Lipid Metabolism

X The oxidationof long-chainfatty acidsto acetytCoA is a centralenergyyielding
pathwayin manyorganismsandtissues

X In mammalianheartand liver, for example,it providesas much as 80% of the
energeticmeedaunderall physiologicalcircumstances

X The electronsremoved from fatty acids during oxidation pass through the
respiratorychain, driving ATP synthesisthe acetylCoA producedfrom the fatty
acids may be completelyoxidized to CO2 in the citric acid cycle, resultingin
furtherenergyconservation

X In somespeciesandin sometissuesthe acetylCoA hasalternativefates In liver,
acetytCoA may be convertedto ketonebodie® watersolublefuels exportedto
thebrainandothertissuesvhenglucoses notavailable



In vascularplants,acetylCoA servesprimarily as a biosyntheticprecursoronly
secondarilyasfuel.

Although the biological role of fatty acid oxidation differs from organismto
organism,the mechanisms essentiallythe same the repetitivefour-stepprocess
by which fatty acidsareconvertednto acetytCoA, calledb oxidation.

Triacylglycerols(triglyceridesor neutralfats) are especiallysuitablefor storage
fuels

Thelong alkyl chainsof their constituenffatty acidsareessentiallyhydrocarbons,
highly reducedstructureswith an energyof completeoxidation (~38 kJ/g) more
thantwice thatfor the sameweightof carbohydrat@r protein

This advantages compoundedoy the extremeinsolubility of lipids in water,
cellular triacylglycerols aggregatein lipid droplets, which do not raise the
osmolarityof thecytosol,andtheyareunsolvated



And becausaf their relative chemicalinertnesstriacylglycerolscanbe storedin
large quantityin cells without the risk of undesiredchemicalreactionswith other
cellularconstituents

The propertiesthat make triacylglycerols good storage compounds,however,
presenproblemsn theirrole asfuels

Becausdhey areinsolublein water,ingestedtriacylglycerolsmustbe emulsified
before they can be digestedby watersoluble enzymesin the intestine, and
triacylglycerolsabsorbedn the intestineor mobilized from storagetissuesmust
be carriedin the bloodboundto proteinsthatcounteractheirinsolubility.

Also, to overcomethe relative stability of the Co C bondsin a fatty acid, the
carboxylgroup at C-1 is activatedby attachmento coenzymeA, which allows
stepwiseoxidation of the fatty acyl group at the C-3, or b positiord hencethe
nameb oxidation



Cells canobtainfatty acid fuels from four sourcesfats consumedn the diet, fats
storedin cellsaslipid dropletsfatssynthesizedn oneorganfor exportto another,
andfatsobtainedoy autophagywhich degradeshec e |owniogjanelles)

Somespecieauseall four sourcesundervariouscircumstancesythersuseoneor
two.

Vertebratesfor example obtainfatsin the diet, mobilize fats storedin specialized
tissue (adiposetissue, consistingof cells called adipocytes),and, in the liver,
convertexcesglietarycarbohydrateso fatsfor exportto othertissues

During starvationthey canrecyclelipids by autophagyOn average40% or more
of the daily energyrequirementof humansin highly industrializedcountriesis
supplied by dietary triacylglycerols (although most nutritional guidelines
recommenado morethan30% of daily caloricintakefrom fats).



Triacylglycerols provide more than half the energyrequirementsof some organs,
particularlytheliver, heart,andrestingskeletalmuscle

Storedtriacylglycerolsare virtually the sole sourceof energyin hibernatinganimals
andmigratingbirds

Protistsobtainfats by consumingorganismdower in the food chain,and somealso
storefatsascytosoliclipid droplets

Vascularplantsmobilize fats storedin seedsluringgerminationput do not otherwise
dependonfatsfor energy

In vertebratesbeforeingestedriacylglycerolscanbe absorbedhroughthe intestinal
wall they must be convertedfrom insoluble macroscopicfat particlesto finely
dispersednicroscopianicelles

This solublilizationis carried out by bile salts, suchas taurocholicacid, which are
synthesizedrom cholesterolin the liver, storedin the gallbladder,andreleasednto
the smallintestineafteringestionof afatty meal
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Apolipoproteinsarelipid-binding proteinsin the blood thatareresponsibldor the

transportof triacylglycerols phospholipids,cholesterol,and cholesterylesters
betweerorgans

Apolipoproteins combine with lipids to form several classesof lipoprotein
particles,sphericalaggregatesvith hydrophobidipids at the coreandhydrophilic
proteinsidechainsandlipid headgroupsatthesurface

