Lipid Metabolism



Classification of Lipids

Category Sub-types Characteristics
Simple Lipids « Acylglycerols (EtEHiHER) Esters of fatty acids with
(ERLBAEER) . Waxes(ig) various alcohols.

Esters of fatty acids
Complex Lipids » Phospholipids(fiig) containing additional
(EEEX) groups (e.g., phosphate,

Non-saponifiable
Lipids (FEE1LAEX)

« Glycolipids / Sulfolipids(¥&/%BE)

« Terpenes(f53E)

- Prostaglandins(Bi7IRE=)
- Sterols (H§EFK)

carbohydrates).

Do not contain fatty
acids or ester bonds;
cannot be hydrolyzed
Into soap.
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Fat Catabolism (JSR5EY5 iR4Cilt)

I. Enzymatic Hydrolysis of Triacylglycerols (BB5BYES{RFERE)

Enzymatic hydrolysis of triacylglycerols (TAGs) is the biological process of
breaking down fats into their constituent parts, glycerol and fatty acids, using

water and specific enzymes called lipases (AEHHEE).

lipases

TAGs ~ Glycerol + Fatty Acids




Fat Catabolism (JSR5EY5 iR4Cilt)

Animal Pathway: The Stepwise Breakdown
In animal tissues (especially in our adipose/fat cells), this is a sequential

process. Each step releases one fatty acid chain.

Lipase Diglyceride Lipase .

Triglyceride /\ Diglyceride /\
HiH=Fs [ = s 5
H,0 R;COOH H,0 R,COOH

., _Monoglyceride Lipase
Monoglyceride —r~———— Glycerol
SR 1,0/ R,0OH 3




Fat Catabolism (JSR5EY5 iR4Cilt)

In Plants

'R,COOH

o-lipase

TAGs -Glycerol + {R,COOH

'R,COOH




Fat Catabolism (JSRGEY R4Cilit)

Glucose Amino Acids
CH,OH CH,OH Glycerol-3-Phosphate CH,OH /
| Glycerol kinase | Dehydrogenase
CHOH *CHOH - C=0 > | Pyruvate
| /\ | /\ | Glycolysis Y
ADP NADH + H*
CHon ATP CHZOP, NAD+ CHZOP,
Glycerol Glycerol-3 Phosphate DHAP

Hil Hill-3-T%Es BB — 2R

CO, + H,0 + ATP [ Acetyl-CoA

ETC TCA




Fat Catabolism (JSRGEY R4Cilit)

Elucidation of 8 oxidation (Franz Knoop; 1904)

Franz Knoop

@—CHZ-CHZ-CHZ-(CHz),,COOH ©_CH2-cu,cu,-cuz-(cuz),,coou

odd # of C atoms

benzoic acid

\

even # of C atoms

iy
iy

*II ©—CH2C00H

phenylacetic acid

J

|
(conjugated;
excreted in urine)



Fat Catabolism (JSRGEY R4Cilit)

B oxidation

The beta oxidation (also B-oxidation) is the catabolic process by which fatty acid molecules are broken

down in the cytosol in prokaryotes and in the mitochondria in eukaryotes to generate acetyl-CoA.

C.-acyl-CoA + FAD + NAD* + H,0 + CoA

C,.>-acyl-CoA + FADH, + NADH + H* + acetyl-CoA




Fat Catabolism (JSRGEY R4Cilit)

Overall

Transport

Dehydrogenation Dehydrogenation
Activation )—I-} el Hy(F2tiON > s> Thioly i > AcetyI-CoA
Cytoplasm Mitochondrial Mitochondrial Matrix =

Membrane s Acyl-CoA

B-oxidation | <




Fat Catabolism (JSRGEY R4Cilit)

The transport of fatty acids into the mitochondria

Why transport is needed

< B-Oxidation occurs in the mitochondrial matrix.

< Long-chain fatty acyl-CoA cannot cross the inner mitochondrial membrane directly.

< Therefore, the cell uses the carnitine shuttle (BiFEE#8) to move the acyl group into the matrix.

Step 1: Activation

to fatty acyl-CoA on the
cytosolic side of the outer
mitochondrial membrane.

Fatty acid + CoA
ATP

l< ADP

/Fatty acids are activated\ /

\ Fatty acyl-CoA /

Step 2: Formation
of acyl-carnitine

The fatty-acyl group transf&
from CoA to carnitine by

carnitine palmitoyltransferase
| (CPT 1), located on the outer
mitochondrial membrane.

