these plants are between 8 and 14 carbons 
long.



We can consider the overall reaction for the synthesis of 
palmitate from acetyl-CoA in two parts. 

First, the formation of seven malonyl-CoA molecules:

7 Ac-CoA + 7 CO2 + 7 ATP  
7 malonyl-CoA + 7 ADP + 7 Pi

then seven cycles of condensation and reduction:

Ac-CoA + 7 malonyl-CoA + 14 NADPH + 14 H+

palmitate + 7 CO2 + 8 CoA + 14 NADP+ + 6 H2O



The overall process is:

8 Ac-CoA + 7 ATP + 14 NADPH + 14 H+

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

The biosynthesis of fatty acids such as palmitate thus 
requires acetyl-CoA and the input of chemical energy in 
two forms.

The ATP is required to attach CO2 to acetyl-CoA to make 
malonyl-CoA; the NADPH is required to reduce the 
double bonds.



The fatty acid synthase of some organisms consists of 
multifunctional proteins

In E. coli and some plants, the seven active sites for fatty 
acid synthesis (six enzymes and ACP) reside in seven 
separate polypeptides.

The fatty acid synthases of yeast and of vertebrates are 
multienzyme complexes, and their integration is more 
complete. 

In yeast, the seven distinct active sites reside in two large, 
multifunctional polypeptides, with three activities on the 
subunit and four on the  subunit. 

In vertebrates, a single large polypeptide contains all seven 
enzymatic activities as well as a hydrolytic activity that 
cleaves the finished fatty acid from the ACP-like part of 
the enzyme complex.



Bacteria, Plants
Seven activities in 

seven separate 
polypeptides

Yeast
Seven activities in 

two separate 
polypeptides

Vertebrates
Seven activities in 

one large 
polypeptide

Structure of fatty acid 
synthases

The fatty acid synthase of 
bacteria and plants is a 
complex  of at least seven 
different polypeptides. 

In yeast, all seven activities 
reside in only two 
polypeptides; the vertebra-
te enzyme is a single large 
polypeptide.



Fatty acid synthesis occurs in the cytosol of many 
organisms but in the chloroplasts of plants

In most higher eukaryotes, the fatty acid synthase complex is 
found exclusively in the cytosol, as are the biosynthetic 
enzymes for nucleotides, amino acids, and glucose.

In the photosynthetic cells of plants, fatty acid synthesis 
occurs not in the cytosol but in the chloroplast stroma.

NADPH is produced in chloroplasts by the light reactions of 
photosynthesis:

H2O + NADP+ ½ O2 + NADPH + H+

The resulting high [NADPH]/[NADP+] ratio provides the 
reducing environment that favours reductive anabolic 
processes such as fatty acid synthesis.

light



Yeast and vertebrate cells differ from higher plant cells in the compartmentation of 
lipid metabolism. 

Fatty acid synthesis takes place in the compartment in which NADPH is available 
for reductive synthesis (where the [NADPH]/[NADP+] ratio is high).

Subcellular localization 
of lipid metabolism



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 arising from the oxidation of fatty acids is not 
a significant source of acetyl-CoA for fatty acid 
biosynthesis in animals, because the two pathways are 
reciprocally regulated.

The mitochondrial inner membrane is impermeable to 
acetyl-CoA, so an indirect shuttle transfers acetyl group 
equivalents across the inner membrane.



Intramitochondrial acetyl-CoA first reacts with oxaloacetate to 
form citrate, in the citric acid cycle reaction catalyzed by 
citrate synthase.

Citrate then passes through the inner membrane on the citrate 
transporter.

In the cytosol, citrate cleavage by cytrate lyase regenerates 
acetyl-CoA in an ATP-dependent reaction.

Oxaloacetate cannot return to the mitochondrial matrix 
directly, as there is no oxaloacetate transporter.

Instead, cytosolic malate dehidrogenase reduces the 
oxaloacetate to malate, which returns to the mitochondrial 
matrix on the malate–-ketoglutarate transporter in 
exchange for citrate.

In the matrix, malate is reoxidized to oxaloacetate to complete 
the shuttle.



Shuttle for transfer of acetyl groups from 
mitochondria to the cytosol The mitochondrial outer 

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 returns to the 
mitochondrial matrix and is 
converted to oxaloacetate.



Fatty acid biosynthesis is tightly regulated

When a cell has more than enough metabolic fuel to meet 
its energy needs, the excess is generally converted to 
fatty acids and stored as lipids such as triacylglycerols. 

The reaction catalyzed by acetyl-CoA carboxylase is the 
rate-limiting step in the biosynthesis of fatty acids.

In vertebrates, palmitoyl-CoA, is a feedback inhibitor of 
the enzyme; citrate is an allosteric activator, increasing 
Vmax. 



Citrate plays a central role in diverting cellular metabolism 
from the consumption of metabolic fuel to the storage of 
fuel as fatty acids. 

