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Fatty Acid Synthesis

* Excess carbohydrates and proteins in diet will be used to synthesize fatty
acids and stored as TAGs.

* Occurs in liver, lactating mammary glands and adipose tissue
* Requires
e Carbon Source: Acetyl CoA

* Reducing Power: NADPH
* Energy Input: ATP
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Overview of fatty acid synthesis

* The fatty acids are synthesized by:
1. Production of malonyl CoA
2. Binding of acetyl CoA and malonyl CoA to the fatty acid synthase
3. Condensation of acetyl CoA and malonyl CoA
4. Elongation of the acyl CoA by 2 carbons per round
 Reduction, dehydration, reduction
5. Binding of malonyl CoA
6. Repeat steps 3 (acyl CoA), 4, and 5
7. Release of the hydrocarbon chain by a thioesterase (TE)



FA Degradation and Synthesis
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Transport of acetyl-CoA from mitochondria to cytoplasm
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Synthesis of malonyl-CoA

e Acetyl CoA carboxylase (ACC) transfers a
carbon from CO, (as a bicarbonate ) via
biotin (vitamin B7), which is covalently
bound to ACC.

e ATP is needed.

* The reaction is the rate-limiting
reaction.

* ACC is an allosteric enzyme.
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Regulatlon of ACC
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* ACCis inactivated by:
e Palmitoyl-CoA
* Phosphorylation by
AMPK, which is

activated by glucagon
and epinephrine.



Regulatlon of ACC synthesis by transcrlptlon factors

glucose insulin
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* The carbohydrate response element-binding protein (ChREBP) lipogenesis

 ChREBP is inactivated by phosphorylation by PKA and AMPK preventing its nuclear localization.
* |Itis dephosphorylated by excess glucose.

» The sterol regulatory element—binding protein-1c (SREBP-1c)
« SREBP-1 is activated by insulin.
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* Metformin lowers plasma TAG by:

 Activation of AMPK, resulting in
inhibition of ACC activity (by
phosphorylation) and inhibition
of ACC and fatty acid synthase
expression (by decreasing

NHz  NH ChREBP and SREBP-1c).

HSC‘I}J/k\N)J\NHz * It lowers blood glucose by increasing
CHs AMPK-mediated glucose uptake by
muscle.
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Application: ACC2 inhibitors

Challenges related to

efficacy, selectivity and

safety
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Fatty acid synthase (FAS)

Ketoacyl
synthase

~ Maolnyl/acetyl - Hydratase
. transacylase

reductase
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Thioesterase

Sequence of enzyme domains in primary structure of fatty acid synthase monomer

* A multifunctional, homodimeric
enzyme complex

Ketoacyl
reductase

v

/Thioesterase|

e Each FAS monomer is multicatalytic

with six enzymic domains and a
domain for binding a
phosphopantetheine-containing
acyl carrier protein (ACP) domain.
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Enoyl reductase
reductase
Hydratase AGH
Thioesterase
Ketoacyl
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Fatty acid synthase (FAS)

* Phosphopantetheine, a derivative of pantothenic acid (vitamin B5), carries acyl units on its
terminal thiol (—SH) group and presents them to the catalytic domains of FAS.

* |t also is a component of CoA.
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Fatty acid synthesis
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Fatty acid synthesis
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Fatty acid synthesis
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Fatty acid synthesis

Ketoacyl synthase (KS)
Malonyl/acetyltransferase (AT)
Dehydrase (DH)

Enoyl reductase (ER)
Ketoacyl reductase (KR)
Thioesterase (TE)

Acyl carrier protein (ACP)




The stoichiometry of palmitate synthesis

» Stoichiometry of palmitate synthesis:

Acetyl-CoA + 7 malonyl-CoA + 14 NADPH + 14H* ——
palmitate + 7CO, + 14NADP* + 8CoA + 6H,0

* Malonyl-CoA synthesis:
7 Acetyl-CoA + 7CO, + 7TATP ——
7 malonyl-CoA + 7TADP + 7P, + 7TH"

* Overall stoichiometry of palmitate synthesis:
8 Acetyl-CoA + 14 NADPH + 7ATP + 7H*
palmitate + 14NADP* + 8CoA + 6H,O + 7ADP + 7P,




Sources of molecules

* Acetyl CoA
* Pyruvate

* NADH (for oxaloacetate to malate)
* Glycolysis

* NADPH:

* Pentose phosphate pathway
* Malate to pyruvate

source of the mitochondrial

cytosolic NADH, a reductant.