Variouscombinationsof lipid andproteinproduceparticlesof differentdensities,
ranging from chylomicronsand very-low-density lipoproteins (VLDL) to very-
high-densitylipoproteins(VHDL), which canbe separatedy ultracentrifugation

Theproteinmoietiesof lipoproteinsarerecognizedy receptoron cell surfaces
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Neutral lipids are storedin adipocytes(and in steroidsynthesizingcells of the
adrenalcortex, ovary, and testis) in the form of lipid droplets,with a core of
triacylglycerolsandsterolestersurroundedy a monolayerof phospholipids

The surfaceof thesedropletsis coatedwith perilipins, a family of proteinsthat
restrictaccesdo lipid droplets preventinguntimelylipid mobilization

When hormonessignal the needfor metabolicenergy,triacylglycerolsstoredin
adiposetissueare mobilized (broughtout of storage)and transportedo tissues
(skeletalmuscle,heart,andrenalcortex)in which fatty acidscanbe oxidizedfor
energyproduction

The hormonesepinephrineand glucagon, secretedin responseto low blood
glucoselevelsor a fight-or-flight situation,stimulatethe enzymeadenylylcyclase
In the adipocyte plasma membrane,which producesthe intracellular second
messengecyclic AMP (CAMP).
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Cyclic AMPT1 dependenproteinkinase(PKA) triggerschangegshat openthe lipid
droplet to the action of three cytosolic lipases, which act on tri-, di-, and
monoacylglycerolsreleasingatty acidsandglycerol

Thefatty acidsthusreleasedfree fatty acids,FFAS) passfrom the adipocyteinto
theblood,wheretheybindto theblood proteinserumalbumin

This protein (Mr 66,000), which makesup abouthalf of the total serumprotein,
noncovalenthbindsasmanyas10 fatty acidsperproteinmonomer

Bound to this soluble protein, the otherwiseinsoluble fatty acidsare carriedto
tissuessuchasskeletaimuscle heart,andrenalcortex

In thesetargettissues,fatty acids dissociatefrom albumin and are moved by
plasmamembrandransportersto cellsto serveasfuel.

About 95% of the biologically availableenergyof triacylglycerolsresidesn their
threelong-chainfatty acids only 5% is contributedoy the glycerolmoiety.



X The glycerol released by lipase action is
phosphorylated by glycerol kinase, and the
resulting glycerol 3-phosphateis oxidized to
dihydroxyaceton@hosphate

X Theglycolytic enzymetriosephosphatésomerase
converts this compound to glyceraldehyde 3-
phosphateywhichis oxidizedvia glycolysis
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The enzymesof fatty acid oxidationin animalcells are locatedin the mitochondrial
matrix.

Thefatty acidswith chainlengthsof 12 or fewer carbonsentermitochondriawithout
thehelpof membrandransporters

Thosewith 14 or morecarbonswhich constitutethe majority of the FFAs obtainedn
the diet or releasedfrom adipose tissue, cannot pass directly through the
mitochondrialmembranesthey mustfirst undergothe three enzymaticreactionsof
the carnitineshuttle

The first reactionis catalyzedoy a family of isozymesof acylFCoA synthetaseeach
specificfor fatty acidshavingeithershort,intermediatepr long carbonchains

Theisozymesare presentin the outer mitochondrialmembranewherethey promote
thegenerakeaction

Fatty acid +CoA + ATP = fatty acyl-CoA + AMP +PP;



Thus,acyli CoA synthetasesatalyzethe formationof a thioesterinkage between
the fatty acid carboxylgroup andthe thiol group of coenzymeA to yield a fatty
acyl CoA, coupledto thecleavagef ATP to AMP andPPL

Fattyacyli CoAs like acetytCoA, arehigh-energycompoundstheir hydrglysisto

FFAs and CoA has a large, negativestandardfree-energychangeqgp = 1 31
kJ/mol).

Fatty acyli CoA estersformed on the cytosolic side of the outer mitochondrial
membraneanbetransportednto the mitochondrionandoxidizedto produceATP,
or theycanbeusedin thecytosolto synthesizanembrandipids.

Fatty acids destinedfor mitochondrialoxidation are transiently attachedto the

hydroxyl group of carnitineto form fatty acyl carniting the secondreactionof
the shuttle CH,
CH3;—N*-CH,—CH—CH,—C00"

| |
CHs OH
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X In thethird andfinal stepof the carnitineshuttle thefatty acyl groupis transferred
from carnitineto intramitochondrialcoenzymeA by carnitine acyltransferase
(alsocalledCPT2).