When the concentrations of mitochondrial acetyl-CoA and 
ATP increase, citrate is transported out of mitochondria.

Citrate inhibits the activity of phosphofructokinase-1, 
reducing the flow of carbon through glycolysis.



Long-chain saturated fatty acids are synthesized from 
palmitate

Palmitate is the precursor of other long-chain fatty acids.

It may be lengthened to form stearate (18:0) or even longer 
saturated fatty acids by further additions of acetyl groups, 
through the action of fatty acid elongation systems 
present in the smooth endoplasmic reticulum and in 
mitochondria.

The elongation system of the ER extends the 16-carbon chain 
of palmitoyl-CoA by two carbons, forming stearoyl-CoA.

The mechanism of elongation in the ER is identical to that in 
palmitate synthesis: donation of two carbons by malonyl-
CoA, followed by reduction, dehydration, and reduction to 
the saturated 18-carbon product, stearoyl-CoA.



Routes of synthesis of other fatty 
acids

Palmitate is the precursor of stearate
and longer-chain saturated fatty 
acids, as well as the mono-
unsaturated acids palmitoleate and 
oleate. 

Mammals cannot convert oleate to 
linoleate or -linolenate (shaded 
pink), which are therefore required 
in the diet as essential fatty acids. 

Conversion of linoleate to other 
polyunsaturated fatty acids and 
eicosanoids is outlined.



Desaturation of fatty acids requires a mixed-function 
oxidase

Palmitate and stearate serve as precursors of the two most 
common monounsaturated fatty acids of animal tissues: 
palmitoleate, 16:1(Δ9), and oleate, 18:1(Δ9).

Both of these fatty acids have a single cis double bond 
between C-9 and C-10. 

The double bond is introduced into the fatty acid chain by 
an oxidative reaction catalyzed by fatty acyl–CoA
desaturase, a mixed-function oxidase.

Two different substrates, the fatty acid and NADH or 
NADPH, simultaneously undergo two-electron 
oxidations.



Electron transfer in the desaturation of fatty acids in 
vertebrates

Blue arrows show the path of electrons as two substrates − a 
fatty acyl-CoA and NADPH − undergo oxidation by 
molecular oxygen. 

These reactions take place on the lumenal face of the smooth 
ER. 



The path of electron flow includes a cytochrome and a 
flavoprotein, both of which, like fatty acyl–CoA
desaturase, are in the smooth ER.

Mammalian hepatocytes can readily introduce double 
bonds at the Δ9 position of fatty acids but cannot 
introduce additional double bonds between C-10 and the 
methyl-terminal end. 

Mammals cannot synthesize linoleate, 18:2(Δ9,12), or -
linolenate, 18:3(Δ9,12,15).

Plants, can synthesize both; the desaturases that introduce 
double bonds at the Δ12 and Δ15 positions are located in 
the ER and the chloroplast.



Action of plant desaturases

Desaturases in plants oxidize 
phosphatidylcholine-bound oleate
to polyunsaturated fatty acids.

Some of the products are released 
from the phosphatidylcholine by 
hydrolysis.



Because they are necessary precursors for the synthesis of 
other products, linoleate and linolenate are essential 
fatty acids for mammals; they must be obtained from 
dietary plant material.

Arachidonate, 20:4(Δ5,8,11,14), is an essential precursor of 
regulatory lipids, the eicosanoids. 

The 20-carbon fatty acids are synthesized from linoleate
(and linolenate) by fatty acid elongation reactions.



Eicosanoids are formed from 20-carbon polyunsaturated 
fatty acids

Eicosanoids are a family of very potent biological signalling 
molecules that act as short-range messengers.

Phospholipase A2, present in most types of mammalian cells, 
attacks membrane phospholipids, releasing arachidonate from 
the middle carbon of glycerol. 

Enzymes of the smooth ER then convert arachidonate to 
prostaglandins, beginning with the formation of prostaglandin 
H2 (PGH2), the immediate precursor of many other 
prostaglandins and of thromboxanes.

The two reactions are catalyzed by a bifunctional enzyme, 
cyclooxygenase (COX), also called prostaglandin H2
synthase.

Thromboxane synthase, converts PGH2 to thromboxane A2, 
from which other thromboxanes are derived.



Summary for „ Biosynthesis of Fatty Acids and 
Eicosanoids” I.

• Long-chain saturated fatty acids are synthesized from 
acetyl-CoA by a cytosolic complex of six enzyme 
activities plus acyl carrier protein. The fatty acid 
synthase complex, which in some organisms consists 
of multifunctional polypeptides, contains two types of 
−SH groups (one furnished by the phosphopantetheine
of ACP, the other by a Cys residue of β-ketoacyl-ACP
synthase) that function as carriers of the fatty acyl
intermediates.



