Chpt. 17
Fatty Acid Catabolism

17.1 Digestion, Mobilization, and
Transport of Fats

17.2 Oxidation of Fatty Acids

17.3 Ketone Bodies




LIpIdS — Fats or Oils: stored forms of energy

— Phospholipids, Sterols: major structural elements
of biological membrane

— Other lipids: roles as enzyme cofactor, electron carrier,
hydrophobic anchor, hormones,
intracellular messengers
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Storage lipids
Structural lipids in membranes
Lipids as signals, cofactors, and pigments




Fatty acids

Fatty acids: carboxylic acids with hydrocarbon chains (C, to C)

Saturated fatty acids

Unsaturated fatty acids

Carboxyl
group

Hydrocarbon
chain
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TABLE 10-1 Some Naturally Occurring Fatty Acids: Structure, Properties, and Nomenclature

Solubility at 30°C
(mg/g solvent)

Carbon Common name Melting e —
skeleton Structure* Systematic name! (derivation) point (°C)  Water Benzene
12:0 CH4(CH,),,CO0H n-Dodecanoic acid Lauric acid 44.2 0.063 2,600
(Latin laurus,
“laurel plant™)
14:0 CH,(CH,),,CO0H n-Tetradecanoic acid Myristic acid 53.9 0.024 874
(Latin Myristica,
nutmeg genus)
16:0 CH4(CH,),,CO0H n-Hexadecanoic acid Palmitic acid 63.1 0.0083 348
(Latin palma,
“palm tree”)
18:0 CH4(CH,),,CO0H n-Octadecanoic acid Stearic acid 69.6 0.0034 124
(Greek stear,
“hard fat”)
20:0 CH4(CH,),,COOH n-Eicosanoic acid Arachidic acid 76.5
(Latin Arachis,
legume genus)
24:0 CH4(CH,),,CO0H n-Tetracosanoic acid Lignoceric acid 86.0
(Latin lignum,
“wood” + cera,
“wax")
16:1(A9) CH,4(CH,),CH==CH(CH,),CO0H cis-9-Hexadecenoic acid Palmitoleic acid 1-0.5
18:1(A%) CH3(CH2)7CH:CH(CH2)TCOOH cis-9-Octadecenoic acid Oleic acid 13.4
(Latin oleum, “o0il™)
18:2(A%12) CH,4(CH,),CH=CHCH,CH= cis-,cis-9,12-Octadecadienoic  Linoleic acid 1-5
CH(CH,),CO0H acid (Greek linon, “flax™)
18:3(A912.15) CH,CH,CH==CHCH,CH= cis-,cis-,cis-9,12,15- a-Linolenic acid —11
CHCH,CH==CH(CH,),COOH Octadecatrienoic acid
20:4(A%811.14)  CH,(CH,),CH==CHCH,CH= cis-,cis-,cis-,cis-5,8,11,14- Arachidonic acid —49.5

CHCH,CH=CHCH,CH=

CH(CH,),COOH

Icosatetraenoic acid

*All acids are shown in their nonionized form. At pH 7, all free fatty acids have an ionized carboxylate. Note that numbering of carbon atoms begins at the car-

boxyl carbon.

The prefix n- indicates the “normal” unbranched structure. For instance, “dodecanoic” simply indicates 12 carbon atoms, which could be arranged in a variety of
branched forms; “n-dodecanoic” specifies the linear, unbranched form. For unsaturated fatty acids, the configuration of each double bond is indicated; in biologi-
cal fatty acids the configuration is almost always cis.



Triacylglycerol

Storage lipids (derivatives of fatty acids)

provide stored energy and insulation

adipocytes

fat

seed

1-Stearayl, 2-linoleayl, 3-palmitovl glycerol,
a mixed triacylglycerol



B-oxidation

Fatty acids \' - acetyl-CoA

(to CO, in citric acid cycle)

Energy

Palmitic acid : 106 ATP/ 16 carbon = 6.6 ATP/carbon
Glucose : 31 ATP/ 6 carbon = 5.2 ATP/carbon



Processing of dietary lipids in vertebrates

Fats ingested
in diet

h\"\__ Fatty acids are oxidized
as fuel or reesterified
.- for storage.

y f !.
Gallbladder / ~ Myocyte or
/ y dipocyte

{ .__\ / 3 :
e Small }

mtestme}
(‘D Bile salts emulsify \

dietary fats in the #
small intestine, forming
mixed micelles.

