Fatty Acid Biosynthesis
Control of Fatty-Acid Synthesis

+ Acetyl CoA carboxylase (ACC) catalyzes the
committal step.

+ Allosteric Control
—Inhibited when energy is needed, fatty acids are acylated for
degradation, and inhibit ACC.
« ACC is feedback-inhibited by palmitoyl-CoA.
—ACC is activated by citrate.
- Citrate is made from acetyl-CoA in mitochondria (acetyl-CoA™).

=
== Citrate

]
- Citrate signals excess energy to be converted to fat. : ('["a‘e
—When [acetyl-CoA]™ T it is converted to citrate... citrate is exported : bt
1
to cytosol. : Acetyl-CoA
*Hormonal Control \
. . L Ne=p» R Y
—Glucagon and epinephrine: leads to activation of AMP-dependent @ e
Protein Kinase (AMPK) a‘s‘y'“lc"A <--glucagon,
+ Phosphorylation inactivates ACC car o:y =N epinephrine
+ Phosphorylation reverses the polymerization - monomers (inactive) s~ ) trigger phOS|

—Insulin: leads to activation of Protein Phosphatase 2A
+ Dephosphorylation activates ACC
+ When dephosphorylated, ACC polymerizes into long filaments (active) l
- Changes in gene expression

— example: excess of certain polyunsaturated fatty acids (eicosanoids) bind to l
transcription factors called peroxisome proliferator-activated receptors (PPARS) ~_ PalmitoyI-Co A |
|

Malonyl-CoA | inactivation

o ————
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ANABOLISM OUTLINE:

Biosynthesis of Fatty Acids and Lipids
Fatty Acids
Diversification of fatty acids
Eicosanoids
Prostaglandins and Thromboxane
Triacylglycerides
Membrane lipids
Glycerophospholipids
Control of fatty acid metabolism  Sphingolipids
Isoprene lipids: Cholesterol

Reciprocal control of -ox




ANABOLISM II:
Biosynthesis of

Fatty Acids &
Lipids

Fatty Acid Biosynthesis

Recall how B-oxidation starts: Acyl-Carnitine/Carnitine Transport:

Outer W Inner

+ S oxidation of fatty acids occurs in m-mbv{n- ,..../m...
mitochondria. - . Cytosol E— Matrix  Carnitine
f 2 /xyltumler-uz
« If fatty acyl-CoAs are not
transported in, they cannot be Carnitine
degraded (;,.mm °‘ -(' CoA-SH
* Transport is via carnitine oS IR r..,.,mf?'"""'
transporter. coynranatensa1 7S - ox.dat.on
I . All
* Blocking g oxidation with initial oot COﬁts,t&"&
committed product of fatty-acid " Fatty Acid

synthesis: malonyl-CoA N Metabolism
\

Reciprocal Control of Fatty-

Acid Degradation |Pomten
versus
Fatty-Acid Synthesis I
L Loh Inhibition
ensures that fat synthesis and -
oxidation don’t occur simultaneously Acihoion




Fatty Acid Biosynthesis
Moot Diversification of Palmitate:
| i Elongation
16:(A%)
Stearate - .
B0, Fatty Acid Elongation Systems
t l * Elongation systems in the endoplasmic reticulum and
Longer saturated . . .
Oiie fatty acids mitochondria create longer fatty acids.
=Iiri1r:(s)|::;pruduce: o ]iy) » Use CoA derivatives
ek l * As in palmitate synthesis, each step adds units of 2 C.
(A01215) : only) l Use mannyI-COA.
Uncieste | Omegaé « Stearate (18:0) is the most common product.
sastion 30 e o * Plants make linoleate (Q6) and a-linolenate (Q3), animalg
g can’t; But they can elongate these ingested essential FA
omeas Y « These fatty acids are “essential” to humans.
aLinolenate 7-Linolenate —Polyunsaturated fatty acids (PUFAs) help
'8'3“‘1 = W3 control membrane fluidity.