• Malonyl-ACP, formed from acetyl-CoA (shuttled out of 
mitochondria) and CO2, condenses with an acetyl bound 
to the Cys−SH to yield acetoacetyl-ACP, with release of 
CO2. This is followed by reduction to the D-β-hydroxy
derivative, dehydration to the trans-Δ2- unsaturated acyl-
ACP, and reduction to butyryl-ACP. NADPH is the 
electron donor for both reductions. Fatty acid synthesis is 
regulated at the level of malonyl-CoA formation.

• Six more molecules of malonyl-ACP react successively at 
the carboxyl end of the growing fatty acid chain to form 
palmitoyl-ACP − the end product of the fatty acid 
synthase reaction. Free palmitate is released by 
hydrolysis.

Summary for „ Biosynthesis of Fatty Acids and 
Eicosanoids” II.



• Palmitate may be elongated to the 18-carbon stearate. 
Palmitate and stearate can be desaturated to yield 
palmitoleate and oleate, respectively, by the action of 
mixed-function oxidases.

• Mammals cannot make linoleate and must obtain it from 
plant sources; they convert exogenous linoleate to 
arachidonate, the parent compound of eicosanoids
(prostaglandins, thromboxanes, and leukotrienes), a 
family of very potent signalling molecules.

Summary for „ Biosynthesis of Fatty Acids and 
Eicosanoids” III.



2. Biosynthessis of 

Triacylgycerols



Fatty acids have one of two fates: incorporation into 
triacylglycerols for the storage of metabolic energy or 
incorporation into the phospholipid components of 
membranes.

During rapid growth, synthesis of new membranes requires 
the production of membrane phospholipids.

When an organism has a plentiful food supply but is not 
actively growing, it shunts most of its fatty acids into 
storage fats.



Triacylglycerols and glycerophospholipids are 
synthesized from the same precursors

Humans can store only a few hundred grams of glycogen 
in liver and muscle, 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 − more than 38 kJ/g. 

Whenever carbohydrate is ingested in excess of the 
organism’s capacity to store glycogen, the excess is 
converted to triacylglycerols and stored in adipose tissue.



In animal tissues, triacylglycerols and glycerophospholipids
such as phosphatidylethanolamine share two precursors 
(fatty acyl–CoA and L-glycerol 3-phosphate) and several 
biosynthetic steps. 

The vast majority of the glycerol 3-phosphate is derived from 
the glycolytic intermediate dihydroxyacetone phosphate by 
the action of glycerol 3-phosphate dehydrogenase.

In liver and kidney, a small amount of glycerol 3-phosphate 
is also formed from glycerol by the action of glycerol 
kinase.

The other precursors of triacylglycerols are fatty acyl-CoAs, 
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 L-glycerol 3-
phosphate by two molecules of fatty acyl-CoA to yield 
diacylglycerol 3-phosphate, more commonly called 
phosphatidic acid or phosphatidate.

Phosphatidic acid is present in only trace amounts in cells but 
is a central intermediate in lipid biosynthesis.

It can be converted either to a triacylglycerol or to a 
glycerophospholipid. 

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.



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. 

Phosphatidic acid is shown here with the 
correct stereochemistry at C-2 of the 
glycerol molecule.



Phosphatidic acid in lipid 
biosynthesis

Phosphatidic acid is the pre-
cursor of both triacylglycerols
and glycerophospholipids.



Triacylglycerol biosynthesis in animals is regulated by 
hormones

Carbohydrate, fat, or protein consumed in excess of energy 
needs, is stored in the form of triacylglycerols that can be 
drawn upon for energy, enabling the body to withstand 
periods of fasting.

The rate of triacylglycerol biosynthesis is profoundly altered 
by the action of several hormones.

Insulin, for example, promotes the conversion of 
carbohydrate to triacylglycerols.

An additional factor in the balance between biosynthesis and 
degradation of triacylglycerols is, that approximately 75% 
of all fatty acids released by lipolysis are reesterified to 
form triacylglycerols rather than used for fuel.



Insulin stimulates conver-
sion of dietary carbohyd-
rates and proteins to fat. 

Individuals with diabetes 
mellitus lack insulin.

In uncontrolled disease, 
this results in diminished 
fatty acid synthesis, and 
the acetyl-CoA arising 
from catabolism of 
carbohydrates, and pro-
teins is shunted instead 
to ketone body produc-
tion.

Regulation of triacylglycerol
synthesis by insulin



In mammals, triacylglycerol molecules are broken down and resynthesized in a 
triacylglycerol cycle during starvation. 

Some of the fatty acids released by lipolysis of triacylglycerol in adipose tissue pass 
into the bloodstream, and the remainder are used for resynthesis of triacylglycerol. 

Some of the fatty acids released into the blood are used for energy (in muscle, for 
example), and some are taken up by the liver and used in triacylglycerol synthesis. 

