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Lipid metabolism

Fatty acids
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Saturation of fatty acids

Q Fatty acid chains (with no double bonds or one or more double
bonds that are always in the cis configuration) and this causes fatty
acid to kink at that position

O  Addition of double bond decreases the melting temperature (T,,)
a fatty acid, whereas increasing the chain length increases the' T
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Chain length of fatty acids ™

'fatty soide with ohain lengths of Sl I sse unsaturationJ! s.e
0 The number before the colon indicates the signifioant qantities I milk ’ ((double bonds !+«
number of carbons in the chain, and those e | e T e
after the colon indicate the numbers and SRR AR S o ot 48
age east sixteen carbons.
positions of double bonds
COMMON
NAME STRUCTURE
For example, arachidonic acid, 20:4(5, 8, 11, Formic acid 1 —
14), is 20 carbons long ana double bonds Acetic acid 20 Pl d
(between carbons 5-6, 8-9, 11-12, and 14- Propionic acid | 30 Palmitoleic aci
) almitoleic acid
15). The carbon to which the carboxyl group Butyric acid 40
is attached (carbon 2) called the a-carbon, Capric acid 10:0 _
carbon 3 is the B-carbon. The carbon of the Js=sPaimiticacid | 160 e earbon 16:1 (9)
terminal methyl group is called w-carbon Paimitolelc acld | 161(9) ; | ., PO one dauisbona e o
regardless of the chain length w44~ Stearic acid 180 9.c2
liquid o s2icfe 2 Oleiic acid 18:1(9)
S I Linoleic acid | 182(9,12)
Arachidonic acid is referred to as an w-6 -Linolenic acid | 18:3(9,12,15) &
while linolenic acid, 18:3(9,12,15), is an w-3 Arachidonic acid| 20:4(5,8,11,14
Nervonicacid | 24:1(15) phospholipidsJL unsaturation ¢uic
[Precursor of prostaglandins Ly fluidityJ! LS
Essential fatty acids|

Essential fatty acids

aranll JA L agaieal il L

oo Saxlly - STkl 2Bt Y nplejc acid, which is the precursor of arachidonic acid, the
substrate for(prostaglandin synthesis
. 2areteie IO
vasodilation Jesis iy« 455 ali ol

O Two fatty acids are dietary essentials in humans:
blood supplyJ! jési Kby, el ,aill
deficiency gaic jran b Enny Clill
kidneyJ il ol asll e w3y Lmolemc acid, the precursor of other w -3 fatty acids important
for growth development

Q A deficiency of linolenic acid rest decreased vision and altered
learning behaviors

Q ﬁ\raé:hidonic acid becomes essential if linoleic acid is deficient in
the diet.
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De novo synthesis of fatty acids

Cytosol
Mainly in —, .

O In humans, fatty acid synthesis occurs primarily in the liver and s J3l +~
zlactating mammary glands and, to a Iesgfr extent, in adipose tlssue

QO The process incorporates carbons from acetyl CoA into the growing
fatty acid chain, using ATP and reduced nicotinamide adenine
dinucleotide phosphate (NADPH).

O Production of cytosolic acetyl CoA

Q First acetate units is transferred from mitochondrial acetyl CoA to the
acetyl CoA ,:L. CYtOsOl. Mitochondrial acetyl CoA is produced by:

U The oxidation of pyruvate & Acetyl CoA
Q The catabolism of fatty acids <’ AgZ}zaC;?ty. CoA
U Ketone bodies

. Acetyl CoA
Q Cerjgln amino acids <7, cioacetyl CoA

[ The coenzyme A portion of acetyl CoA cannot cross the mitochondrial
membrane and only the acetyl portion is transported to the cytosol. It
does so in the form of citrate produced by the condensation of
oxaloacetate (OAA) and acetyl CoA

S 8 i 2 2 16 ¢ s acetyl CoA S carbon 16 gisl flie (gia
acetyl CoA o piaiiy oo Ul malonyl CoA (- 7 5 acetyl COA 3uag by
8,28 oLy NADPH z Bay o ) fatty acid synthesis, cholesterol synthesis @uaic oé (9 Gl Ll , NADPH 5 ATP 7 Biay

acetyl CoAJls oxaloacetate L dsas |l dallal a3¥ $5ba Jlé « mitochondria Isa pyruvated! o ziu acetyl COAJ! Lt a3¥ 55k Jsl Sa
o yuSag wili 8 5o dallas citrateJls citrated a¢ls~x condensationJbs Laass

1. translocation of citrate from the
mitochonderion to the cytosol

0 The translocation of citrate from the mitochonderion to the cytosol,
where it is cleaved by ATP-citrate lyase to produce cytosolic acetyl
CoA and OAA, occurs when the mitochondrial substrate concentration
is high.