The glycolytic pathway produces
pyruvate, which is the primary

acetyl CoA to be used for fatty
acid synthesis. It also produces

Pyruvate enters the mitochondria.

(OAA) is produced by PC, the
first step in the gluconeogenic
pathway. ‘

Mitochondrial oxaloacetate ‘

Acetyl CoA is produced
by PDH in mitochondria
and condenses with OAA
to form citrate, the first
step in the TCA cycle.
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Citrate leaves the mitochondria
and is cleaved in the cytosol to
produce cytosolic acetyl CoA.

Cytosolic NADH produced during
glycolysis contributes to the reduction

of NADP* to NADPH needed for palmitoyl
CoA synthesis.

The carbons of cytosolic acetyl CoA are
used to synthesize palmitate, with
NADPH as the reductant for the pathway.
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Regulation of FA Oxidation & Synthesis

OXIDATION SYNTHESIS

* Supply of Fatty Acids * Regulation of ACC

-Hormonal Control -Allosteric Mechanism

: , , - Phosphorylation
* Entry into Mitochondria

+ Availability of NAD* * Amounts of Enzymes



Further elongation of fatty acids

Source of electrons I|:|| 'I--II

2 NADPH + 2H® 4 HO,C-CH,-C~5-CoA + R-C~5-Cos  ——™

Location: smooth endoplasmic reticulum

. .. malonyl CoA long chain
Different enzymes are needed but similar | atty acyl CoA
sequence of reactions. Sourceofcabons
. ] +
Two-carbon donor: Malonyl CoA R-CH,-CH,-C~5-Cod + 2 NADPY + CO0, + H_0 + CoASH
Source of electrons: NADPH - o
. . . atty acyl Co
No ACP or multifunctional enzyme is needed. lengthened by two carbons

Note: the brain has additional enzymes allowing it to produce the very-long-chain fatty acids
([VLCFA] over 22 carbons)

0 0

MADH + MADPH| + 2 H' +| CH;-C~S-Cok |+ R-C~5-Cos  ——™

Location: mitochondria _
acetyl CoA long chain
Two-carbon donor: Acetyl CoA Sources of Electrons fatty acyl CoA
Source of carbons

Source of electrons: NADPH and NADH 0
Substrates: fatty acids shorter than 16

R-CH,-CH,-C~5-Cod + NADP™ + NAD" + H,0 + CoASH

fatty acyl CoA
lengthened by two carbons



Chain desaturation pamitate (16:0)

Enzymes: fatty acyl CoA desaturases

Substrates: long-chain fatty acids it g O posshiraes
Location: smooth endoplasmic reticulum
Acceptor of electrons: oxygen (0,), cytochrome b5, and Stearate (14:0) Reimitolelc Atd (16:1)
its FAD-linked reductase
A°4 i
Donor of electrons: NADH gieetith vt
The first double bond is inserted between carbons 9 ana > o L G
10, producing oleic acid, 18:1(9), and small amounts of o ULch F:;E':ni;ﬁum
palmitoleic acid, 16:19)' Humans have carbon 9, 6, 5, and 4 desaturases
Ha g . but cannot introduce double bonds from carbon
stearoyl CoA 10 to the w end of the chain. Therefore, the
polyunsaturated w-6 linoleic acid and w-3
H, MADH, O, D sl linolenic acid are essential.
NAD™, 2H,0 T v" Formation of polyunsaturated FA by elongation and
O desaturation
= SCoh, v" Additional double bonds can be introduced by

oleyl Con A% desaturase, A° desaturase and A® desaturase



VARIABLE
Greatest flux through pathway

FA Synthesis vs. degradation

SYNTHESIS

After carbohydrate-rich meal

DEGRADATION

In starvation

Hormonal state favoring pathway

High insulin/glucagon ratio

Low insulin/glucagon ratio

Major tissue site

Primarily liver

Muscle, liver

Subcellular location

Cytosol

Primarily mitochondria

Carriers of acyl/acetyl groups
between mitochondria and cytosol

Citrate (mitochondria
to cytosol)