The triacylglycerol formed in the liver is transported in the blood back to adipose
tissue, where the fatty acid is released by extracellular lipoprotein lipase, taken up 
by adipocytes, and reesterified into triacylglycerol.

The triacylglycerol
cycle



When the mobilization of fatty acids is required to meet 
energy needs, release from adipose tissue is stimulated 
by the hormones glucagon and epinephrine. 

These hormonal signals decrease the rate of glycolysis and 
increase the rate of gluconeogenesis in the liver.

The released fatty acid is taken up by a number of tissues, 
including muscle, where it is oxidized to provide energy.



Adipose tissue generates glycerol 3-phosphate by 
glyceroneogenesis

Glyceroneogenesis is a shortened version of 
gluconeogenesis, from pyruvate to DHAP, followed by 
conversion of the DHAP to glycerol 3-phosphate by 
cytosolic glycerol 3-phosphate dehydrogenase.

Glycerol 3-phosphate is subsequently used in triacyl-
glycerol synthesis.



Glyceroneogenesis

The pathway is essentially an 
abbreviated version of gluco-
neogenesis, from pyruvate to 
dihydroxyacetone phosphate 
(DHAP), followed by conver-
sion of DHAP to glycerol 3-
phosphate, which is used for 
the synthesis of triacylglycerol.



Summary for „Biosynthesis of Triacyglycerols”
• Triacylglycerols are formed by reaction of two molecules of 

fatty acyl-CoA with glycerol 3-phosphate to form 
phosphatidic acid; this product is dephosphorylated to a 
diacylglycerol, then acylated by a third molecule of fatty 
acyl-CoA to yield a triacylglycerol.

• The synthesis and degradation of triacylglycerol are 
hormonally regulated.

• Mobilization and recycling of triacylglycerol molecules 
results in a triacylglycerol cycle. Triacylglycerols are 
resynthesized from free fatty acids and glycerol 3-
phosphate even during starvation. The dihydroxyacetone
phosphate precursor of glycerol 3-phosphate is derived 
from pyruvate via glyceroneogenesis.



3. Biosynthesis of Membrane 

Phospholipids



The assembly of phospholipids from simple precursors 
requires 

1. Synthesis of the backbone molecule (glycerol or 
sphingosine).

2. Attachment of fatty acid(s) to the backbone through an 
ester or amide linkage.

3. Addition of a hydrophilic head group to the backbone 
through a phosphodiester linkage; and, in some cases.

4. Alteration or exchange of the head group to yield the final 
phospholipid product.



Cells have two strategies for attaching phospholipid
head groups

The first steps: two fatty acyl groups are esterified to C-1 
and C-2 of L-glycerol 3-phosphate to form phosphatidic
acid.

The fatty acid at C-1 is saturated and that at C-2 is 
unsaturated. 

A second route to phosphatidic acid is the phosphorylation
of a diacylglycerol by a specific kinase.

The polar head group of glycerophospholipids is attached 
through a phosphodiester bond, in which each of two 
alcohol hydroxyls (one on the polar head group and one 
on C-3 of glycerol) forms an ester with phosphoric acid.



In the biosynthetic process, one of the hydroxyls is first 
activated by attachment of a nucleotide, cytidine
diphosphate (CDP). 

Cytidine monophosphate (CMP) is then displaced in a 
nucleophilic attack by the other hydroxyl. 

The CDP is attached either to the diacylglycerol, forming 
the activated phosphatidic acid CDP-diacylglycerol
(strategy 1), or to the hydroxyl of the head group 
(strategy 2). 

Eukaryotic cells employ both strategies.



Head-group attachment

The phospholipid head 
group is attached to a 
diacylglycerol by a phos-
phodiester bond, formed 
when phosphoric acid 
condenses with two 
alcohols, eliminating two 
molecules of H2O.



In both cases, CDP supplies the phosphate group of the phosphodiester bond.

Two general strategies 
for forming the 

phosphodiester bond of 
phospholipids



Phospholipid synthesis in E. coli employs CDP-
diacylglycerol

The diacylglycerol is activated by condensation of 
phosphatidic acid with cytidine triphosphate (CTP) to 
form CDP-diacylglycerol, with the elimination of 
pyrophosphate.

Displacement of CMP through nucleophilic attack by the 
hydroxyl group of serine or by the C-1 hydroxyl of 
glycerol 3-phosphate yields phosphatidylserine or 
phosphatidylglycerol 3-phosphate. 

The latter is processed further by cleavage of the phosphate 
monoester (with release of Pi) to yield phosphatidyl-
glycerol.



Phosphatidylserine and phosphatidylglycerol can serve as 
precursors of other membrane lipids.

Decarboxylation of the serine moiety in phosphatidyl-
serine, catalyzed by phosphatidylserine decarboxylase, 
yields phosphatidylethanolamine. 