O This is observed when isocitrate dehydrogenase is inhibited by the
presence of large amounts of ATP. causing citrate and isocitrate to
accumulate.

O Alarge amount of ATP is needed for fatty acid synthesis

O The increase in both ATP and citrate enhances this pathway.
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Source of cytosolic Acetyl coA

The glycolytic pathway produces WM 3 Acetyl CoA is produced
pyruvate, which is the primary

(OAA) is produced by the first In the mitochondria and
source of the mitochondrial step in the gluconeogenic condenses with OAA to
acetyl CoA to be used for pathway. form citrate, the first step
fatty acid synthesis. It also

in the tricarboxylic acid

1 Citrate leaves the mitochondria
B and is cleaved in the cytosol to
produce cytosolic acetyl CoA.

1

The carbons of cytosolic acetyl CoA are
used to synthesize paimitate, with
NADPH as the source of reducing
equivalents for the pathway.




2. Carboxylation of acetyl CoA to form
ma|0ny| COA acetyl CoA 8 iay 4s: S 16 iy, 16:0 (e 3,Le palmatic acidJ!

1 acetyl CoA 7 malonyl CoA

O The carboxylation of acetyl CoA to form
malonyl CoA is catalyzed by acetyl CoA Oo o0
carboxylase and requires HCO3 - and ATP
and biotin coenzyme. (nactive protomers)

feedback inhibitionJea
is activated by Llaadl > il Yoo sy

dlac 3iay Cytosolle lic allays mitochondriaJb g, U Chtrate 'v-> o0«
lacetyl CoA polym+erage enzyme)ll polymerizationJ! | W acyl c°‘
Active fo(m

processesy! Ui aaly aal
fatty acid synthesisJ/ JS as
sla enzymes 2 Le

key enzymeJ! 545 regulation J-lg fatty acid Synthase enzymeJ!s

carboxylat st carbony!

malonyl CoAJ Lds~ss acetyl COAJ Lelsns 45 3 50 gy cpaas carboxylation wle Jo2is OHJI, biotin sa (€ pyruvate carboxylaseJ! oy Siis

glucoseJ! metabolismJ! clilee 40 § S &LeSs Sa9a 50 ATPJLS , krebs cycle]! cisy ATPY! SX o

Regulation of acetyl CoA carboxylase

. Dimer is active
Short-term regulation of acetyl CoA carboxylase: Monomer is inactive

O This carboxylation is both the rate-limiting and the regulated step in fatty
acid synthesis

O The acetyl CoA carboxylase is a dimer. Which is allosterically activated
by citrate by polymerizing it.

O The enzyme can be allosterically inactivated by

O Long-chain fatty acyl CoA (the end product of the pathway), which
causes its depolymerization.

Q Reversible phosphorylation in the presence of epinephrine and
glucagon dephosphorylation Jus: Ul s+ inactive .= phosphorylation sz UL

O In the presence of insulin’ / Acetyl CoA carboxylase is dephosphorylated
and, so activated. e

Long-term regulation of acetyl CoA carboxylase: carbohydrates i<
Y<ios 11 Prolonged consumption of high-calorie, high-carbohydrate diets

N en2yme

v 2r  Causes an increase in acetyl CoA carboxylase synthesis, thus
increasing fatty acid synthesis.

O Conversely, a low-calorie diet or fasting causes a reductlon in fatty
Ve acid synthesis by decreasing the synthesis of&acetyl CoA

Logen diek 2
ﬁ; 3;{” wyy carboxylase.
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Fatty acid synthase

O The remaining series of reactions of fatty acid synthesis is catalyzed
by the multifunctional, dimeric enzyme, fatty acid synthase.

O Each fatty acid synthase monomer is a multicatalytic polypeptide with
seven different enzymatic activities plus a domain that covalently binds
a molecule of 4’-phosphopantetheine, carries acetyl and acyl units on
its terminal thiol (-SH group) during fatty acid synthesis

malonyl CoA 3Ll acetyl COA 3aas, Tavie

acetyl CoA L~

5 Lelssg ACP e

! Wg" -CoA cysteine{l_@;
“I oF ‘ L) ACP ! -g.

SYNTHASE

Fatty acid
synthase

1ATP . malonyl CoAJ acetyl CoA Jsa! ol

71in1
Steps of fatty acid synthesis

duas catalytic activity <l aaly JS domains 7 saie

[1] A molecule of acetate is transferred from acetyl CoA to the -SH group
of the ACP. Domain: Acetyl CoOA-ACP acetyltransacylase

[2] This two-carbon fragment is transferred to the holding site, the thiol
group of a cysteine residue on the enzyme.