Fatty acyl-CoA
+ carnitine
PISSTRSL ARSI |

Fatty acyl-carnitine
\ + CoA /

Step 3: Across
inner membrane

(arnitine-acylcarnitine \

translocase (¥8{iE8)
transports fatty acyl-

carnitine into the
mitochondrial matrix. At the
same time, free carnitine is

transported out.

Step 4: Reform
fatty acyl-CoA

6n the matrix side, \

carnitine
palmitoyltransferase I
(CPT Il) transfers fatty
acyl group back to CoA.

Fatty acyl-carnitine
+ CoA

v PISSTRAEEREL G|

" /

Fatty acyl-CoA
+ carnitine /

"




Fat Catabolism (JSRGEY R4Cilit)

The transport of fatty acids into the mitochondria

Outer mitochondrial Inner mitochondrial
membrane membrane
Cytosol Intermembrane Matrix
space = Carnitine
/ i acyltransferase Il
0 ]
\ T—_— / R—C
S-CoA Carnitine D \S-CoA
b \ Carnitine
— / = lam®
= L —’/ ;‘ Carnitine R—'C/ CoA-SH
] AN
/ CoA-SH \ Carnitine
"~ Carnitine 4 Transporter
acyltransferase | —

Figure 17-6
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Fat Catabolism (JSRGEY R4Cilit)

The beta oxidation pathway

Beta oxidation consists of four steps: Oxidation(f7i&), Hydration(7k 1), Oxidation (f#&) and Thiolysis (%%

fi#). Each pass-through beta oxidation removes one acetyl moiety in the form of acetyl CoA.

B O
R/\(I/U\SCOA Acyl COA
= , FAD

Step 1 (BiS) : Dehydrogenation by FADH Acyl-CoA dehydrogenase

rapvnm, —
FAD forms a double bond between the N B EHEsAIR =S
a and the B carbons of fatty acyl CoA H O

R)\KU\SCOA
H

Trans-A%-enoyl-CoA
R3\-A-IGERSHESA



Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

Step 2 (7K{t) : Water is added across the double bond to give an alcohol at the beta carbon

H O H.O OH O
HQ A
R™ Y “SCoA -~ R SCoA
H Enoyl-CoA

L-B-hydroxy-acyl-
Trans-A%-enoyl-CoA hydratase CoA

\EErSHEBAZKILES L-p-F2ERHHESA




Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

Step 3 ( BHiiE ) : Oxidation of the alcohol by NAD+
B-FEEtIHEBARSES
p-Hydroxyacyl-CoA

dehydrogenase
OH O NAD* NADH + H* 0 o
R/I\/U\SCO A > R)J\/U\SCOA
L-B-hydroxy-acyl-CoA p-ketoacyl CoA

B-EREfAEEgA



Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

Step 4 (f#ifi#) : B-keto acyl CoA reacts with coenzyme A, releasing its carboxyl-terminal two

carbon fragment as acetyl CoA

B-EREARE
0

)(J)\ )J\ Thiolase) j’\ ﬁ
2

R ) CH; “SCoA~ /~ =~ R SCoA + H,C" SCoA
% ;
fatty acyl CoA (n-2) Acetyl CoA

l

next round

CoAS-




Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

How many rounds of beta oxidation are
required to convert palmitoyl CoA (C16:0)

into eight Acetyl CoA molecules?

< 1 FADH, is formed in each turn
(7 FADH, in total)
% 1 NADH is formed in each turn

(7 NADH in total)

(C16) R—CHy; —CH; —CH; —C—S-CoA
Cll Palmitoyl-CoA

acyl-CoA FAD
dehydrogenase FADH,

|
R—CH;—C=C—C—S-CoA
trans -A*-
Enoyl-CoA
enoyl-CoA H20
hydratase
(I)H
R—CH;—C—CH; —C—S-CoA
| L-B-Hydroxy-
H
acyl-CoA
+
B-hydroxyacyl-CoA NAD
dehydrogenase NADH + H*
R—C Hz—ﬁ —CH2; —C—S-CoA
o o B-Ketoacyl-CoA
acyl-CoA CoA-SH
acetyltransferase
(thiolase)

(C14) R—CHz—ﬁ—S-CoA + CH3—ﬁ—S-CoA

(C14) Acyl-CoA

(myristoyl-CoA) Acetyl -CoA

(b)

