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ANABOLISM II: Biosynthesis
of Fatty Acids & Lipids

Biosynthesis of fatty acids
2. Regulation of fatty acid degradation and synthesis
3. Diversification of fatty acids

a. Elongation/desaturation

—

Exam-4 material

b. Eicosanoids (Prostaglandins and Thromboxane)
4. Assembly of fatty acids into triacylglycerol and
phospholipids
5. Metabolism of isoprenes
a. Ketone bodies and Isoprene biosynthesis
b. Isoprene polymerization
i.  Cholesterol
i. Steroids & other molecules
iii. Regulation
iv. Role of cholesterol in human disease

Fatty Acid Biosynthesis

Animal cells, yeast cells

Mitochondria Plant cells

« No fatty acid oxidation
[ Fatty acid omdatlon

Endoplasmic reticulum

| « Phospholipid synthe5|s|

Cytosol . Chloroplasts Peroxisomes

« NADPH production +« NADPH, ATP production - Fatty acid oxidation
(pentose phosphate pathway; malic enzyme) « [NADPH]/INADP*] high (—> H;0,)
« [NADPH]/[NADP*] high |- Fatty acid synthesis | « Catalase, peroxidase:
« Isoprenoid and sterol synthesis (early stages) H,0,—> H;0
Fatty Acid Synthesis
Cytosol for animals Chloroplast for plants

Both of these compartments are where there are ample Sources of NADPH:
pentose phosphate pathway, malic enzyme, and photosynthesis
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Lipid Biosynthesis

L-Glycerol 3-phosphate

R' €00~

Biosynthesis of Triacylglycerol-FAT
ATP
Fat (Triacylglycerol) and Phospholipids in Animals, S Usualy saturated FA v ”"ih,:.:“
. X X glycolysis R'—C
Plants, and Bacteria have a common intermediate: oton Hcon e § Ssen  tPM
H = - =0 O HCOH CoA-SH
| I |
Phosphatidic Acid I I, ysophosphatidate F-coo-
Dihydroxyacetone 0~ Glycerol CoA-SH
phosphate Usually unsaturated FA o
. NADH  +H* ATP 8 ;;:‘f:{:&‘ie
+» Animals and plants store fat for fuel. et hosphse e e i
ekyiropirase s
- plants: in seeds, nuts NAD* Hcon Hor e
— typical 70-kg human has ~15 kg fat uo—::—u 0 onsH
+ enough to last 12 weeks Hae=0—p—0"

o

+ compare with 12 hours worth of glycogen in liver and muscle [P

- All organisms make glycerophospholipids for
membranes.

« Both molecules contain glycerol from Glycerol 3-P

» Most Glycerol 3-P comes from dihydroxyacetone
phosphate (DHAP) via gluconeogenesis/glycolysis.
— via glycerol 3-phosphate dehydrogenase

» Minor amount from glycerol (liver and kidney).
— via glycerol kinase

» Phosphatidic acid is the precursor to fat and
glycerophospholipids.
— fatty acids attached by acyl transferases
— releases CoA

Triacylglycerol

Lipid Biosynthesis

Regulation of Triacylglycerol Synthesis by Insulin

r Secretion of Insulin results in

; ; ; Dietary Dietary
stimulation of triacylglycerol |, pope seseid ‘m

synthesis.
» Lack of insulin results in: ’ l @
—increased lipolysis Prr——
Fatty Acids |

—increased fatty acid oxidation

» And when citric acid cycle
intermediates (oxaloacetate) are

B-oxidation

depleted (as in diabetes when
glucose cannot get in), acetyl-CoA in X '---"m
builds up and ketones bodies are 1
made I B> — —
\ InCrease
—Repression of fatty acid synthase  “~———_» in diabetes (2Cetoacetate,
(no Protein Phosphatase 2A) Fatty Acid Synfhase :;Iz-t';):‘:')rovautvrate
—ACC is not active (remains -
phosphorylated) @ Diabetics prone to
—No malonyl-CoA means {- metabolicpketosis
oxidation is active A and acidosis
—No Fru2,6P> so no glycolysis and TR

gluconeogenesis stimulated




Lipid Biosynthesis

Biosynthesis of Membrane Phosph
Glycerophospholipid Biosynthesis requires

Attach head group by condensation here:

Activation by CTP
* Begin with phosphatidic acid
+ Bacteria attach alcohol group to C-3

phosphate of phosphatidic acid
— Make CDP-diacylglycerol from CTP and

(microorganisms) or 1,2 Diacylglycerol

(mammals) DiacylglyceroIHHflz—:H—C
+ Both activate precursors using CTP " dicone

phosphatidic acid :f\.j
« Mammals use CDP-alcohol and attach o [
head group to diacylglycerol Example:| o~~~
— Make CDP-alcohol from CTP and choline or =
ethanolamine \Y2
K
Ko

Phosphatidic a

HZO aci

Phosphoric

olipds

cid

id H0

bacteria

o,
H,C—O0—C—R
o

Il
HC—O0—C—R?

| %
HZC—O—P—O{ e
| group
-

| S
phosphodiester
Glycerophospholipid

Hic—o—tt

Lipid
Biosynthesis ..

[
Il
HyC—0—C—R'

car ep

§ |3
2 A_L HC—0—C—R?

o o
H,C—0—| I‘Loflll—o.—- {Cytosing]
o o

CDP-diacylglycerol

ey Inositol
Glycarol 3- Ps i
synthase [BHOEhNS synthase \.cyp e
= = e 9
Glycerophospholipid i i
HyC—0—C—R' HyC—0—C—R" ﬁ
. . . i [ oot
Synthesis in E. coli = R L.
y ; W ) il TN
H,:—o—%—o—cu,—cln—(u,—o—P—o‘ N,c—o—f—o—cn,—m—coo’ STCRIGH
Raiainiays L

» For Phosphatidylserine and
phosphatidylinositol, the free
alcohol does a nucleophilic attack on

Phosphatidylglycerol 3-phosphate

PG 3-phosphate
phosphatase

Phosphatidylserine

N ey

Isol
oH H phosphorylated
Phosphatidylinositol

the CDP-activated phosphatidate.

:c.ﬁ
o, s oz
°

PS
decarboxylase
<o,

=0

- Phosphatidylserine is decarboxylated to "¢ " |7:g7
phosphatidylethanolamine. T T
* enzyme is phosphatidylserine “"’°’jf°“""i:"""’" "z‘*°*2ﬁ‘—‘“'—“"—“"=
decarboxylase Phosphatidylglycerol Phosphatidylethanolamine
. Phosphatidylglycerol
- Phosphatidylethanolamine acted on by (bfd'h:’“
S-adenosylmethionine (SAM) adds st i | st
three methyl groups to amino group > H,cfufgfw Sty
phopshatidyicholine (lecithin). o o
« catalyzed by methyltransferase ot - HC‘—O—E—R
R N ey
« Cardilipin is from the condensation of 4,.,_0_“,"!_0_?", g T % i
two phosphatidyl glycerols, which are o Moot hto— SR

formed from glycerol 3-phosphate.

Cardiolipin  H,(—0—C—R'

° |
Il

&
Phosphatidylcholine




Lipid Biosynthesis

Biosynthesis of Membrane Phospholipds

Glycerophospholipid Biosynthesis requires

Activation by CTP

Attach head group by condensation here:

.
H,C—0—C—R

+ Begin with phosphatidic acid
(microorganisms) or 1,2 Diacylglycerol
(mammals)

+ Both activate precursors using CTP

+ Bacteria use phosphatidate and attach
head group to C-3 phosphate group
— Make CDP-diacylglycerol from CTP and
phosphatidic acid
+ Mammals use CDP-alcohol and attach
head group to diacylglycerol

— Make CDP-alcohol from CTP and choline or
ethanolamine

Example:

Diacylglycerol

|
N
alcoh;
Phosphoric

OH H

Head
._0#' group
0

H,0

o I
Ethanolamine HZC—O—C—R‘I
Fm o
oy i
) G HC—O0—C—R?
Pﬁoiphorylnhmulumine | <“)
e
= H,C—0—p—0— Head
- ] group
) o
t\ phosphodiester
ff’\mam Glycerophospholipid
(-DPrﬂhInolamlne