[3] The now-vacant ACP accepts a three-carbon malonate from malonyl
CoA. Domain: Malonyl CoA-ACP-transacylase

[4] The malonyl cT;roup loses the HCO; originally added by CoA
carboxlyase, facilitating its nucleophlllc attack of thioester bond linking
the acetyl group to the cysteine residue The result is a four-carbon unit
attached to the ACP

[5] The keto group is reduced to an alcohol. Domain: 3-Ketoacyl ACP
reductase.

[6] A molecule of water is removed to introduce a double bond. Domain:
3-Hydroxyacyl-ACP dehydratase.

[7] A second reduction step occurs. Domain: Enoyl-ACP reductase

O At the end, Palmitoyl thioesterase cleaves the thioester bond,
producing a fully saturated molecule of palmitate (16:0).
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Further elongation of fatty acids

O Palmitate can be further elongated by the addition of two-carbon units
inthe endoplasmic reticulum (ER) and the mitochondria. These
organelles use separate enzymatic processes.

it can produce it's own fatty acids  SIy Glall jonoS fatty acids cllgive b Sal ¥ Lala dls
a Therrain has additional elongation capabilities allowing it to produce

the very-long-chain fatty acids (up to 24 C) that are required for
synthesis of brain lipids. —

unsaturation Lilee ye Jg5euo

Q Enzymes present in_the ER are responsible for desaturating fatty acids
(that is, adding cis double bonds) Termed mixed-function oxidases,
the desaturation reactions require NADH and O,,. Sk b

O We must have the polyunsaturated linoleic and linolenic acids provided
in the diet. pad Basg e S linolic acid ¢ye 4aial Sas

pandls agaial usy  diet e p3¥ agrial 5ok L
Oleic acid (Arachidonic acid)

Palmitoleic acid Linoleic acid

- S— Linolenic acid
a3¥, asitis «3al ,u8 L acidic in nature sa
,a8l L triglycerides J<iwe glycerol go 4y

Llee <oy Ccytosol of adipose tissueJLs <Al triglycerides L fatty acids <,/ .. S
mammary glands adipose tissueJL gl
liverdl HleS (Sang olas LI sliall v~
Storage of fatty acids as components of

triacylglycerols

O Mono-, di-, and triacyiglycerols consist of one,

two, or three molecules of fatty acids are esterified “en,
to a molecule of glycerol through their carboxyl \c “om
groups, resulting in a loss of negative charge and m"é’.m :
formation of ‘neutral fat” >
Q Fatty acid at C1 is usually saturated . yabsepiootr gy
U Fatty acid at C2 is usually unsaturated o\\c_o){zcﬁ%zo_ P
Q Fatty acid at C3 can be either < Sabulated / -
umsar\v(ﬂjkeA o

N
c

O If a species of acylglycerol is solid at room
temperature, it is called a “fat”, if liquid, it is called
n “oil”

Solid — Lat
\,icLuiA———» oit




Storage of TAG

water 4l S b

O TAGs are slightly soluble in water and cannot form stable micelles

O Production of glycerol 3P

so they coalesce within adipocytes to form oily droplets that are
nearly anhydrous.

O They act as the major energy reserve of the body.

glucose metabolism ;. glycerolJle Juaal Koo

Exclusively in liver

VErJL: doase

Synthesis of triacylglycerol

O Synthesis of glycerol phosphate from glucose during
glycolysis in liver and adipose tissue

O Conversion of a free FA to its activated form (CoA)
fatty acid CoA J<.ae activation Jael a3¥

O TAG is synthesized

O Different fates of TAG in the liver and adipose tissue

cells in a nearly anhydrous form.

swas liverdl sy 1310 In liver, most are exported, packaged with
cholesteryl esters, cholesterol, phospholipid, and
protein (apolipoprotein B-100) to form lipoprotein

, fatty liver guic
packaging e
|y dadlas g

particles called very low density lipoproteins|(

O In adipose tissue, TAG is stored in the cytosol of the

VLDL)|

and function to deliver the endogenously-derived

lipids to the peripheral tissues.

VLDL are secreted into the blood where they m?tﬂe

adiposeJ! (Sasy dllalle Joanll 4 £ Ba3y organs sl triglycerides Lass muscle < 1dl circulating Jess oSes
it will circulate in agll ..., LDL, HDLJ L8y Jsais « daaly Il organd! s dlealls (3854 4 aali tissue
do 0AL T, waliay (i tissuedls blood
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Mobilization of stored fat

U Release of fatty acids from TAG

U This process is initiated by hormone-sensitive lipase, which
rTeAr\réoves a fatty acid from carbon 1 and/or carbon 3 of the

O Additional lipases specific for diacylglycerol or
monoacylglycerol remove the remaining fatty acids.
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Mobilization of stored fat = ...« i< phosphoryiase,
phosphorylaseJ!s ,..iill phosphorylation