In E. coli, condensation of two molecules of phosphatidyl-
glycerol, with elimination of one glycerol, yields 
cardiolipin, in which two diacylglycerols are joined 
through a common head group.



Origin of the polar head groups 
of phospholipids

Initially, a head group (either 
serine or glycerol 3-phosphate) is 
attached via a CDP-diacy-
lglycerol intermediate.

For phospholipids other than 
phosphatidylserine, the head 
group is further modified, as 
shown here.

In the enzyme names, PG 
represents phosphatidylglycerol; 
PS, phosphatidylserine.



Eukaryotes synthesize anionic phospholipids from 
CDP-diacylglycerol

In eukaryotes, phosphatidylglycerol, cardiolipin, and the 
phosphatidylinositols are synthesized by the same 
strategy used for phospholipid synthesis in bacteria. 

Phosphatidylglycerol is made exactly as in bacteria. 

Cardiolipin synthesis in eukaryotes differs slightly: 
phosphatidylglycerol condenses with CDP-diacyl-
glycerol, not another molecule of phosphatidylglycerol.

Phosphatidylinositol is synthesized by condensation of 
CDP-diacylglycerol with inositol.



Synthesis of cardiolipin and phosphatidylinositol in eukaryotes



Phosphatidylinositol is synthesized by condensation of 
CDP-diacylglycerol with inositol.

Specific phosphatidylinositol kinases then convert 
phosphatidylinositol to its phosphorylated derivatives.

Phosphatidylinositol and its phosphorylated products in the 
plasma membrane play a central role in signal 
transduction in eukaryotes.



Plasmalogen synthesis requires formation of an ether-
linked fatty alcohol

The biosynthetic pathway to ether lipids, including 
plasmalogens, involves the displacement of an esterified
fatty acyl group by a long-chain alcohol to form the ether 
linkage.

Head-group attachment follows, by mechanisms 
essentially like those used in formation of the common 
ester-linked phospholipids. 

Finally, the characteristic double bond of plasmalogens is 
introduced by the action of a mixed-function oxidase
similar to that responsible for desaturation of fatty acids.



Synthesis of ether lipids and plasmalogens
The newly formed ether linkage is shaded pink. 
The intermediate 1-alkyl-2-acylglycerol 3-

phosphate is the ether analog of phosphatidic
acid.

Mechanisms for attaching head groups to ether 
lipids are essentially the same as for their ester-
linked analogs. 

The characteristic double bond of plasmalogens
(shaded blue) is introduced in a final step by a 
mixed-function oxidase system.



Polar lipids are targeted to specific cellular membranes

The polar lipids, including the glycerophospholipids, 
sphingolipids, and glycolipids, are inserted into specific 
cellular membranes in specific proportions, by 
mechanisms not yet understood.



Summary for „Biosynthesis of Membrane Phospholipids”

• Diacylglycerols are the principal precursors of 
glycerophospholipids.

• In bacteria, phosphatidylserine is formed by the 
condensation of serine with CDP-diacylglycerol; 
decarboxylation of phosphatidylserine produces 
phosphatidylethanolamine. Phosphatidylglycerol is 
formed by condensation of CDP-diacylglycerol with 
glycerol 3-phosphate, followed by removal of the 
phosphate in monoester linkage.



• Mammalian cells have some pathways similar to those in 
bacteria, but somewhat different routes for synthesi-
zing phosphatidylcholine and phosphatidylethanol-
amine. The head-group alcohol is activated as the 
CDP derivative, then condensed with diacylglycerol. 
Phosphatidylserine is derived only from phosphati-
dylethanolamine.



4. Biosynthesis of Cholesterol, 

Steroids, and Isoprenoids



Cholesterol is the most publicized lipid, because of the 
strong correlation between high levels of cholesterol in 
the blood and the incidence of human cardiovascular 
diseases. 

Less well advertised is cholesterol’s crucial role as a 
component of cellular membranes and as a precursor of 
steroid hormones and bile acids. 

Cholesterol is an essential molecule in many animals, 
including humans, but is not required in the mammalian 
diet − all cells can synthesize it from simple precursors.



Origin of the carbon atoms of 
cholesterol

This can be deduced from tracer 
experiments with acetate labelled in 
the methyl carbon (black) or the 
carboxyl carbon (red). 

The individual rings in the fused-ring 
system are designated A through D.

All of its carbon atoms are provided by a single precursor − acetate.

The isoprene units that are the essential intermediates in the pathway 
from acetate to cholesterol are also precursors to many other natural 
lipids.

Isoprene

cholesterol

acetate



Cholesterol is made from acetyl-CoA in four stages

Cholesterol, like long-chain fatty acids, is made from 
acetyl-CoA.

Synthesis takes place in four stages:
1. Condensation of three acetate units to form a six-carbon 

intermediate, mevalonate; 

2. Conversion of mevalonate to activated isoprene units;

3. Polymerization of six 5-carbon isoprene units to form the 
30-carbon linear squalene; 

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.