4 elongation l —PUFAs are precursors to eicosanoids
Ekmm‘t’em ) e * The ratio of omega-6 to omega-3 fatty acids
<EPA:J20:T<A"‘“!‘-‘:"’» | dsstut in the diet, if too high, can lead to

Series 3 ResiNing : cardiovascular disease . .
seres306 | Loersrr poachidons Eicosanoids
RS \ PG = Prostaglandins

DA ZE SR i | e TX = Thromboxanes

. Maresing ez Sl LT = Leukotrienes

Diversification of Palmitate:
Palmitate H
w0 Fatty Acyl-CoA Desaturase Desaturation
l \ P leate * Looks like a mixed-function oxidase: OXIDASE
6 9
Stearate e * Humans have A%, A5, A8, and A® desaturases but
18:0 9
= 1 \ tior cannot desaturate beyond A*
Longer saturated
Olesty fltyadcs FOR EXAMPLE: for a A%-desaturation
Palmitate(16:0) > palmitoleate(16:1, A9)
0, + 2H* + 0 Stearate (18:0) > oleate (18:1, A9)
CHz_(CHz)n_CHZ_CHZ—(CHz)m—C: catalyzed by fatty acyl-CoA desaturase in animals
7 red
Saturated eoa oy 0% 2 Cyt bg 0\ ,“\ Cyt bs reductase A . NADPH
fatty acyl-CoA 7 (Fe3) \ (FAD) .
m=7,4,3,2 " i
(A9, A, As, A%) \

N 2Cytbg = Cyt bgreductase 4 . NADP*
2H,0 + 0 7l reeny e W e Dby red ox
CHy—(CH3),—CH=CH—(CH,),—C__ EREOX O,— 2H0
Monounsaturated 3-CoA requires NADPH; enzyme uses cytochrome bs and
fatty acyl-CoA cytochrome bs reductase

) Both donate electrons to O, (total of 4)
In plants & bacteria the desaturases work on PL, not
fatty-acyl CoA; needed for rapid changes in fluidity




Fatty Acid Biosynthesis

Pal{gr{;!e Animals can do, plants can do
\";‘ licosanoids: Synthesis and Classes
almitoleate
G 16:1(a% - Linoleate (18:2(A%12) gets desaturated on both sides =
180 v-linolenate (18:3(A89:12) & a-linolenate (18:3(A%1215),
\ ! « Elongation to C20, and further desaturation of y-linolenate
Longer saturated (18:3(A89.12) gives Arachidonate, 20:4(A5811,14)
Oacte fatty acids

18:1(a% « Elongation to C20, and TWO further desaturation of a-linolenate
l (18:3(A91215) gives EPA, 20:5(A5811.1417) More of the same

gets DHA, 22:6(A%710.13.16,19)
» These desaturations are all going closer to the carboxylate and
l can be accomplished by animals.

(in plants l
only)

P Omega 6 R . . .
Batassy lyunsaturated fatty acids (PUFAs)) bioactive paracrine
i plants only) / R— .
- — \ PG = Prostaglandins
3
- / TX = Thromboxanes
-Linol - L 3 .
A il AN LT = Leukotrienes
| elongation l ;
) Eicosatri t . .
Eicosapentaenoic acid preiiny « Created from the arachidonate or EPA, which are
(EPA; 20.5(A581417)) l Jesaturat i i ipi
f ‘ incorporated into membranes phospholipids.
Series 3TX l J Resolvins Arachidonate * In response to stimuli (hormone, etc.), phospholipase A4
Serigs 3PG.,| Series5LT 204438 is activated
: | L
(Dzmszh&?e;}gf;gg» Series 2 TX } Lipoxins * The unsaturated C-2 fatty acid is released
1 Series 2 PG
Resolvins Maresins Ll
Omega 3 ‘Lsig?‘gg',g) Omega ¢ Animals can do, plants can do
e A" 4°  ylinceste Eicosanoids: Synthesis and Classes
b ongation” | onsa - Linoleate (18:2(A%12) gets desaturated on both sides =
j desaturation Eicosatrenaate  (EET) v-linolenate (18:3(A8912) & a-linolenate (18:3(A%1215),
i 20:3(A3 1) . . .
(Essc’mﬂs'(f{m‘ff’» l S « Elongation to C20, and further desaturation of y-linolenate
h yaroxylation

(18:3(A89.12) gives Arachidonate, 20:4(A5811.14)