Jinactivate ,.a, synthaseJls active juas

1. Activation of hormone-sensitive lipase (HSL): This o] ol g
enzyme is activated when phosphorylated by a 3,5 |
‘-cyclic AMP-dependent protein kinase in the ow) =P
adipocyte upon binding of hormones (like l&
epinephrine) to receptors on the cell membrane, w vv
and activation of adenylate cyclase fi) L Y - 2 i
Ui/ B . WMLALIELLAN Ay
i Adenylyl
Q The process is similar to that of the activation of ATP . cAMP' PP

glycogen phosphorylase :
[ Because acetyl CoA carboxylase is inhibited
upon phosphorylation, when the cAMP-

mediated cascade is activated. fatty acid g RS
synthesis is turned off when TAG degradation | W™\ _.» g
iS turned on. Phosphatase  Active protein kinase

O In the presence of high plasma levels of insulin e
and glucose, HSL is dephosphorylated
(inactive) Homone-sensitve

fctive)

TRIACYLGLYCEROL

Fatty acid

DIACYLGLYCEROL
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Mobilization of stored fat

Fate of glycerol:

It cannot be metabolized by adipocytes because they lack glycerol
kinase. Rather, glycerol is transported through the blood to the liver,
where it can be phosphorylated, which can be used to form TAG in
the liver; or can be converted to DHAP that can participate in
glycolysis or gluconeogenesis.

Fate of fatty acids:

The free fatty acids move through the cell membrane of the adipocyte,
and immediately bind to albumin in the plasma, enter cells, get
activated to their CoA derivatives, and are oxidized for energy.

beta oxidation lglee! ;Lie mitochondria Llaas clia aayg fatty acyl CoAJ Ledsa tissued! albumin

Active transport of fatty acids across membranes is mediated by a
membrane fatty acid binding protein

plasma free fatty acids cannot be used for fuel by erythrocytes, which
B?BVBG no mitochondria, or by the brain because of the impermeable

« glyceraldehyde 3 phosphateJ Js~u dehydrogenase enzymec paass phosphorylation dlexs « liverdle ¢ g 4o alaill saua gl 44, L]
glucose 4 piais 54, glucose 4o pias 2o, L metabolism glycolysis J<. L

gluconeogenesisl 3sSsla LY LSlginn allaiy oI LIl lipolysis is coupled with gluconeogenesis alall
brain aand RBCs - fatty acids cllgis ,usi L Ul organssy!



JSI' mitochondriaJls LS Ll 33l mitochondriadls ais
mitochondria Lasie L Swl RBCsJlg barin lae L cells

B-Oxidation’of fatty acids

O The major pathway for catabolism of saturated fatty acids is a
mitochondrial pathway called pB-oxidation, in which two-carbon
fragments are successively removed from the carboxyl end of the
fatty acyl CoA, producing acetyl CoA, NADH, and FADH2.

O Transport of long-chain fatty acids (LCFA) into the mitochondria:
) dgrassl 8l wlae
O After LCFA enters a cell, it is converted to the CoA derivative by
long-chain fatty acyl CoA synthetase (thiokinase) in the cytosol.

U Because B-oxidation occurs in the mitochondria matrix, the fatty acid
must be transported from the cytosol across the mitochondrial inner
membrane by a specialized carrier, Carnitine.

s~ulS 3 50 OUter membrane LiSa
carnitine dawlgs ¥l 2l 3 50 L inner!

alpha amino acids ye Sai IS o Siie , gama amino acid ;e §,Le sa Ll « transportation in mitochondria will require amino acidsJ! Llee
fatty acidsJ! transportation 4.l <iiks . codon 4l L gama amino acidJ! sla « « dI L sly codon 4l il o4

LCFA translocation

1. An acyl group is transferred from the cytosolic CoA to carnitine by
carnltlne palmitoyltransferase | (CPT-I), an enzyme associated with
outer membraneJle 1s=5-"the outer mitochondrial membrane, to form acylcarnitine, and
s reactiond! ls= o regenerates free CoA

2. The acylcarnitine is transported into the mitochondrion in exchange
for free carnitine by carnitine-acylcarnitine translocase.

3. 2Carnitine palmitoyltransferase |I (CPT-ll) catalyzes the transfer of the
( acyl group from carnitine to CoA in the mitochondria matrix, thus
inner Lle regenerating free carnitine.
Toty

4l beta oxidation dlac oy fatty acyl CoA sl glas  (ia



Inhibitor of the carnitine shuttle

O Malonyl CoA inhibits CPT, thus preventing the entry of long-chain
acyl groups into the mitochondrial matrix.