Summary of cholesterol 
biosynthesis

Isoprene units in squalene are set 
off by red dashed lines.



Stage 1: Synthesis of mevalonate from acetate:
The first stage in cholesterol biosynthesis leads to the 

intermediate mevalonate.

Two molecules of acetyl-CoA condense to form acetoacetyl-
CoA, which condenses with a third molecule of acetyl-
CoA to yield the six-carbon compound -hydroxy--
methylglutaryl-CoA (HMG-CoA). 

These first two reactions are catalyzed by thiolase and HMG-
CoA synthase.

The third reaction is the rate-limiting step: reduction of HMG-
CoA to mevalonate, for which each of two molecules of 
NADPH donates two electrons. 

HMG-CoA reductase is the major point of regulation on the 
pathway to cholesterol.



Formation of mevalonate from 

acetyl-CoA

The origin of C-1 and C-2 of 

mevalonate from acetyl-CoA is 

shown in pink.



Stage 2: Conversion of mevalonate to two activated 
isoprenes

In the next stage of cholesterol synthesis, three phosphate 
groups are transferred from three ATP molecules to 
mevalonate. 

The phosphate attached to the C-3 hydroxyl group of 
mevalonate in the intermediate 3-phospho-5-pyro-
phosphomevalonate is a good leaving group; in the next 
step, both this phosphate and the nearby carboxyl group 
leave, producing a double bond in the five-carbon product, 
Δ3-isopentenyl pyrophosphate.

Isomerization of Δ3-isopentenyl pyrophosphate yields the 
second activated isoprene, dimethylallyl pyrophosphate.



Conversion of mevalonate to 
activated isoprene units

Six of these activated units combine to 
form squalene. 

The leaving groups of 3-phospho-5-
pyrophosphomevalonate are shaded 
pink. 

The bracketed intermediate is 
hypothetical.



Stage 3 Condensation of six activated isoprene units to 
form squalene

Isopentenyl pyrophosphate and dimethylallyl pyrophosphate 
now undergo a head-to-tail condensation, in which one 
pyrophosphate group is displaced and a 10-carbon chain, 
geranyl pyrophosphate, is formed.

The “head” is the end to which pyrophosphate is joined.

Geranyl pyrophosphate undergoes another head-to-tail 
condensation with isopentenyl pyrophosphate, yielding the 
15-carbon intermediate farnesyl pyrophosphate. 

Finally, two molecules of farnesyl pyrophosphate join head to 
head, with the elimination of both pyrophosphate groups, to 
form squalene.



Formation of squalene

This 30-carbon structure 
arises through successive 
condensations of acti-
vated isoprene (five-
carbon) units.



Stage 4: Conversion of squalene to the four-ring steroid 
nucleus

All sterols have the four fused rings that form the steroid 
nucleus, and all are alcohols, with a hydroxyl group at C-3 −
thus the name “sterol.”

The action of squalene monooxygenase adds one oxygen 
atom from O2 to the end of the squalene chain, forming an 
epoxide.

This enzyme is mixed-function oxidase; NADPH reduces the 
other oxygen atom of O2 to H2O. 



The double bonds of the product, squalene 2,3-epoxide, are 
positioned so that a remarkable concerted reaction can 
convert the linear squalene epoxide to a cyclic structure. 

In animal cells, this cyclization results in the formation of 
lanosterol, which contains the four rings characteristic of 
the steroid nucleus. 

Lanosterol is finally converted to cholesterol in a series of 
about 20 reactions that include the migration of some 
methyl groups and the removal of others.



Ring closure converts linear 
squalene to the condensed 

steroid nucleus

The first step in this sequence 
is catalyzed by a mixed-
function oxidase (a mono-
oxygenase), for which the 
cosubstrate is NADPH.

The product is an epoxide, 
which in the next step is 
cyclized to the steroid 
nucleus. 

The final product of these 
reactions in animal cells is 
cholesterol.



Cholesterol has several fates
Much of the cholesterol synthesis in vertebrates takes place 

in the liver. 

A small fraction of the cholesterol made there is 
incorporated into the membranes of hepatocytes, but 
most of it is exported in one of three forms: biliary
cholesterol, bile acids, or cholesteryl esters.

Bile acids and their salts are relatively hydrophilic 
cholesterol derivatives that are synthesized in the liver 
and aid in lipid digestion.

Cholesteryl esters are formed in the liver through the 
action of acyl-CoA–cholesterol acyl transferase
(ACAT).



This enzyme catalyzes the transfer of a fatty acid from 
coenzyme A to the hydroxyl group of cholesterol, 
converting the cholesterol to a more hydrophobic form. 

Cholesteryl esters are transported in secreted lipoprotein 
particles to other tissues that use cholesterol, or they are 
stored in the liver.