E

o HO—CH,—CH,—N(CH
HO' —CH,—CH,—N(CH;);

n Ll
Lipid
Ethanolamine ate
FA‘P K
ADP ADP H h H
) Biosynthesis
o'-/"\o/\/""-" —o_‘%—o—cu,—cnrﬁ(cu,), i = =
s o Synthesis of Phosphatidyl-
CTP - -
K choline, -ethanolamine, and -
SN - serine and in Mammals
e 10 ., ; i
}(O\cym""e Cyudmefofijofcll; 0—CH,—CH,—N(CH;); CDP-choline o “lc_c.—l"_“‘ HZC—O—;—R
o_o R‘—g—o—é—u ] Hc—o—ﬂ—nf
CDP-ethanolamine Diacylglycerol (R ——— [
Diacylglycerol i~ Lipin Hae—oH s
e CMP Phosphatidate Dizacylglycerol < e
° o c=||’—0’
I |
H,C—0—C—R! H,C—0—C—R" ) o
e 9 * Alcohols are activated [ie]
"‘|—°—‘"" "‘|‘°“"" (phosphorlyation) then
(o] [] o
H,c—o—%—o—cu,—cu,—ﬁu, H,C—O—II‘!—O—CH,—CHZ—FI(CH;), attached to CMP. Hoe—o—tt P Mammals usd
o o o nc—o—i—nz CDP-alcohol

Serine
PSs1
Pss2
Ethanolamine

J

o
| H. (—O—!—R‘
\FE TR : o
I
¥ ‘ HC—0—C—R? -
j ‘? ‘ 0 iH,

» CDP-alcohol is used
to couple this to
diacylglycerol

Serine
Pss1
Choline

head-group exchange reactions.

H}(_O_T_o_ml_‘l_,,_coo_ « catalyzed by specific synthases

ugene P. Kenned

o « pathway “salvages” the choline
Phosphatidylserine

I Head
HZC_O_T_O
Glycerophospholipid
» Phosphatidyl-serine is made “backwards” from
phosphatidyl-ethanolamine or phosphatidyl-choline via

[




Lipid Biosynthesis

-inositol, and

Synthesis of Phosphatidyl-choline, -ethanolamine, -serine,

-diglycerol in

[13 H ” Ph. d
Bacterial” pathways Ehiosp N
Triacylglycerol
Glucose 6-phosphate
T .
~ piacylglycerol| | “Nammalian”
Inositol 3-phosphate
CDP-diacylglycerol e Kennedy pathway pathways
A erine
Inositol l K Ethanolamine
Phosphatidylglycerol PRosoh .{ 1
3-phosphate | pposphatidylserine -
Phosphatidylinositol @]
Phosphatidylglycerol|| Phosphatidyl- Y
Phosphatidyl-
L4
ethanolamine Choline
Ph:i:":::;i:yl' Phosphocholine Head-group
ethanolaxnine exchange reactions
CDP-choline that interconvert PE,
J PS, & PCin
mammals are not
X /) shown.

O JCHai—CH
=
s |
Hl—c—H
CH,—OH
|~ NADPH + H*
N NADP*
s
HO—CH—(CH,),s—CH,
HN—C—H
al
CH,—OH
|~ Fatty acyl-CoA
N con-sH