Q0 When fatty acid synthesis is occurring in the cytosol (as indicated by
the presence of malonyl CoA), the newly made palmitate cannot be
transferred into the mitochondria and degraded

Net effect: Long-chain fatty acyl CoA is transported from the outside to the inside of mitochondria

Uae b Lo dlad i

S Jaus outer €Y m St

822

oo Ople Tin ol ¢ cdlde Aas aasie oIl Al Igal oIl ulill s saliag carnitine]!
agdludal Gl o HST oS gle Tshaany (i, fatd) Jleain efficiency oe sai i

add blacy el obilee Lie L Lls Lal, degradation 4 sy oisdsg mitochondriadle Jaw L oLae cytosolJb «ias oI fatty acidJ!
Suic od Lad ,mitochondrial! dsas dilac Cidgy (JLGILy CPT J inhibition Jeas cytosolJb adi,» malonyl CoAJ! Lls ¢ jaas g b
ol Ludls synthesisy degradation

Carnitine

O Sources: ] ZJS' il ,
Q from the diet (meat, diary products, nuts), synthesized from the
amino acids lysine and methionine by an enzymatic pathway

found in the liver and kidney but not in skeletal or heart muscle.
carnitine! ellgicns i<l

U these tissues are totally dependent on carnitine provided by
hepatocytes or the diet, and distributed by the blood.

(Skeletal muscle contains 97% of all carnitine in the body)
fatty acids Jaus & Js!
mitochondrial (1 Additional functions:

Q The carnitine system also allows the export from the
mitochondria of branched-chain acyl groups (such as those
produced during the catabolism of the branched-chain amino
acids).

Kidney Usa oo Lgallsy (Sany Lgas eliin carnitine !
U The carnitine system is involved in the trapping and excretion via

Lhedkidney of acyl groups that cannot be metabolized by the
ody.
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Carnitine deficiencies «i-. .irivert i<z

QO result in a decreased ability of tissues to use LCFA as a metabolic
fuel, can also cause the accumulation of toxic amounts of free fatty
acids and branched-chain acyl groups in cells.

 Secondary carnitine deficiency occurs for many reasons:

1) in patients with liver disease causing decreased synthesis of
carnitine

2) individuals suffering from malnutrition or those on strictly vegetarian
diets

3) in those with an increased requirement for carnitine as in
pregnancy, severe infections, burns, or trauma

R aatan -
urea creatinineJ!

4) in those undergoing hemodialysis, which removes carnitine from ol e e
el
the blood s p=ills membrane saic s pas el bloodd!s fluidJ! dialysis e peiall o el o popiita T

0 Congenital deficiencies in one of the components of the carnitine
palmatoyltransferase system, in tubular reabsorption of carnitine, or
a deficiency in carnitine uptake by cells, can also cause carnitine

deficiency.
_ _ ] synthaseJ! 4lee uSe
matrix of mitochondria Ja /s
) f . . B—Carbot](farbona)
-— (0]
1 Very long chain fatty acyl dehydrogenaseeRzyQaCtlons O B OXIdatlon CHa’(CHz)x'?"z'?“z'?'S‘COA
Z Long chain fatty acyl dehydrogenase enzyme Fatty acyl CoA
3 Medium chain fatty acyl dehydrogenase enzyme
Y Short chain fatty acyl dehydrogenase enzyme 4/\ . - ACY'CS‘;AS FAD
O It consists of a sequence of four reactions that result | «gmydean -
in shortening the fatty acid chain by two carbons. St i .
. . ouble|bond (<5
[1] oxidation that produces FADH2 L p—
[2] hydration step Enoyl CoA
[3] a second oxidation that produces NADH EnoiCoa | -0
[4] Thiolytic cleavage that releases a molecule of acetyl | nraton
CoA. . S
beta position ey "
O These four steps are repeated for saturated fatty CHy~ (CHy), CH-CH,~C-$-CoA
acids of even numbered carbon chains (n16), each Difydrosyaoy Lol
cycle producing an acetyl group plus one NADH and | s.ueyemces |~ ¥°*
one FADH2 T X
NADH #+
. . . o (o}
O The final thiolytic cleavage produces two acetyl CHy~ (CHy),G-CHy-C- S~ CoA
groups. 3480acyl CoA
B-Koloatr:ylm-ﬁ?e CoA
Q Acetyl CoA is a positive allosteric effector of Lo
activation «lax$ pyruvate carboxylase, thus, linking fatty acid 5 "
oxcloacetate pyrvete s 1! oxidation and gluconeogene5|sa. CHy(CHy),-G-S-CoA +CHy-C-S-CoA
1 s it's coupled with lipolysis cla 5Lac NG  CRGRIEEK

T acetyl CoA 8J < ,..< palmatic acidJ! ;,sa
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Energy yield from fatty acid oxidation

O The energy yield from the oxidation pathway is high.