Resolvins T .
204cAsANy | (ARA) Elongation to C20, and TWO further desaturation of a-linolenate

dks !&H oy (18:3(A%12.15) gives EPA, 20:5(A5811.1417) More of the same
(sz";;z?v“%fa‘?ﬁw» ‘ ’ Lipoxins gets DHA, 22:6(A47:1013,1619)
» These desaturations are all going closer to the carboxylate and

can be accomplished by animals.
From these Eicosanoids (20C Polyunsaturated fatty acids (PUFAs)) bioactive paracrine

signaling molecules are made: PG = Prostaglandins
— s gl comien TX = Thromboxanes
PGD,  mamtcsls  prollosson andephooye mgsbun d seut el LT = Leukotrienes

TBALPHA; and 12 Induces vasodiaton and production of cAMP

Incroases vasodiation and CAMP producton, enhancemont of the
Aidnay, spioen, *110¢t5 Of bradykinin and hstamins, bducticn o ulerine

T o o s « Created from the arachidonate or EPA, which are
paras Ny stown, rcrnsss vasoccosesin, bronchosoeskicton kit amcoh macle incorporated into membranes phospholipids.

poe conricton o ;
st 83100 Ived procunor 1o woebouanes A, 1 B, ecction ol * In response to stimuli (hormone, etc.), phospholipase A

oL sbsmoplldsomaninds
It platlet nd toukacyle sogegaton, decreases T<elt is activated

PGl, bl Cs fotaion o o 30N and secretion. . .
b e RN TR ESLI S e« The unsaturated C-2 fatty acid is released

indces plaselet sy gason. vasoconsinction, hmphacyio
XA, P ProMomson and tronchOCONSING ton

I X8, placiets insu0es vasOCONSirction




Fatty Acid Biosynthesis
mo Eicosanoids: Cyclic Pathway

+ PGH, synthase (cyclooxygenase, or COX) has isozymes

Arachidonate,
20:4( A58 1,14)

cyclooxgenase | - 20, . _— .
ait::::y?)lco)( o - COX-1 is ubiquitous and catalyzes synthesis of
prostaglandins that regulate gastric mucin secretion and
other smooth muscle functions
+ COX-2 is inducible (except in brain) by immune response
and acts at the sites of inflammation. It catalyzes
synthesis of prostaglandins that mediate pain,
inflammation, and fever.
Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit
COX isozymes o » i )
-~ wes + ASpIrin (acetylsalicylate) is
cox can an irreversible inhibitor.
. P o P e — acetylates a Ser in active
PGH, synthase is a & il J site
cyclooxygenase/peroxidase enzyme e e —blocks active site in both
g K e ou ™ COX isozymes
that functions in the smooth ER. ¥ %
s - by ( « Ibuprofen, naproxen, and
+Step 1: PGHy'’s cyclooxygenase activity adds :j O indgmethacinpare
2 O, to form PGGo. J S competitive inhibitors.

+Step 2: PGHy'’s peroxidase activity converts

—resemble substrate; also
block active site in both

peroxide to alcohol, creates PGH>.

isozymes

+ Celebrex and Vioxin are

Bengt Samuelsson or
specific for COX-2

Nobel Prize 1982

Indomethacin

Celebrex

Fatty Acid Biosynthesis
ol

cyclooxgenase | - 20;

activity of COX [()«- - - aspirin, ibuprofen, naproxert COX-1 is ubiquitous and catalyzes synthesis of
prostaglandins that regulate gastric mucin secretion and

& other smooth muscle functions
[«el0)
PGG
m ? + COX-2 is inducible (except in brain) by immune response
)

) Arachidonate, EicosanOidS: CVC“C Pathway

20:4(A%*"M) ., pGH, synthase (cyclooxygenase, or COX) has isozymes

OOH and acts at the sites of inflammation. It catalyzes
peroxidase synthesis of prostaglandins that mediate pain,
o inflammation, and fever.
0 Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit

COX isozymes o

€00~ 2
PGH, :
<o S
& - . -

Acorpiores.
OH @ o

+ Aspirin (acetylsalicylate) is
an irreversible inhibitor.
— acetylates a Ser in active