Cia — Acetyl -CoA
Cqa — Acetyl -CoA
Cio — Acetyl -CoA
Cs — Acetyl -CoA
Ce — Acetyl -CoA
C, — Acetyl -CoA
Acetyl -CoA



("CH, |BOxidation

Stage 2

8 Acetyl-CoA

Citric

acid cycle

16CO,

NADH, FADH,

e

Respiratory

chain

+,1
2H +202

(electron-transfer)

H,0

ADP + P; ATP

(1) Entry into TCA

LUK RERR (Ci) Al

CHy (CH,) ;,COOH ~ CoASH,

ATP

AMP + PPi

7/ GoASH | 7

0

v
A

.
X

CH, (CH,) ;,C~ CoA

B-|fk

8CH,C~ CoA

7FADH,

7NADH



Fat Catabolism (J§EGE953 i#4Xi5)

The beta oxidation pathway

(2) Entry into the Glyoxylate Cycle

Glyoxylate cycle(ZBERESHEIR): A modified form of the citric acid cycle in which acetyl-
CoA produced from fatty acid B-oxidation is converted into succinate (#EIHER) through
a series of enzymatic reactions in the glyoxysome (ZEEES(R). ZEEES BN S TCATBIAEE
KEbohz, B “gid” TTCABAFIEN CORLTE,.

Two key enzymes distinguish the glyoxylate cycle:
- Isocitrate lyase RIFIEERRSES
- Malate synthase ERES S Pk



Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

(2) Entry into the
Glyoxylate Cycle

CThe Glyoxylate CycIe)




Fat Catabolism (J§EGE953 i#4Xi5)

The beta oxidation pathway

(2) Entry into the Glyoxylate Cycle
Biological Significance of the Glyoxylate Cycle

<+ Enables plants and many microorganisms to convert fatty acid carbon
into carbohydrates.

<+ Especially important during seed germination, when stored lipids
provide carbon and energy.

< Functions as a modified branch of the citric acid cycle.

< Produces succinate, which can replenish four-carbon intermediates

and support gluconeogenesis(fER4E).



Triacylglycerol

Hydrolysis Glycerol

Fatty acids Lipid body

P
«

-..o.......... ML LT -
/ .
2

/ Glyoxysome

Fatty acids
B-oxidation l
Acetyl-CoA

=

Fatty acids
[-oxidation

Acetyl-CoA

Mitochondriorx

A

asenmase ..‘_...
r _.-» Malate
Glyoxylate TCA cycle : A
cycle i
CO2 '...... .-‘"....
-
Succinate // \\ » Succinate
v
Oxaloacetate
Gluconeogenesis
Glucose
Sucrose




Fat Catabolism (JSRGEY R4Citit)

The beta oxidation pathway

(3) In Animal Liver Cells, Acetyl-CoA Converts into Ketone Bodies (Ei{#)
When fatty acid B-oxidation produces more acetyl-CoA than can be

processed by the citric acid cycle, liver mitochondria convert acetyl-CoA
into ketone bodies.

Fatty acids — B-oxidation — acetyl-CoA

in liver mitochondria — ketone bodies — blood — extrahepatic tissues




Fat Catabolism (J§EGE953 i#4Xi5)

The a-Oxidation pathway

a-Oxidation removes one carbon from the carboxyl end of a fatty acid. It is especially important for

branched-chain fatty acids that cannot undergo normal B-oxidation.

Key examples:
< In plants, a-oxidation can generate odd-chain fatty acids.
< In animals, a-oxidation is essential for the breakdown of branched-
chain fatty acids, especially phytanic acid ({B%Ez).
< Defects in phytanic acid a-oxidation cause Refsum disease.



Refsum disease ( EFNIBH)




Differences Between a-Oxidation and 3-Oxidation

4 N commen )

B-Oxidation
» Occurs mainly in mitochondria.
» Acts on the B-carbon of fatty acyl-CoA.
» Removes two-carbon units as acetyl-CoA.
» Produces acetyl-CoA, NADH, and FADH,.
» Main pathway for complete fatty acid

» Occurs mainly in peroxisomes.

» Acts on the a-carbon of fatty acids.

» Important for degradation of branched-
chain fatty acids, especially phytanic acid.

» Removes one carbon.

L , » Produces a fatty acid shortened by one
oxidation and ATP production.

carbon, which can then enter B-oxidation.