Lipoprotein lipase

_ . L|poprote|n lipase, activated
by apoC-ll in the capillary,

o Capillar S | converts triacylglycerols
@ Intestinal I!pases p y | to fatty acids and glycerol.
degrade triacylglycerols. Intestinal / y .
mucosa e (5 Chylomicrons move
' through the lymphatic
“ system and bloodstream
@ Fatty acids and other breakdowr?au,? /- to.tlssues.
products are taken up by the 5 Chylomicron

intestinal mucosa and converted 5

. . Triacylglycerols are incorporated,
into triacylglycerols. yiay P

with cholesterol and apolipoproteins,
into chylomicrons.



Triacylglycerol » fatty acid + glycerol

lipase
Cholesterol / Degrgc?e}:ion
\TrAiacnglyceroI (B-oxidation)
l‘/ apolipoproteins

Cardiac, skeletal muscle

Intestinal wall cell
(enterocytes)

Chylomicrons

o

Blood
Chylomicrons —
_(fatty acids)+ glycerol

Lactating mammary gland ofelelialic . A

Adipose tissue lipase .‘ ‘
. adipocytes

Ju—

G3P & glycerol

\‘ used synthesis of
triacylglycerol
phospholipids

glucose

live




Molecular structure of a chylomicron

Apolipoproteins

[ . activates lipoprotein lipase
(in muscle and adipose tissues)

Phospholipid

Cholesterol . PRPRIETRS
Triacylglycerols and
cholesteryl esters

100 ~ 500 nm



Mobilization of TAGs stored in adipose tissue

Hormone Adenylyl

cyclase
Serum glucose level (H):
finsulin] Receptor G
TAG synthesis (lipogenesis) @

ATP cAMP

Serum glucose level (L):
[glucagon, epinephrine]

TAG breakdown (lipolysis) Eatty acid
transporter
P

N

(3 oxidation,
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co,
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Entry of glycerol into i, 6
the glycolytic pathway HO—C:—H Glycerol

CH,OH

glycerol |~ ATP
kinase ADP

CH,OH

HO—%—H cli’ L-Glycerol

CH,—0—P—0~ 3-phosphate

o)
glycerol 3-phosphate NAD*

dehydrogenase NADH + H*

(I:HzOH
0=CI clr Dihydroxyacetone
CHy—O0—P—0" phosphate

o-

triose phosphate
isomerase

H o
\ 7
C

| p-Glyceraldehyde
I-I_c|_m-I cﬁ 3-phosphate
CH; —O0—P—0"

[

Glycolysis



Conversion of fatty acid to a fatty acyl-CoA

“0—P—0—P—0—P—0—Adenosine| ATP

different isozymes specific

: : o8
for fatty gmds having short, | R—c/ Fatty acid
intermediate, or long carbon chains \o

fatty acyl-CoA
synthetase

0
I
("’ (") /O—P—O—Adenosine
B O—Ii —O—FI’ —0~ + R—C\ o Fatty acyl-adenylate
o- o- r o (enzyme-bound)
Pyrophosphate CoA-SH
) ) fatty acyl-CoA @
inarganic synthetase AMP
pyrophosphatase
/0
2P; R—C N Fatty acyl-CoA
X o S-CoA ,
AG'° = =19 kJ/mol AG'® = =15 kJ/mol AG”= - 34 kJ/mol
(for the two-step process)




Fatty acids (> 14 carbon) entry into mitochondria
via the acyl-carnitine/carnitine transporter