O HO—CH—(CH,),4—CH,

—NH—C—H
CH,—OH
- 0:
desaturase 1 2HO0

O HO—CH-=CH=CH-—(CH,);,—CH,
R NH—E—H

CH,—OH
Ceramide

Phosphatidylcholine

head-group
attachment
Diacylglycerol

0 HO—CH—CH=CH—(CH,);,—CH;

n—‘cI—NM—(—M [

H,C—0—P—0—CH,—CH,—N(CH,),
L

Sphingomyelin

B-Ketosphinganine

Sphinganine

N-Acylsphinganine

UDP-Gle

0\:c—(cu,)..—cu, Palmitoyl-CoA ] - L] -
CoAs’
Lipid Biosynthesis
s con-sh, co,

Synthesis of Sphingolipids

Phospholipids

Glycolipids
I

l

Fatty a(id‘

H

Sphingosine

Mono-or

oligosaccharide|

Mono- or

disaccharide

uor
R—C—NH—C—H
CH,—0—Gle
Cerebroside

O HO—CH—CH=CH—(CH,),,—CH,

* Sphingosine comes from amino acids + fatty
acids; serine + palmitate

» Condensation of palmitoyl-CoA and serine,
forms B-ketosphinganine

+» Reduction, acylation, oxidase yields N-acyl-
sphinganine (a ceramide).




ANABOLISM II:
Biosynthesis of
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ANABOLISM II: Biosynthesis
of Fatty Acids & Lipids

Lipid Triacylglycerols
Biosynthesis M

fatty acid synthesis B
Fatty Acid [ses
Synthesis & —“§ - [NibH

Isoprene
Biosynthesis




ANABOLISM II: Biosynthesis
of Fatty Acids & Lipids

. Biosynthesis of fatty acids
2. Regulation of fatty acid degradation and synthesis
3. Diversification of fatty acids

a. Elongation/desaturation

—

b. Eicosanoids (Prostaglandins and Thromboxane)
4. Assembly of fatty acids into triacylglycerol and
phospholipids
5. Metabolism of isoprenes
a. Ketone bodies and Isoprene biosynthesis
b. Isoprene polymerization
i.  Cholesterol
ii. Steroids & other molecules
iii. Regulation
iv. Role of cholesterol in human disease

Cholesterol and Steroid Biosynthesis

Fates of Acetyl CoA
—

(HMG-CoA) 3-Hydroxy-3-methyl- «—
lutaryl CoA

/

Cholesterol Ketone
bodies

Fatty acids

@

Amino acids

Amino

acid () CO,

Oxidation to CO,
Lipid metabolism
Ams8yaeieP metabolism

2. Ketone bodies & cholesterol
Amino acid metabolism

W W~




Cholesterol and Steroid Biosynthesis

“Fat burns in the flame of sugar” i
Fatty Acids

Pyruvate Acetyl-CoA IADH FADH: Ketone

“ o > Bodies
3 2

"‘ ﬁ\‘ Citrate ==

X \

g Oxaloacetate
NADH

Isocitrate

Citric o, NADH

Malat acid
alate
cycle a-Ketoglutarate —_—

«~ \ o,
Fumarate % NADH
FADH, B Succinyl-CoA
/ 4{ GTP

Succinate
(ATP)

Cholesterol and Steroid Biosynthesis
Ketone Body Biosynthesis

(o} (o}

. .’ * The first step is reverse of the last
S-CoA S-CoA step in the g oxidation: thiolase
2 Acetyl-CoA reaction joins two acetate units.
thiolase%‘ SR * A third acetyl-CoA is incorporated in
o the second step.
CHS_LCHZ_/O « Together, two CoASH are freed from
S-CoA three acetyl-CoA.

Acetoacetyl-CoA

e Con F acetylcon+h,0 N the liver, this synthesis occurs

regardless of excess acetyl-CoA

synthase

CoA-SH . .
- * Also synthesized from Leucine
O, (o] . .. .
N A’ « HMG-CoA is a metabolic junction
/ 2 2
-0 S-CoA

CH,
B-Hydroxy-B-methylglutaryl-CoA
(HMG-CoA)




Cholesterol and Steroid Biosynthesis
Ketone Body Biosynthesis

o o * In order to traffic to other tissues, CoA
}c—cu,—c'—cm—c/ must be removed. This is done by
© <I:H3 €0 removing as acetyl-CoA leaving
B-Hydroxy-B-methylglutaryl-CoA Acetoacetate. This along with Acetone
(MG CoR) and f-hydroxybutyrate can then travel
e through the blood to other tissues for
yase Acetyl-CoA .
energy (catabolism).
o\c—cu _E_CH > In the mitochondria
—of 2 2 * Acetone is removed as a gas and