O For example, the oxidation of a molecule of palmitoyl CoA to CO,
and H,0 yields 131 ATP

7 FADH,, each of which | 7 NADH, each of which
provides 2 ATP when
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=
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Medium-chain fatty acyl CoA
dehydrogenase (MCAD) deficiency

O In mitochondria, there are four fatty acyl CoA dehydrogenase
species, each of which has a specificity for either short-, medium-,

long-, or very-long-chain fatty acids.
O MCAD deficiency is:

1 an autosomal, recessive disorder defected genes 2 sis3¥ s
U one of the most common inborn errors of metabolism.

[ causes a decrease in fatty acid oxidation and severe glucose ».<sifat sl 536 e <

hypoglycemia (no full energetic benefit from fatty acids and so

must now rely on glucose).
0 Treated by a carbohydrate-rich diet. o e A S

Q Infants icularly affected by MCAD deficiency, because they . ibrosesy < ..

medium chainJi, rely for their nourishment on milk, which contains primarily MCADS <k cessie a0y

0 MCAD dehydrogenase deficiency has been identified as the cause
of sudden infant death syndrome (SIDS) or Reye’s syndrome ,

e, @spirin aalg viral infection saie oIl

« JoK liverJl damage

16,18 e sSu U
Ligs S 17 Yis

Oxidation of fatty acids with an odd number

Q It oxidizes two carbons at a time (producing acetyl
CoA) until the last three carbons (propionyl CoA).

O (Propionyl CoA is also produced during the
metabolism of certain amino acids)

O This compound is carboxylated to methylmalonyl

CoA by propionyl CoA carboxylase (requires biotin),

which is then converted to succinyl CoA by
methylmalonyl CoA mutase (requires vitamin B12).

(Succinyl CoA can enter TCA cycle)

O A genetic error in the mutase or vitamin B12
deficiency causes methylmalonic acidemia and
aciduria in addition to developmental retardation.

methimalonic acidJ accumulation s

Krebs cycle g

a¢lsas |, propionyl CoA sl succinyl COAG i il amino acids e S Le

"
CH4CH,C- CoA
Propionyl CoA

co,
Propionyl CoA
carboxylase ATP Biotin
Carboxylation
ADP + P,

900'
H- ('3 ~CH,4
C-CoA
6
D- Methyimalonyl CoA

Methyimalony! CoAl
racemase
isomerization
L oID oo Jass
?00"
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O
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Methyimalonyl CoA
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of vitamin B‘z
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Oxidation of unsaturated fatty acids

O The oxidation of unsaturated fatty acids provides less energy than

peroxisomesJ! & Js!
Ceaas, shortening fsless
« beta oxidation ;s
mitochondria Jaus

Q

Q

a

that of saturated fatty acids because they are less highly reduced
and, therefore, fewer reducing equivalents can be produced from
these structures.

Oxidation of monounsaturated fatty acids, such as 18:1(9) (oleic

acid) requires one additional enzyme, 3,2-enoyl CoA isomerase

(converts the 3-cis derivative obtained after three rounds of p- hl/

oxidation to the“2-trans derivative that can serve as a substrate for

the hydratase) 834l double bond (54
(1.50 Jsl s adlay oiay ) LIS processJL FADH2 (4o 1 &y

double bond (e Sl e <

Oxidation of polyunsaturated fatty acids, such as 18:2(9,12) (linoleic
acid) requires an NADPH-dependent reductase in addition to the

isomerase. 3,2- enoyl CoAJ Lguss one double bond Jas Lo aal

( beta oxidation ,..<S 4lae ) carbon 2 and 3 sl double bond (< oo J !
H20 Ja. hydration Jeas 3 a3, Jeas cpaas

oxidation Jeas cpaas

8asas COA Lf g« s (ppan

NADH allis sl oxidationdls FADH2 allis o1 g¥1 oxidationd! dilee

Jil ¥y <1 Gl glally unsaturated gl lie age ala

Oxidation in the peroxisome

L S 24 sl dias brain Shs

Very-long-chain fatty acids (VLCFA), twenty carbons long or longer,
undergo a preliminary 3-oxidation in peroxisomes. The shortened
fatty acid is then transferred to a mitochondrion for further oxidation.

In contrast to mitochondrial B-oxidation, the initial dehydrogenation
in peroxisomes is catalyzed by an FAD-containing acyl CoA
oxidase.