Outer mitochondrial Inner mitochondrial
membrane membrane

Intermembrane — Matrix

space

@l

i
@

J

i

I

———_Carnitine
"_acyltransferase II

i

= 0
= R—c?
= =
S-CoA
CoA-SH

Carnitine

"~ Carnitine S
acyltransferase |

Transporter

Fatty Acids
(12 or fewer carbons) | ) ) ’ —




Stages of fatty acid oxidation
(eg. Palmitic acid)
2ATP*

1

7 FAD
7 NAD* 7 FADH,
7 CoA-SH 7 NADH + 7 H*
7 H,0
8 Acetyl-CoA
7 FADH, x 1.5 ATP/FADH, = 10.5ATP
7 NADH x 2.5ATP/NADH = 17.5ATP
8 acetyl-CoA x 10 ATP/acetyl-CoA = 80ATP
108 ATP
-2ATP *
106 ATP

Stage 1 Stage 2

("CH, |BOxidation

» | 8 Acetyl-CoA

sCH2 Citric
CH, acid cycle

CH,
(21: 16CO,

Stage 3 NADH, FADH,

e

Respiratory
(electron-transfer)
chain

et £
2H +202

H,0

ADP + P; ATP



The (B-oxidation pathway (of saturated fatty acids)

Two sets of enzymes

TFP complex (o,p,)
(> 12 carbons)

Soluble enzymes
( <12 carbons)

a B @ b
( ) (Cq6) R—CH;—CH;—CHz—ﬁ—S-CoA ( ) Cia
o Palmitoyl-CoA Cis
acyl-CoA FAD C1o
dehydrogenase FADH, Cg
C
H 6
I Ca
R—CH,—C=C—C—5-CoA
I-II (!'; trans -A?-
Enoyl-CoA
enoyl-CoA
hydratase
OH
R—C Hz—C—CHz —C S-CoA
L-B-Hydroxy-
acyl-CoA
+
B-hydroxyacyl-CoA NAD
dehydrogenase NADH + H*
R—C Hz—C—CHz —S-COA

—

-Ketoacyl-CoA

acyl-CoA
acetyltransferase
(thiolase)

CoA-SH . .
k, _ th|0|ys|s

(Ci4) R— CHz—C—S -CoA + cua—c—s -CoA

(C.4) Acyl-CoA

(myristoyl-CoA) Acetyl -CoA

—> Acetyl -CoA
—> Acetyl -CoA
—> Acetyl -CoA
— Acetyl -CoA
—— Acetyl -CoA
— Acetyl -CoA

Acetyl -CoA



The enzymes of B-oxidation

Gram-positive bacteria and mitochondrial

short-chain-specific system

Substrate

acyl-CoA dehydrogenase

Gram-negative bacteria

Substrate

Product ediate Product
P Enz,
Enz, J enoyl-CoA hydratase N

thiolase a
Intermediate

Intermedia

L-B-hydroxyacyl-CoA dehydrogenase

Mitochondrial very-long-
chain-specific system

Substrate

Matrix

p nz _
( Enz3 A
Product Enz, ‘._

Inner membrane

TFP

Peroxisomal and glyoxysomal
system of plants

Substrate

Product

-
—

A N : . .
// Enz, Enz, ) MFP (multifunctional protein)
/f // ///\\

4 Enzﬁ )—»eplmerase

isomerase




Step 1

B o
(C16) R—CH; —CH5; —CH, —C—S-CoA

c") Palmitoyl-CoA

acyl-CoA RAL
dehydrogenase FADH, w—=0> ETC
RZE%D ((2?. ;lt)i) (ETF:UQ)
SCAD (4 ~ 8) H

|
R—CH,—C=C—C—S-CoA

I-II g trans -\?-
Enoyl-CoA



Step 2

|
R—CH,—C=C—C—S-CoA
I-II (") trans -A*-
Enoyl-CoA
enoyl-CoA H20
hydratase
OH

R—C Hz—(IZ—CHz —C —S-CoA

L-3-Hydroxy-
; . acyl-CoA



Step 3

(I)H
R—CHy;—C—CH,; —C—S-CoA
I-II (ll L-3-Hydroxy-
acyl-CoA

oo
-hydroxyacyl-CoA NAD

dehydrogenase NADH + H* w—=» ETC
(Complex |)