All growing animal tissues need cholesterol for membrane 
synthesis, and some organs use cholesterol as a precursor 
for steroid hormone production.

Cholesterol is also a precursor of vitamin D.



Synthesis of cholesteryl
esters

Esterification converts cho-
lesterol to an even more 
hydrophobic form for 
storage and transport.



Cholesterol and other lipids are carried on plasma 
lipoproteins

Cholesterol and cholesteryl esters, like triacylglycerols and 
phospholipids, are essentially insoluble in water, yet must be 
moved from the tissue of origin to the tissues in which they 
will be stored or consumed. 

They are carried in the blood plasma as plasma lipoproteins, 
macromolecular complexes of specific carrier proteins, 
apolipoproteins, with various combinations of 
phospholipids, cholesterol, cholesteryl esters, and 
triacylglycerols.

Apolipoproteins (“apo” designates the protein in its lipid-free 
form) combine with lipids to form several classes of 
lipoprotein particles, spherical complexes with hydrophobic 
lipids in the core and hydrophilic amino acid side chains at 
the surface.



Lipoproteins

Structure of a low-density 
lipoprotein (LDL). 

Apolipoprotein B-100 (apoB-
100) is one of the largest 
single polypeptide chains 
known, with 4,636 amino 
acid residues (Mr = 513,000).



Different combinations of lipids and proteins produce 
particles of different densities, ranging from 
chylomicrons to high-density lipoproteins. 

These particles can be separated by ultracentrifugation and 
visualized by electron microscopy.

Major classes of human plasma lipoproteins: some properties



Each class of lipoprotein has a specific function, 
determined by its point of synthesis, lipid composition, 
and apolipoprotein content. 

At least nine different apolipoproteins are found in the 
lipoproteins of human plasma, distinguishable by their 
size, their reactions with specific antibodies, and their 
characteristic distribution in the lipoprotein classes.

Chylomicrons are the largest of the lipoproteins and the 
least dense, containing a high proportion of 
triacylglycerols. 

Chylomicrons are synthesized in the ER of epithelial cells 
that line the small intestine, then move through the 
lymphatic system and enter the bloodstream.



Lipoprotein lipase in the capillaries of adipose, heart, 
skeletal muscle, and lactating mammary tissues, allowing 
the release of free fatty acids to these tissues. 

Chylomicrons thus carry dietary fatty acids to tissues 
where they will be consumed or stored as fuel.

When the diet contains more fatty acids than are needed 
immediately as fuel, they are converted to 
triacylglycerols in the liver and packaged with specific 
apolipoproteins into very-low-density lipoprotein 
(VLDL).



Lipoproteins and lipid transport Lipids are transported in the 
bloodstream as lipoproteins, 
which exist as several 
variants that have different 
functions, different protein 
and lipid compositions, and 
thus different densities.

Dietary lipids are packaged 
into chylomicrons; much of 
their triacylglycerol content 
is released by lipoprotein 
lipase to adipose and muscle 
tissues during transport 
through capillaries.

Chylomicron remnants 
(containing largely protein 
and cholesterol) are taken up 
by the liver. 



Lipoproteins and lipid transport
Endogenous lipids and 

cholesterol from the liver are 
delivered to adipose and 
muscle tissue by VLDL. 

Extraction of lipid from VLDL 
gradually converts some of it 
to LDL, which delivers 
cholesterol to extrahepatic
tissues or returns to the liver.

Excess cholesterol in extra-
hepatic tissues is transported 
back to the liver as HDL. In 
the liver, some cholesterol is 
converted to bile salts.



These lipoproteins are transported in the blood from the 
liver to muscle and adipose tissue, where activation of 
lipoprotein lipase causes the release of free fatty acids 
from the VLDL triacylglycerols.

Adipocytes take up these fatty acids, reconvert them to 
triacylglycerols, and store the products in intracellular 
lipid droplets.



Low-density lipoprotein (LDL):

Very rich in cholesterol and cholesteryl esters and containing 
apolipoprotein, LDLs carry cholesterol to extrahepatic
tissues.

High-density lipoprotein (HDL):

Originates in the liver and small intestine as small, protein-
rich particles that contain relatively little cholesterol and no
cholesteryl esters.

HDLs contain apolipoproteins, as well as the enzyme lecithin-
cholesterol acyl transferase (LCAT), which catalyzes the 
formation of cholesteryl esters from lecithin and 
cholesterol.



Reaction catalyzed by 
lecithin-cholesterol acyl

transferase (LCAT)

This enzyme is present on the 
surface of HDL.

Cholesteryl esters accumulate 
within nascent HDLs, 
converting them to mature 
HDLs.



Cholesterol biosynthesis is regulated at several levels

Cholesterol synthesis is a complex and energy-expensive 
process, so it is clearly advantageous to an organism to 
regulate the biosynthesis of cholesterol to complement 
dietary intake. 