The FADH, produced is oxidized by molecular oxygen, which is
reduced tozHZOz. The H,0, is reduced to H,0 by catalase

olas (55 Wyl
The genetic defects Zellweger (cerebrohepatorenal) syndrome (a o2k dsls el
defect in peroxisomal biogenesis in all tissues) and X-linked SSImalesl e s
adrenoleukodystrophy (a defect in peroxisomal activation of VLCFA)
lead to accumulation of VLCFA in the blood and tissues.

liver s, peroxisomesJb A< oé SIS 1]

Kidney <~ very long chains I i,
Brain



a-Oxidation of fatty acids

beta oxidation lglee! by L
oo ouad ¢« malll ssnge alpha Jexs
O The branched-chain fatty acid (phytanic acid) is not a
substrate for acyl CoA dehydrogenase due to the methyl
group on its third carbon

O Instead, itis hydroxylatma-carbon by fatty acid a - “C-OH
hydroxylase.

CH,
O The product is decarboxylated and then activated to its CoA
derivative, which is a substrate for the enzymes of -oxidation.
enzymeJ! sl deficiency saic (<6 Lie genes 2 sus i -CH,
O Refsum disease is a rare, autosomal recessive disorder

caused by a deficiency of a-hydroxylase. Leading to the
accumulation of phytanic acid in the plasma and tissues. -CH,

O The symptoms are primarily neurologic, that treated by dietary
restriction to halt disease progression CH;

liverJl Ldd ot Lgad guiaill dilae
Ketone bodies

wasie 5o Tl ulill gt i

O Liver mitochondria can convert acetyl CoA derived from fatty acid
oxidation into the ketone bodies, acletoacetate and 32-hydroxy-

butyrate. —
0 guratate R 3- Acetone

Q Peripheral tissues possessing mitochondria can oxidize 3-
hydroxybutyrate to acetoacetate, which can be reconverted to acetyl
CoA, thus producing energy for the cell.

ketone bodies Jeaiow a8,

O Unlike fatty acids, ketone bodies can be utilized by the brain)and,
therefore, are important fuels during a fast.

S 5ads Lo (s sy liver!
Q The liver lacks the ability to degrade ketone bodies, and so
synthesizes them specitically for the peripheral tissues.

RBCs ¢ Krebs cycle saic L (e
ketone bodies auniiw ;i Led

¢liverdl s el Uﬂ)'-@ﬁ ¢ ketone bodieswﬂbsugﬂlluouw
glycerolJ! phosphorylation 4ilac Type 1 ghabetele \
ktone bodiesJ! auian starvationJ! =¥l 2

vomiting for long time aasie Ml Lulll 3
: T < e Ciy%:IeJl diarrhea sasic oIl 4
bile & Oe Co s ok ketogenic dietJle Ul Lulilly 5



Synthesis of ketone bodies by the liver

(o) OH o}
O = n 1 "
" O-C~-CH,-C-CH,-C-CoA
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my g | 2 Acetyl CoA HMG CoA
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Thiolase acetyl COA 2 gon HMG CoA lyase 9
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(@) O
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Synthesis of ketone bodies by the liver
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Ketoacidosis

O Ketoacidosis occurs when the rate of formation of
ketone bodies is greater than their rate of use, as
seen in cases of uncontrolled, type 1 (insulin-
dependent) diabetes mellitus.

d their levels begin to rise in the blood (ketonemia) u meulin HG'ucagon
and eventually in the urine (ketonuria). +

hyponatremia wae yuas HLS aalsll (Kand asissn dae Gy UMNdle T oy anlls a&in Laly n Lipolysis

4 In such individuals, high fatty acid degradation ,
produces excessive amounts of acetyl CoA. Free fatty acids

in plasma

4

A 4

Q It also depletes the NAD* pool and increases the Hepatic output
NADH pool, which slows the TCA cycle of ketone bodies

A 4

NADHJ! krebs cycleJ acetyl CoA Jau, U | Ketoacidosis '

+NADU! depletion Jeas algd « @88 e 808 oLS

H9ih aSus 13 oy (@l o0 G185y seall Jgaa (Saad Tllle a5 @IS Oxidation of unsaturated s alpha oxidation wdtew & 55yl

a-OXIDATION (PEROXISOMES)

Used for: branched-chain fatty acids
CH;

(e.g., Phytanic acid)
PALMITOLEIC ACID B-OXIDATION OF UNSATURATED FATTY ACID W\MCOOH
Clexagicts) a Example: Palmitoleic acid (C16:1 A9, cis) :

- 910 Activation Palmitoleoyl-CoA General rule Phytanic acid (C20:0, a-methyl branched)
AN (cytosol) ; A B-oxidation removes 2 carbons per cycle
OH C16:1 A° (cis) © from the carboxyl end as Acetyl-CoA =
ATP, CoA s until the double bond is encountered. [ CH
’ ' e P a Ve Fao' o = -
CHj— (CH,)s—CH=CH—(CH,);—COOH (cis-A®) Saees N o . o