R—CH,—C—CH, —C—S-CoA
c") (") 3-Ketoacyl-CoA



Step 4

R—CH;—C—CH; —C—S-CoA
g (") [3-Ketoacyl-CoA

acyl-CoA CoA-SH
acetyltransferase

(thiolase)

(C14q) R—CHz—ﬁ—S-CoA + CH3—C—S-CoA

O O

(C+4) Acyl-CoA

(myristoyl-CoA) Acetyl -CoA



Acetyl-CoA

Citrate
Oxaloacetate Isocitrate
NADH o, o -
Citric = NADH
acid
Malite cycle o -Ketoglutarate

co,
Fumarate N_ADH
FADH, E Succinyl-CoA
Succinate
‘/é,, GTP

(ATP)
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Oxidation of monounsaturated fatty acid

0
4 /

18 — 1
C
\/\/\/\/__\/}V.}W \S'COA

Oleoyl-CoA

[3 oxidation
(three cycles) \, 3 Acetyl-CoA

H H (o)

12 — C//

Ns.CoA

cis-A3-
Dodecenoyl-CoA

- A%, A*>-enoyl-CoA isomerase

0
o
NG
12/\/\/\/\)'\( -
H
trans-A2-
3 oxidation Dodecenoyl-CoA
(five cycles)

6 Acetyl-CoA



Oxidation of
polyunsaturated
fatty acid

(Linoleic acid, 18:2A°12)

(0]

~
S-CoA

Linoleoyl-CoA
cis-A®%,cis-A"?

cis-A?,cis-A°

trans -A?,cis-A°

12 9
— —— 1 _##
/\/\/WC
18
5 oxidation
(threecycles) 3 Acetyl-CoA
_6 4_3(,3) /0
c\.
12 5 2(w) S-CoA
A3, A%-enoyl-CoA
isomerase
: 4 2(w)
pr— (g -
NWC/S Cor
12 f =
5 3(3) ‘\0
3 oxidation

(onecycle, and

first oxidation Acetyl-CoA
of second cycle)
— 2 S-CoA
/\/\/:\/\1 -Lo
-~
= ~C
10 ~
" o
+
2,4-dienoyl-CoA NADPH + H
reductase NADP*
5 3 1c¢0
PN N NS
10 7 Y Ts-coa
enoyl-CoA
isomerase
3 1c 0
PV N P
" 4 \2 S-CoA
3 oxidation
(four cycles)

5 Acetyl-CoA

trans -A?,cis-A*

trans -A3

trans -A?



1 /

/\/\/_\/ \/></>i/}</ Secon

3 oxidation Linoleoyl-CoA
(threecycles) 3 Acetyl-CoA cis-A°,cis-A"?
6 4 3(9) 0

ANV _\/_\/C

12 2(c) S-CoA cis-A3 cis-A®

isomerase

2(2)  S-CoA
/\/\/—\/\/\c/

12 X
= 3R o trans -A?, cis-A®

A%, A*-enoyl-CoA ”



6

—\ 4 2 $-CoA

12 4
5 38 S
(3 oxidation
(onecycle, and
first oxidation I Acetyl-CoA
of second cycle)
A 4
5 4 5
/\/\/=\/\ 1 /S-CoA
10 3/ G
(0
e
2,4-dienoyl-CoA |~ NADPH + H
reductase NADP *
ANONNAN N

e 4 2 S-CoA

trans -A?, cis-A°

trans -A?, cis-A*

trans -A>



5 3 1 C/
/\/\/\/\/ N
10 4/ 2 S-CoA
enoyl-CoA
isomerase
3 1 C/O
/W\/\/ N
10 4 2 S-CoA
3 oxidation
(four cycles)

5 Acetyl-CoA

trans -A>3

trans -A>



Oxidation of odd-number

fatty acid

(in the lipids of many plants
and some marine organisms)