Carnitine (cytosol to
mitochondria)

Phosphopantetheine-containing
active carriers

Acyl carrier protein domain,
coenzyme A

Coenzyme A

Oxidation/reduction coenzymes

NADPH (reduction)

NAD*, FAD (oxidation)

Two-carbon donor/product

Malonyl CoA: donor of

Acetyl CoA: product of

one acetyl group [-oxidation
Activator Citrate —
Inhibitor Palmitoyl CoA (inhibits Malonyl CoA (inhibits

acetyl CoA carboxylase)

carnitine palmitoyltransferase-I)

Product of pathway

Palmitate

Acetyl CoA

Repetitive four-step process

Condensation, reduction
dehydration, reduction

Dehydrogenation, hydration
dehydrogenation, thiolysis

fatty acyl-CoA (C,)

FaL)
FADH, 1

enoyl-Coh

hydroxyacyl-CoA

NAD
NADH+H' j

ketoacyl-Coh

Cionify
acetyl-Cos q

fatty acyl-CoA (C, ;)

fatty acyl-ACP (C,.;)

-

Enoyl-ACP

hydroxyacyl-ACP

o~

ketoacyl-ACP

fatty acyl-ACP (C,)



Triacylglycerol structure and synthesis

* The fatty acid on carbon 1 is typically saturated, that on carbon 2 is T

typically unsaturated, and that on carbon 3 can be either.

* Synthesis involves three steps:

* Glycerol 3-phosphate synthesis
* Liver (2 mechanisms) vs. adipose tissue (one mechanism only)

* Activation of fatty acids
* Synthesis of triacylglycerol

Glucose
GLYCOLYSIS

Dihydroxyacetone phosphate

NADH ~{ Glycerol 3-phosphate
NAD* &) dehydrogenase

i ADP ATP

Glycerol 3-phosphate 5 Z

Glycerol kinase

Glycerol

ADIPOSE TISSUE
Glucose

iGLYCOLYSIS

Dihydroxyacetone phosphate

NADH — Glycerol 3-phosphate
+ 4| dehydrogenase
NAD v

Glycerol 3-phosphate

GLUT-4

Insulin

I
H,C—(CH,)—C—O0—CH,

H,C—(CH,)—C—0—CH

O

|
H,C—(CH,)—C—O0—CH,

R-CH,-CH,-COO-
Fatty Acid
ATP
PPi Pyrophosphutas;
7
R-CH,-CH,-C-AMP
Acyladenylate

CoASH
AMP

Thiokinase
2Pi

7
R-CH,-CH,-C-CoA
Acyl CoA



Synthesis of triacylglycerols

CH-OH CH,OOCR CH>OOCR
I Acyltransferase | Acyltransferase |
CHOH » CHOH » CHOOCR'
I FA-CoA | FA-CoA I
CH20POzH CH,OPO3H CH2,0PO3zH
glycerol-3-phosphate lysophosphatidic acid phosphatidic acid
III liver ?‘nd lPhosphatase
adlpose tissue
CltHEOOCR
('IJ‘HOOCR'
CH,OH
Adipose tissue diacylglycerol
Stored as lipid
droplets FA-CoA lAcyItransferase
| B-100 CH>,OOCR
£ N Liver < I '
C-il ‘ e o (.I‘,HOOCR
- Little storage "
E-“"-'- i ..-‘E Mainly packaged in VLDL CHO0CR

triacylglycerol



TAG resynthesis in intestinal mucosal cells

Intestinal Brush
lumen border

Mucosal cell
Triglyceride
* In addition to these two 0 o o oo

pathways, TAG is R-C—O—(I:H » R—C—O0—CH
synthesized via the MAG H,C—OH H,C—OH 2 CoA—SH

. . . 2-monoacylglycerol ATP PP
pathway in the intestinal . Sl B
mucosa! cells during = gz \w'c{ o sl anes
absorption. Free falty acids synthetase