\ AN /




Fat Catabolism (J§EGE953 i#4Xi5)

The w-Oxidation pathway

w-Oxidation is the oxidation of the terminal methyl carbon, the w-carbon, of a fatty acid. Its

products are a,w-dicarboxylic acids, which contain carboxyl groups at both ends.

> Oxidizes the terminal methyl (FBE) group, also called CH, (CH2> . COOH
the w-carbon. w—¥1KE 0,
» Converts fatty acids into a,w-dicarboxylic acids. H.0
2

> Serves as an auxiliary pathway (3#ENi&1R) when B-
Y patay HOCH, (CH,) . COOH

oxidation is impaired.

» Dicarboxylic acids (Z#&#) can undergo further B- At =E \
oxidation. HOOC (CH,) , COOH
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De Novo Fatty Acid Synthesis BEREREYIS Bk

» Occurs in the cytosol.

< Produces saturated fatty acids up to C16, mainly palmitate (fFHEs).

<+ Uses acetyl-CoA as the initial carbon source.

* Uses malonyl-CoA (BE&EECoA) as the direct donor for chain
elongation.

» Requires NADPH as the reducing power.

* A major source of NADPH is the pentose phosphate pathway.



De Novo Fatty Acid Synthesis BEREREYIS Bk

/ Sources of acetyl-CoAX ﬂellular location and transport

» Acetyl-CoA is mainly generated in

Acetyl-CoA can be produced from:

- O ke e Eife o the mitochondria. However, fatty

pyruvate acid synthesis occurs in the cytosol.

> B-oxidation of fatty acids > Acetyl-CoA cannot directly cross

> Oxidative degradation of amino the inner mitochondrial membrane,

. and its carbon is exported as
acids

citrate through the citrate shuttle.
\\\‘ 1/// RS




De Novo Fatty Acid Synthesis BEREREYIS Bk

Mitochondrion Cytoplasm

o——9 o——9
o——9 o——9

Acetyl CoA S — Acetyl CoA

\ Citrate —a - Citrate

o——9 ——_—_w
o——9 o——90
o——90 o——90
o——90 o——90 Oxaloacetate
o——9 e——9

Oxal tat e——@ oe——9 x NADH

xaloacetate
=——3 o==3
o——9 o——9
«———0 E—
Pyruvate Pyruvate
o—_—_—v NADPH

e——9 e——9
o——9 o——9

Citrate shuttle



Review: Mitochondrial Transport Systems

1. Cytosolic NADH — Mitochondria

> Glycerol phosphate shuttle / BESHHEFHE
> Malate-aspartate shuttle / 3ERESEFIES

2. Cytosolic fatty acyl-CoA — Mitochondria

» Carnitine shuttle / PJSIREEE

3. Mitochondrial acetyl-CoA — Cytosol

> Citrate shuttle / TIEESERIE



De Novo Fatty Acid Synthesis BERESEYIS BL
Formation of Malonyl-CoA/R_ESEE{CoA

* Malonyl-CoA is produced by carboxylation of acetyl-CoA.

» The reaction is catalyzed by acetyl-CoA carboxylase (ACC; ZB%
CoAR{LES).

* Biotin(E¥J %) is the prosthetic group(#E) that carries CO..

» Malonyl-CoA is the immediate two-carbon donor for fatty acid

chain elongation.



De Novo Fatty Acid Synthesis BERESEYIS BL
Formation of Malonyl-CoA/R_ESEE{CoA

O
|

CH,C~SCoA + CO, + H,0 + ATP

1 CEtiHEBARILEE (ACC)

0
[
HOOC-CH,-C~ SCoA + ADP + Pi




De Novo Fatty Acid Synthesis BERGESEYIS L
Fatty Acid Synthase: Enzyme System

> One carrier protein: ACP — acyl carrier protein/EtEz 4 =H

> Six catalytic activities:

v AT: acetyl transferase Z B E R

v MT: malonyl transferase R _EtE 550

v KS : B-ketoacyl-ACP synthase B-EifigEt-ACP&

v KR : B-ketoacyl-ACP reductase B-EffgE:-ACPIARES

v' DH: B-hydroxyacyl-ACP dehydratase B-#2AgEL-ACPRRKES
v' ER: enoyl-ACP reductase &8 -ACPIAREE