* Pernicious anemia
(intrinsic factor v)

ropionate
T CoA-SH p p
H—(I:—H
H—C—H "
| Propionyl-CoA
C
CoA-S o
/—Hcog
propionyl-CoA /—ATP
carboxylase [ biotin
ADP + P;
I
-0 H—CI—H
\C—C—H
0/ I p-Methylmalonyl-CoA
7\
CoA-S (0]

Citric acid cycle

t

methylmalonyl-CoA
epimerase

5’-deoxyadenosylcobalamin

H H
| coenzyme o |
Yy AN
H—C—H N C—C—H
0\ CoA-S
C—C—H methyl- H—C—H
v | lonyl-CoA |
COA—S c ma O'r'ltyI 0 C
_ / \ mutase _
(0] O 0/ \0

L-Methylmalonyl-CoA Succinyl-CoA



Coordinated regulation of
fatty acid synthesis and breakdown

[ TAG or phospholipids €«— Fatty acyl-CoA —> p-oxidation

Dietary High blood Low blood
carbohydrate ~ glucose glucose
®; i
Tlnsulln fGIucagon
Y
phosphatase
P.
4 /,’
Glucose > Acetyl-CoA (Malonyl-CoA’
glycolysis, -
pyruvate multistep
dehydrogenase
complex Fatty acids
Fatty acid
synthesis
ACC : acetyl-CoA caboxylase

Fatty acyl- CoASH

i Fatty

- acyl-CoA carnitine

; carnitine

i acyl

. transferase | Carnitine

E Fatt

! // Fatty acyl- acyl- C):)A
aE’ carnitine FADH
: (rate-limiting)

' |

: 3 oxidation

: NADH
i Acetyl-CoA

. Fatty acid

| 2 sxidation Mitochondrion



Two inhibition steps for B-oxidation

(a) B I
(C16) R—CH —CH , —CH5 — C—S5-CoA

Palmitoyl-CoA
acyl-CoA FAD
dehydrogenase FADH,

i
R—CH;—C=C—C—S-CoA
I-II trans -A%-
Enoyl-CoA
enoyl-CoA HEo
hydratase
?H
R—CH>—C—CH> —C S-CoA
|_|| L-B-Hydroxy-
acyl-CoA

+
B-hydroxyacyl-CoA NAD
dehydrogenase NADH + H*

R—C Hz—C—CHz —C—S CoA
B-Ketoacyl-CoA

acyl-CoA CoA-SH
acetyltransferase
(thiolase)

(Cqa) R—CHz—c—s -CoA + CH3—C—S -CoA

0 O
(C14) Acyl-CoA

(myristoyl-CoA) Acetyl -CoA

[NADH)/[NAD"] ratio is high

High conc. of acetyl-CoA



Peroxisome also carry out -oxidation
(major site of B-oxidation in plant)

Mitochondrion Peroxisome/glyoxysome

R— CH,— CH —Cfo
: T Sscaa
o, . FAD FAD H,0,
Acyl-CoA o i o
H,0 Il FADH, FADH, 2
dehydrogenase Atp 2 H,0 + 10,
1l (o]

/\

|
R—C=C—C
| S-CoA
H

H,0 —}—H,0

OH L 4
] e
R—C— CH;— CR
| S-CoA
H
= NAD* NAD*<«~
O )Respua.atory . 2 *: NADH exported
H,0 chain NADH NADH ey for reoxidation
ATP o
Il ¢°
R—C—CHo—gE 8
S-CoA
CoASH CoASH
//0
R=— C\
S-CoA
o+
Citric =
5 7
acid «--- CH3;—C ===% exported
cycle hGEna R

Catalase

Acyl-CoA
oxidase

heat

Zellweger syndrom
XALD

)

Much more active on

2 Acetyl-CoA  Very-long-chain

fatty acids such as
Hexacosanoic acid (26:0)