Acetoacetate exhaled (although some species or
tissues can metabolize acetone), but

acetoacetate NADH ohhydroxybutyritetoacetate and Ahydroxybutyrate can
decarboxylase + H ehydrogenase X X
traffic to the heart, kidney, muscle, and
Co, NAD* . .
- adapted brain for use in energy

I o\ | production.
CH;—C—CH; £ CH,—CH—CH;
o
Acetone p-B-Hydroxybutyrate

Cholesterol and Steroid Biosynthesis

Lipid droplets \ Liver das a fUE'

S I .
- Hepatons source: Ketone
e Acetoacetate, H
M e oo Bodies & Glucose
B-hy ybuty
uuuuuuuuuu 5 “(“"““‘ acetone ===>Acetoacetate and
o NP p-B-hydroxybutyrate
BISEREC CoA etone body " | exported as energy
L formaticn source for heart,
""""""" ’ parca skeletal muscle,
I pe—— kidney, and brain

— P o ::t;‘s'—bAcetyl -CoA
-M'/( \\K o : B oxidation
"ﬁf::? = n...:; Oxaloacetate’ ‘;:'I':“
| cycle
Joluconeogenesis g » HIVIG CoOA is present
Gl —__, asfuelforbrai .
Heose bbbl in both cytosol and
mitochondria of liver

W

* Mitochondrial-
ketogenesis

* Cytosolic —
cholesterol synthesis

10



Cholesterol and Steroid Biosynthesis
Ketone Body Biosynthesis  From HMG-CoA

Cholesterol and Steroid Biosynthesis

\ Liver as a fuel

- 1 Q source: Ketone
AT s 7 b B- hydroxybutyrate, ) v BOd |eS & G I U Cose
mmmmmmm “(‘“‘“"‘ acetone !—F)Acetoacetate and
o . p-B-hydroxybutyrate
BOSUREC CoA :(:::‘r:ll;:dy \ exported as energy
""""""" H\ D ' source for heart,
e 10 . skeletal muscle,
~~~~~~~ | kidney, and brain

(Fatty N pcetyl-CoA () ‘

w/( X o ‘ HEE B oxidation :ﬁ |
Oxaloacetate’ Citric |

................. | :yc';i |

\ (@) A | A

N sluconeo SRR e« HMG CoA is present

Gl —_> fuel for bi .
N\ eose ngsttd  in both cytosol and

\ N\ mitochondria of liver
| o N o °\ * Mitochondrial-

ketogenesis

Cytosolic —
cholesterol synthesis

11



Cholesterol and Steroid Biosynthesis
Fates of Acetyl CoA

(HMG-CoA) 3-Hydroxy-3-methyl- «— Acetyl CoA —= Fatty acids
glutaryl CoA l

\ ! Amino acids
A"?(;“"L co . .
Cholesterol Ketone 2ed®) 21. O_Xl_datlon to (-?02
bodies 2. Lipid metabolism

1.Fatty acids

) Ngarly all the rema_ining 2.Ketone bodies & cholesterol
lipids have a chemical 3. Amino acid metabolism
relationship, and their Konrad Bloch.

biosynthesis are built on, CH3
the 5-carbon isoprene unit | PP
_ CH;=C—CH=CH, \ =

* Isoprene is made through the

intermediate, mevalonate, which 1952 A

is derived from HMG-CoA I so p re n e Nobel Prize 1964

Cholesterol and Steroid Biosynthesis

Cholesterol: whatis it, and what does it do? Do we need to be afraid?

12



Cholesterol and Steroid Biosynthesis

IN THE CYTOSOL

* HMG-CoA (from 3
acetyl-CoAs) is
reduced to form
mevalonate.

* HMG-Co0A reductase

is a common target of
cholesterol-lowering
drugs; called Statins

qoo* Formation of
M2 Mevalonate

CH3z— ?—OH

I from HMG-CoA

cl B-Hydroxy-B-methylglutaryl-CoA
& Ds.con (HMG-CoA)
2'NADPH + 2H*

HMG-CoA
reductase 2NADP*

CoA-SH

Mevalonate

13