CHy— (CHy)s — CH=CH— (CH,),~CO—S~CoA eTipondiiont | \/\/\/\/I\/\/\/ u\
) S-CoA

B-OXIDATION STEPS UNTIL THE DOUBLE BOND IS REACHED (NORMAL PATHWAY) (Phytanoyl-CoA

( Cycle 1 J ( Cycle 2‘\ (C%Ie;} a-hydroxylase) |
. 9 10 o . 9 10 o 9 10 o o
AL (\L _____ > ﬂ;\ --»| PROBLEM: DOUBLE BOND BLOCKS FAD-DEPENDENT STEP
CH3— (CH,)s —CH=CH = (CH,);+CO=O~S-CoA CH3— (CH)s—CH=CH= (CH,)s3C0z0~5-CoA CHy—CH,—CH=CH>CH,5CH,20~S-CoA = sy } OH (o)

1 Oxidation (FAD) 1 Oxidation (FAD) 1 Oxidation (FAD) At this point we have: cis-A%-Enoyl-CoA \/\/\/\/I\/\/\/H\
Acyl-CoA Acyl-CoA Acyl-CoA o | S-CoA
dehydrogenase dehydrogenase dehydrogenase 3 2 |

- y v ] i1 a-Hydroxy phytanoyl-CoA

2 Hydraion 2 Hycrtion 2 Hydration g N B R o de o 1 ydroxy phytanoy
FyoyliCase FyorleCase Fyyldse o l

3 Oxidation (NAD*) 3 Oxidation (NAD*) 3 Oxidation (NAD*) ASCondehTaiogenase © a-Oxidation |
B-Hydroxyacyl-CoA B-Hydroxyacyl-CoA B-Hydroxyacyl-CoA X cannot act on cis-A? double bond (a-Hydroxyacyl-CoA o o
dehydrogenase dehydrogenase dehydrogenase N

4 Thiolysis 4 Thiolysis 4 Thiolysis yase) \/\/\/\/]\/\/u + CO,

p-Ketoacyl-CoA p-Ketoacyl-CoA B-Ketoacyl-CoA “-CoA
Acetyl-CoA | | cuane Acetyl-CoA | _,| 2w Acetyl-CoA | | csat | l
L (2 carbons) Acyl-CoA (2 carbons) J L Acyl-CoA (2 carbons) L Acyl-CoA | 1
. = — = — —— e Further steps
T "~ SOLUTION: ISOMERIZA! F » o
SOLUTION: ISOMERIZATION B-OXIDATION CONTINUES NORMALLY o Final products from Palmitoleic acid (C16:1) |
Enoyl-CoA isomerase [ Acetyl-Cor « 7 Acetyl-CoA (from B-oxidation) | N AN A A
@) o 3 2wk 9 } 1 Hydration LeoA 4 o B S-CoA

- o i (|L =" g (]L s 0 g (2carbons) |S-CoA . 6 NADH y

CHy —CH=CH~—CH,>0~5-CoA CHy—CH,—CH=CH-0:0-5-CoA CHy—CH,—CH=CH~0:C5-CoA {  oyidation (NAD") + SFADH, (one less FADH, than pakmitic acid) ‘ Pristanoyl-CoA (C19)

o
trans-A2-Enoyl-CoA olysit be le skij FAD st 1
cis-A3-Enoyl-CoA trans-A2-Enoyl-CoA 2 3 Thiolysis ( Acetyl-CoA Couse e CYcie shipped = N 3 N B R
(unable to continue) (can continue) (2 carbons) 7 These eftterTCALCycleand ETCTe AR ‘ [ Enters B-oxidation in mitochondria ]
v
COMPARISON: PALMITIC ACID (SATURATED) vs PALMITOLEIC ACID (MONOUNSATURATED) . "
NELPOINTS Key points Comparison
Palmitic acid (C16:0) = Palmitoleic acid (C16:1 A9) + The double bond (cis) causes a block when it reaches the B-oxidation pathway. < Goculn peroxisomes Feature B-Oxi 2 %
FR Y Y e Ve Va N - 5 =) 0-SCoA « Enoyl-CoA isomerase converts cis-A3 to trans-A2.
FENNANL N NN ANT S i i dri;
Py . e 7 ( i el + B-oxidation then proceeds normally. * Removes one carbon as COZ from the Location =
* 7 cycles of B-oxidation + 7 cycles of B-oxidation (one cycle modified; = &
- Bioxidati N fronidat % = « Unsaturated fatty acids yield slightly less ATP due to the skipped FADH, step. a-carbon Substrate = Most fatty acids Branched FA

* 7 FADH,, 7 NADH, 8 Acetyl-CoA + 6 FADH,, 7 NADH, 8 Acetyl-CoA « Converts branched fatty acids to

straight-chain fatty acids
« Product then undergoes B-oxidation Firststep = B-hydration a-hydroxylation

Cleavage @ 2carbons atatime | 1carbon (as CO;)