De Novo Fatty Acid Synthesis BEREREYIS Bk

1. Loading step &SR Fatty Acid Synthase, FAS (FERiBRABE &)

Malonyl-CoA

Acetyl-CoA 0

Il

? KS MAT ~00C —CH, — C—SCoA
CHy;—C—SCoA (B-ketoacyl (malonyl/acetyl (acyl carrier
synthase) transferase) protein)
Aostyl:KS (I? I Malonyl-ACP
cetyl- . -
CHy;—C—S—KS B S —OOC—CHZ—C—S—ACP
Acetyl group = primer unit A(:ondensation substrate pair Ma'°"!;' f?e':’:z;:::x;z :g: donor

\

2. One cycle of chain elongation —# i K f§ 5

. . . N ( . R . —r
A. Condensation %& B. First reduction $—XiE R C. Dehydration ffk (" D. Second reduction BRER
Acetyl-KS Acetoacetyl-ACP / B-hydroxybutyryl-ACP / trans-A?-butenoyl-ACP /
2 B-ketoacyl-ACP B-hydroxyacyl-ACP trans-A%-enoyl-ACP
CHy—C—S—KS = 0 oh - i
I I ] i i
0 » CH;—C — CH, — C—S—ACP » CH,— CH — CH, — C—S—ACP ‘ — CH=ICH —C =8
Malonyl-ACP -OOC—CH,—E—S—ACP ; . i . Sl = v i
‘ + NADPH + H* l —> NADP* ‘ + NADPH + H* i — NADP*
Acetoacety:—i(éP/ B-hydroxybutyryl-ACP / trans-A2-butenoyl-ACP / Butyryl-ACP /
ghketoacy ol i e L o trans-A%-enoyl-ACP saturated acyl-ACP
CHs=C —GHy—C—5—acp + CO 9” I I 1
: c s CH;—CH — CH, — C—S—ACP CH;—CH=CH—C—S—ACP + H,0 CHy— CH, — CH, — C—S—ACP
KS (B-ketoacyl synthase)
CO, released; chain extended by 2 carbons
l FEMCO,; WK B 1=l ( KR (B-ketoacyl reductase) ] ] L [ DH (dehydratase) J il [ ER (enoyl reductase) ]

J

o

[ Result of one cycle A4 R : butyryl-ACP (Ca); each cycle adds 2 carbons 41§24/ %k; 2 NADPH consumed F42i5#2/"NADPH ]




De Novo Fatty Acid Synthesis BEREREYIS Bk

Overall Reaction of Palmitate Synthesis

» The synthesis of palmitate from acetyl-CoA can be divided into two stages:

1. Formation of 7 malonyl-CoA molecules

2. Seven cycles of fatty acid chain elongation

Acetyl-CoA + 7 Malonyl-CoA + 14 NADPH + 14 H*

¥

Palmitate + 7 CO, + 8 CoA-SH + 14 NADP* + 6 H;0




Fatty Acid Synthesis vs. B-Oxidation

Fatty Acid Synthesis B-Oxidation
Location Cytosol Mitochondria
Carrier ACP CoA
2C unit Ma_lonyI—CoA / I\ﬂalonyI-ACP Acetyl-CoA
A _EL-CoA / A”EL-ACP ZBE-CoA

Redox cofactors Fft
W [R4ES

Enzyme system f§FH
%

Energy

Transport system 3%
BRE

Direction

NADPH as electron donor

Fatty acid synthase: 6 enzymes + ACP

Consumes 7 ATP and 14 NADPH

Citrate shuttle
SRR

Builds the chain toward the carboxyl
end

NAD* and FAD as electron acceptors

Four separate enzymes

Produces 7 NADH and 7 FADH,

Carnitine shuttle
R

Degrades from the carboxyl end




De Novo Fatty Acid Synthesis BERESEYIS BL
Elongation of Saturated Fatty Acids

» In animals, fatty acid elongation occurs mainly in the endoplasmic reticulum and, to a
lesser extent, in mitochondria.
» The elongation process resembles the reverse of B-oxidation, but the two pathways are

not identical.



De Novo Fatty Acid Synthesis BERESEYIS BL
Biosynthesis of Unsaturated Fatty Acids

< In animals and fungi, fatty acyl-CoA is desaturated by membrane-bound
desaturases(E[8F0#E). Electrons are supplied by NADH or NADPH and transferred
through cytochrome b; or related electron carriers.

< In plants, desaturation occurs mainly on fatty acids esterified to ACP or membrane

lipids. Reducing power: NADPH