PGH; synthase is a @) a” site
cyclooxygenase/peroxidase enzyme e e —blocks active site in both
that functions in the smooth ER. “ T COXisozymes
. , L by L « Ibuprofen, naproxen, and
*Step 1: PGHy'’s cyclooxygenase activity adds :J O indomethacin are
2 Oz to form PGGo. e W competitive inhibitors.
Lo .
+Step 2: PGHy’s peroxidase activity converts ~resemble substrate; also
peroxide to alcohol, creates PGH,. wd % . block active site in both
s Uq N S0 isozymes

e 1

+ Celebrex and Vioxin are

Bengt Samuelsson o
specific for COX-2

Nobel Prize 1982

Celebrex  Indomethacin




Fatty Acid Biosynthesis

Different Series .ME....HS ) Prostaglandin & Thromboxane:
/ S °°‘”\ Synthesis and Classes
w‘ DQ = oo o o o
Yok T ©)d 6 .‘
P o ARA(4)< * T “reo
PGE: ol =
. A d oo
° eSO PGK TXA ™8
"_,wm NN oo
v _ O\d’y\/\/ Different Classes
b ;C;Ez EPA (5) PGFza o Series 1 ° . Series 2 i_m

o ey PGFsa W7 gl k- 1 Dl -
PG = Prostaglandins/TB=Thromboxane roc, oz,
—letters-after are for number and oL La I e
oxidation state of oxygens and ring mm o
—subscript is the number of double L W
bonds

Fatty Acid Biosynthesis
Diacyighycerolor phospholpid Thromboxane: Synthesis and
Phospho- Phospho-
lipase C lipase A, C I asses
Arachidonic acid @ @ @ Q G Q
PGH, synthase Fep
(cox-1or -2 and

peroxidase) % i f @‘
PGD g
sy"'he? Prostaglandin H, (PG PGG.H .

2 @

PGD, PGE Z 8

synthase 1; '% aeld
35 2 endepersuide @) +— (Aspirin hibats J
PGE, §‘ g o~ @N\/\/

g £ iy COOH  rmbonais < on

PGF. o e N J’W 8, e

2 : K~
0

6-keto- Prostacydn  Thromboxane Thromboxane
PGF1a gndothelium (PGIN(TXA;) platelets (TXA,)

TB=Thromboxane

86 - l HO' (4 '::‘I
—letters after are for number R i PR
and oxidation state of M m
oxygens and ring e T a8 U
—subscript is the number of Prosagastis

double bonds Platelet aggregation and wound healing




Fatty Acid Biosynthesis

—— Eicosanoids: Linear Pathway
l Synthesis of Leukotrienes

lipase C | lipase A,

HPETE
eicosatetraenoic acid)

Arachi ic acid

Lipooxygenase

(FLAP, Aloxt) /\/\/—\/—\/—\/—\/\/
PGH, synthase e
(cox-1or -2 and HO 1 posygsanse /- o 0,—\ Bposygensse/peroxidase (LOX)
peroxidase) LTB, <« Leukotiene A, o i ’ \.\
PGD Glutathione Glutathione- TN\ AN b \
¥nthase - prostaglandin H, (PGK,) S-transferase N v Som o
PGE Leukotriene C, 12 HPETE) VAVAVERV AR VERVENVE Y
PGD, synthase mettiotep| 35 RS9 Smmy:‘mmrmumx
Glutamic acid A/l

PGE, Leukotriene D,

Prostacyclin synthase
Thromboxane synthas

_ OH
HO
o
PGF, eukotriene E,
- Heoxllln As
eto-
- —>
PGF1a gngomatam (POl (DXA) o (TXh,) Psoriasis

+O, added to arachidonate via lipoxygenases (mixed- W Nann
function oxidases) (LOX) T
- Creates species that differ in the position of the OOH group

+LOX enzymes are found in leukocytes and in heart, brain,
lung, and spleen, are mixed-function oxidases of the
cytochrome P-450 family.