Triacylglycerols as glucose source in seeds

Fatty acid oxidation in plants: Seed triacylglycerols
not in mitochondria

but in the peroxisomes
(and the glyoxysomes of Fatty acids
germinating seeds)

lipases

3 oxidation

“ Acetyl-CoA
CH;—C—5-CoA
Acetyl-CoA I I I
oo . glyoxylate cycie
vod st
o €H,—C00" Oxaloacetate
HO—C—C00™
@e dehydrogenase CH,—C00"
NAD* Citrate gluconeogenesis
co0~ Glyoxylul'e aconitase
HO—CH cycle
|
CH, 4
too- E:z__ci::f Glucose
Mauatemat:w I g Sucrose, Metabolic
synthase - itr . - u
T, iscume S polysaccharides intermediates
yase
|°| C:=0 ] - -
CH,—C—SCoA 1 Amino acids Nucleotides
Acetyl-CoA Glyoxylate CH,—CO0™ .
0 Succinate

Energy



m-oxidation

in the endoplasmic reticulum
(liver and kidney in animal)

(10:0 or 12:0)

CoA-SH

a-oxidation:
- branched-chain fatty acids
- in peroxisome of animal cells

e

N\

0
\—' §ooee
l 3 oxidation

0]
W 7
CH; —(CH3)10—C
N
(o)
NADPH, O,

mixed-function
oxidase

AVA

NADP*

o
7
HO—CH, —(CH3)10—C

NAD™
alcohol
NADH dehydrogenase
0\ /O
/C —(CH3)19—C
N
H (o}
NAD™
aldehyde
NADH dehydrogenase
O\\C CH C/o
L (CHa)o -

(o)

A

o o o) o
y N y
\t—qcugf—c/ Ne—(CHy)a—C”

i N._  _/ R

o o o o

Succinate

Adipate (adipic acid)

mitochondria \

4




Formation of ketone bodies
from acetyl-CoA

Fatty acids

l

-oxidation

Diabets
Starvation

P i A

CH3—C + CH3—C

S-CoA S-CoA
2 Acetyl-CoA

thiolase} }} CoA-SH

(0]
i P

CHy —C—CH—C

0

ot
(o)

\ | Y
\C—CHz —(l:—CHZ—C<

S-CoA
Acetoacetyl-CoA

HMG -CoA AcetyI-CoA + H20

synthase Ny coA-SH

OH
0 Sterol

e S-CoA biosynthesis

B-Hydroxy- S-methylglutaryl-CoA

(HMG-CoA)
HMG-CoA
lyase Ny acetyl-CoA

\

acetoacetate
decarboxylase

1
CH3—C—CH3

Acetone

(0]
%\ I
/C—CHy —C—CH3

Acetoacetate

p-3-hydroxybutyrate

NADH dehydrogenase

+H*
€O, NAD*

o OH

N |

/C—CHZ =—CH —CH3 \ 4

0
p-B-Hydroxybutyrate




B-Hydroxybutyrate as a fuel
(in extrahepatic tissues) cln-l o
CH —CI—CHZ—C/ D-B-Hydroxybutyrate

+
p-S3-hydroxybutyrate NAR
dehydrogenase NADH + H*

Ehig— c —CH> '—'C\ Acetoacetate
i
B-ketoacyl-CoA Succinyl-CoA

transferase s
Succinate

(0]
|| A
CH3—C—CH> —c Acetoacetyl-CoA

S -CoA

CoA-SH
thlolase\k

CH —c + CH —c
TN TN
S-CoA S-CoA
2 Acetyl-CoA



Ketone body formation and export from the liver

Lipid droplets \M

Hepatocyte
Acetoacetate,
D-3-hydroxybutyrate,
acetone ——p Acetoacetate and

— D-/3-hydroxybutyrate
etone body
CoA formation exported as energy

source for heart,
Acidosis
Fatty

skeletal muscle,
Ketosis Stide e A C€ Y |-COA

kidney, and brain
90 mg/100 ml in blood 3 oxidation
(<3 mg/100 ml)
5000 mg/24 h urinary excretion
(<125 mg/24 h)

citric
acid
cycle

Oxaloacetate

lucon i
gluconeogenesis Glucose exported

Glucose —p as fuel for brain
and other tissues

\