In mammals, cholesterol production is regulated by 
intracellular cholesterol concentration and by the 
hormones glucagon and insulin.

Unregulated cholesterol production can lead to serious 
human disease.



When the sum of cholesterol synthesized and cholesterol 
obtained in the diet exceeds the amount required for the 
synthesis of membranes, bile salts, and steroids, 
pathological accumulations of cholesterol in blood 
vessels (atherosclerotic plaques) can develop, resulting in 
obstruction of blood vessels (atherosclerosis). 

Heart failure due to occluded coronary arteries is a leading 
cause of death in industrialized societies. 

Atherosclerosis is linked to high levels of cholesterol in the 
blood, and particularly to high levels of LDL-bound 
cholesterol; there is a negative correlation between HDL 
levels and arterial disease.



Steroid hormones are formed by side-chain cleavage 
and oxidation of cholesterol

Humans derive all their steroid hormones from cholesterol.

Two classes of steroid hormones are synthesized in the 
cortex of the adrenal gland: mineralocorticoids, which 
control the reabsorption of inorganic ions (Na+, Cl−, and 
HCO3) by the kidney, and glucocorticoids, which help 
regulate gluconeogenesis.

Sex hormones are produced in male and female gonads and 
the placenta.

−



Some steroid hormones derived from cholesterol



They include progesterone, which 
regulates the female reproductive 
cycle, and androgens (such as 
testosterone) and estrogens (such as 
estradiol), which influence the 
development of secondary sexual 
characteristics in males and females.

Steroid hormones are effective at very low concentrations 
and are therefore synthesized in relatively small 
quantities.

Synthesis of steroid hormones requires removal of some or 
all of the carbons in the “side chain” on C-17 of the D ring 
of cholesterol.



Side-chain removal takes place in the mitochondria of 
steroidogenic tissues. 

Removal involves the hydroxylation of two adjacent 
carbons in the side chain (C-20 and C-22) followed by 
cleavage of the bond between them.

Formation of the various hormones also involves the 
introduction of oxygen atoms. 

All the hydroxylation and oxygenation reactions in steroid 
biosynthesis are catalyzed by mixed-function oxidases.



Intermediates in cholesterol biosynthesis have many 
alternative fates

Isopentenyl pyrophosphate is the activated precursor of a 
huge array of biomolecules with diverse biological roles.

They include vitamins A, E, and K; plant pigments such as 
carotene and the phytol chain of chlorophyll; natural 
rubber; many essential oils; insect juvenile hormone, 
which controls metamorphosis, and ubiquinone and 
plastoquinone, electron carriers in mitochondria and 
chloroplasts. 



Collectively, these molecules are called isoprenoids. 

More than 20,000 different isoprenoid molecules have 
been discovered in nature.

Prenylation (covalent attachment of an isoprenoid) is a 
common mechanism by which proteins are anchored to 
the inner surface of cellular membranes in mammals.

Protein prenylation is another important role for the 
isoprene derivatives of the pathway to cholesterol.



Summary for „Biosynthesis of Cholesterol, Steroids, 
and Isoprenoids” I.

• Cholesterol is formed from acetyl-CoA in a complex 
series of reactions, through the intermediates β-
hydroxy-β-methylglutaryl-CoA, mevalonate, and two 
activated isoprenes, dimethylallyl pyrophosphate and 
isopentenyl pyrophosphate. Condensation of isoprene 
units produces the noncyclic squalene, which is 
cyclized to yield the steroid ring system and side chain.

• Cholesterol synthesis is under hormonal control and is 
also inhibited by elevated concentrations of 
intracellular cholesterol.



Summary for „Biosynthesis of Cholesterol, Steroids, 
and Isoprenoids” II.

• Cholesterol and cholesteryl esters are carried in the blood 
as plasma lipoproteins. VLDL carries cholesterol, 
cholesteryl esters, and triacylglycerols from the liver to 
other tissues, where the triacylglycerols are degraded 
by lipoprotein lipase, converting VLDL to LDL. The 
LDL, rich in cholesterol and its esters, is taken up by 
receptor-mediated endocytosis. 
HDL removes cholesterol from the blood, carrying it 
to the liver. Dietary conditions or genetic defects in 
cholesterol metabolism may lead to atherosclerosis 
and heart disease.



• The steroid hormones (glucocorticoids, mineralo-
corticoids, and sex hormones) are produced from 
cholesterol by alteration of the side chain and 
introduction of oxygen atoms into the steroid ring 
system. In addition to cholesterol, a wide variety of 
isoprenoid compounds are derived from mevalonate
through condensations of isopentenyl pyrophosphate 
and dimethylallyl pyrophosphate.

• Prenylation of certain proteins targets them for 
association with cellular membranes and is essential 
for their biological activity.

Summary for „Biosynthesis of Cholesterol, Steroids, 
and Isoprenoids” III.