+Inflammatory chemicals released after contact with an
allergen; airways constrict, excess mucus and fluid
produced (e.g., asthma; difficult to breathe). —= o

ANABOLISM II: Biosynthesis
of Fatty Amds & Lipids

Lipid
Biosynthesis
Membrane lipids 4 Fatty acids
fatty acid synthesis ( B oxidation

Fatty Acid ases —“J . o
Synthesis &® —“J . b

A 4 ~
Cholesterol g Acetyl-CoA ~_ Ketone bodies
e —
S\ V\
S, N\ \ oxldatlve phosphorylation
[/ eitde \ ™ \

[ acid | ‘\ S \ __>ATP
\\ cycle //7 -
) . ¥ /

e —-;’/ > GTP




Lipid Biosynthesis

Biosynthesis of Triacylglycerol

Fat (Triacylglycerol) and Phospholipids in Animals,
Plants, and Bacteria have a common intermediate:
Phosphophatidic Acid

°
(-Glycerol 3-phosphate

Usually saturated

Usually ur

+ Animals and plants store fat for fuel.
— plants: in seeds, nuts
— typical 70-kg human has ~15 kg fat

« enough to last 12 weeks
+ compare with 12 hours worth of glycogen in liver and muscle

« All organisms make glycerophospholipids for
membranes.
« Both molecules contain glycerol from Glycerol 3-P
» Most Glycerol 3-P comes from dihydroxyacetone
phosphate (DHAP) in 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

-
HO—~C—H (.)
—P—0
|
o
(-Glycerol 3-phosphate

Lipid Biosynthesis

",
—H o
=o-r-0

o
-Glycerol 3-phosphate

Biosynthesis of Triacylglycerol

Glucose Usually saturated FA

Fat (Triacylglycerol) and Phospholipids in Animals, I
Plants, and Bacteria have a common intermediate: u,%ou
Phosphophatidic Acid

| 1
HC—0—P—0

» Animals and plants store fat for fuel. i
— plants: in seeds, nuts
— typical 70-kg human has ~15 kg fat

« enough to last 12 weeks
« compare with 12 hours worth of glycogen in liver and muscle

« All organisms make glycerophospholipids for
membranes.

+ Both molecules contain glycerol from Glycerol 3-P

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

Wo—t=H o
—°~!|'—0'

o
(Glycerol 3-phosphate

®'-c00"

ConsH

Lysophosphatidate #*—coo"

1
Usually unsaturated HA

ConsH

°
o M=ot
Nd—0—t—H o
—o-+-0
&

1
HC—0—C—a
°

|
-0~
HiC o

1,2 Diacylglycerol
)

» Minor amount from glycerol (liver and kidney). e
— via glycerol kinase .\,m_,,““
+ Phosphatidic acid is the precursor to fat and sy
glycerophospholipids. ..('_o_'f_.a
— fatty acids attached by acyl transferases N
— releases CoA rri:c;fguﬁ

ConsH




Lipid Biosynthesis

Regulation of Triacylglycerol Synthesis by Insulin

- Secretion of Insulin results in
stimulation of triacylglycerol
synthesis.

- Lack of insulin results in:
—increased lipolysis
—increased fatty acid oxidation

» And when citric acid cycle
intermediates (oxaloacetate) are
depleted (as in diabetes when
glucose cannot get in), acetyl-
CoA builds up and ketones
bodies are made

—Repression of fatty acid
synthase (PP2A)

—ACC is not active

—No malonyl-CoA means j-
oxidation is active

carbohydrates

Dietary

=

v GIucoseJ

~ -

Fatty Acid Synthase

Fatty acids |

u

otens| P2t |
proteins
&
Amino acids ‘ Fatty Acids

B-oxidation

Triacylglycerols

Lipid Biosynthesis

- Secretion of Insulin results in
stimulation of triacylglycerol
synthesis.

- Lack of insulin results in:
—increased lipolysis
—increased fatty acid oxidation

» And when citric acid cycle
intermediates (oxaloacetate) are
depleted (as in diabetes when
glucose cannot get in), acetyl-
CoA builds up and ketones
bodies are made

—Repression of fatty acid
synthase (PP2A)

—ACC is not active

—No malonyl-CoA means j3-
oxidation is active

[ Dietary
carbohydrates |

=

'Glucose |

\
~

~————>

-0

| Acetyl-CoA |

X

Fatty Acid Synthase

Fatty acids \

=

Regulation of Triacylglycerol Synthesis by Insulin

[ Dietary
proteins

Amino acids ’ Fatty Acids

B-oxidation

—> —> | Ketone bodies|
increased o

ST écetoacetate
in diabetes ( o

p-B-hydroxybutyrate
acetone)

Diabetics prone to
metabolic ketosis
and acidosis

Triacylglycerols




Lipid Biosynthesis
Biosynthesis of Membrane Phospholipds

Glycerophospholipid Biosynthesis requires

Activation by CTP Attach head group by condensation here:
o

H,c—o—g—n‘
+ Begin with phosphatidic acid e
(microorganisms) or 1,2 Diacylglycerol  iacylglycerol HC—0—C—8% 0

Head
H,C—OH, HO—P—OH HO—
(mamma.us) _ " aicohol &\ alcoor 9P
+ Both activate precursors using CTP Pssphond
' . H,0 acid H;0
Bacteria use phosphatidate and attach mammals bacteria
head group to C-3 phosphate group
— Make CDP-diacylglycerol from CTP and —
phosphatidic acid B
* Mammals use CDP-alcohol and attach » =
head group to diacylglycerol Example: \/\/“
— Make CDP-alcohol from CTP and choline or ks
ethanolamine P
SN
toa

Lipid Biosynthesis
Biosynthesis of Membrane Phospholipds

Glycerophospholipid Biosynthesis requires
ACtivation by CTP Attach head group by condensation here:
o

.
H,C—0—C—R
o

+ Begin with phosphatidic acid

h : ; I
(microorganisms) or 1,2 Diacylglycerol  Diacylglycerol M?—O—C—R’ o
Head

(mammals) HCOH, HO—P—OH MO gryp
alcohol . alcol
« Both activate precursors using CTP J,,,o,,‘:h,,.ck
. . H,0 acid H,0
+ Bacteria use phosphatidate and attach mammals bacteria
head group to C-3 phosphate group \
— Make CDP-diacylglycerol from CTP and — ¢“>
phosphatidic acid el HyC—0—C—R!
o
- Mammals use CDP-alcohol and attach » [ "
head group to diacylglycerol Example:[ o~~~ °
— Make CDP-alcohol from CTP and choline or k= Mt —0=p=0- oz
ethanolamine Y L
o< \:/\/ phosphodiester
a,"-\; Neysans Glycerophospholipid




Lipid el
Biosynthesis - g

Glycerophospholipid
Synthesis in

» For Phosphatidylserine and
phosphatidylinositol, the free
alcohol does a nucleophilic attack on
the CDP-activated phosphatidate.

» Phosphatidylserine is decarboxylated to
phosphatidylethanolamine.
« enzyme is phosphatidylserine
decarboxylase

+ Phosphatidylethanolamine acted on by

S-adenosylmethionine (SAM) adds

three methyl groups to amino group ->
phopshatidylcholine (lecithin).
« catalyzed by methyltransferase

+ Cardilipin is from the condensation of

two phosphatidyl glycerols, which are
formed from glycerol 3-phosphate.

i

Lipid
Biosynthesis

Glycerophospholipid
Synthesis in

» For Phosphatidylserine and 3
phosphatidylinositol, the free Km P'L

alcohol does a nucleophilic attack on "iiini
the CDP-activated phosphatidate.

* Phosphatidylserine is decarboxylatedto | ¢ e
- = n(vor(lru N(—O»y—l'
phosphatidylethanolamine. | e s
* enzyme is phosphatidylserine o i l*"-"‘v-z:-‘"ﬁ“ heemor | Rl
decarboxylase ik i
Phasphatidylglycerol

+ Phosphatidylethanolamine acted on by
S-adenosylmethionine (SAM) adds ctrict k,.....
three methyl groups to amino group > o ' N
phopshatidylcholine (lecithin). | %

synthase
(bacterial) Glyeerol

HE Ol —tt? o
« catalyzed by methyltransferase

+ Cardilipin is from the condensation of
two phosphatidyl glycerols, which are
formed from glycerol 3-phosphate.

o

| %
Ho—p
&
f
o,

L

Cardiolipin  H<—0~

]
HC~O0—C—R"
o
1
HC—=0—~C—R7
?
i< —O—P—0=CHy—CH,—NEH)

o
Phosphatidylcholine