X This isozyme,locatedon the inner face of the inner mitochondrialmembrane,
regeneratedatty acyll CoA and releasedt, along with free carnitine, into the
matrix



This threestep processfor transferringfatty acids into the mitochondriond
esterificationto CoA, transesterificatiorto carnitine followed by transport,and
transesterificatioackto CoAod links two separatgools of coenzymeA and of
fatty acyll CoA, onein thecytosol,theotherin mitochondria

Thesepoolshavedifferent functions CoenzymeA in the mitochondrialmatrix is
largely usedin oxidative degradationof pyruvate,fatty acids,and someamino
acids,whereasytosoliccoenzym@e is usedin the biosynthesiof fatty acids

Fatty acyll CoA in the cytosolic pool can be used there for membranelipid
synthesisor can be movedinto the mitochondrialmatrix for oxidationand ATP
production

Conversionto the carnitine estercommitsthe fatty acyl moiety to the oxidative
fate

The carnitinemediatedentry processs theratelimiting stepfor oxidationof fatty
acidsin mitochondriaandis a controlpoint



In the first stage of b oxidation fatty acids undergo oxidative removal of
successivéwo-carbonunitsin the form of acetylCoA, startingfrom the carboxy!
endof thefatty acyl chain

For example,the 16- carbonpalmitic acid (palmitateat pH 7) undergoesseven
passeghroughthe oxidative sequencen eachpasslosing two carbonsasacetyt
CoA.

At the endof sevencyclesthe lasttwo carbonsof palmitate(originally C-15 and
C- 16) remainasacetytCoA.

The overall resultis the conversionof the 16- carbonchainof palmitateto eight
two-carbonacetylgroupsof acetytCoA molecules

Formationof eachacetytCoA requiresremovalof four hydrogenatoms(two pairs
of electronsaandfour H+) from thefatty acyl moiety by dehydrogenases



In the secondstageof fatty acid oxidation, the acetylgroupsof acetyt CoA are
oxidized to CO2 in the citric acid cycle, which also takes place in the
mitochondrialmatrix.

Acetyl-CoA derived from fatty acids thus entersa final common pathway of
oxidation with the acetytCoA derivedfrom glucosevia glycolysis and pyruvate
oxidation

Thefirst two stagesof fatty acid oxidation producethe reducedelectroncarriers
NADH andFADH2 whichin thethird stagedonateelectrongo the mitochondrial
respiratory chain through which the electrons pass to oxygen with the
concomitanphosphorylatiorof ADP to ATP.

Theenergyreleasedy fatty acid oxidationis thusconservedsATP.
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Fourenzymecatalyzedeactionamakeup thefirst stageof fatty acid oxidation

First, dehydrogenatiomf fatty acyli CoA producesa doublebond betweenthe U
andb carbonatoms(C-2 andC-3), yielding atransg®-enoytCoA.

This first stepis catalyzedby threeisozymesof acyFCoA dehydrogenasesach
specific for a range of fatty-acyl chain lengths very long chain acylCoA
dehydrogenas¢VLCAD), acting on fatty acidsof 12 to 18 carbons medium
chain(MCAD), 4 to 14 carbonsandshortchain(SCAD), 4 to 8 carbons

VLCAD is in the inner mitochondrialmembrane MCAD and SCAD arein the
matrix.

All threeisozymesareflavoproteinswith tightly boundFAD asa prosthetiogroup
The electronsremovedfrom the fatty acyli CoA are transferredo FAD, andthe

reducedform of the dehydrogenasemmediately donatesits electronsto an
electroncarrierof the mitochondrialrespiratorychain



The oxidationcatalyzedby an acylCoA dehydrogenases analogoudo succinate
dehydrogenatiom thecitric acidcycle

Both reactionsthe enzymeis boundto the inner membranea double bond is
introducednto a carboxylicacid betweerthe Uandb carbonsFAD is the electron
acceptorandelectrondrom thereactionultimately enterthe respiratorychainand
passto O2, with the concomitantsynthesisof about 1.5 ATP moleculesper
electronpair.

In the secondstepof the b-oxidationcycle, wateris addedto the doublebond of
the transg®-enoytCoA to form the L stereoisomeiof b-hydroxyacylCoA (3-
hydroxyacytCoA).

This reaction, catalyzedby enoytCoA hydratase,s formally analogousto the
fumaraseeactionin the citric acidcycle,in which H20 addsacrossan U-b double
bond



x In the third step, L-b-hydroxyacytCoA is dehydrogenatedo form b- ketoacyt
CoA, by the action of b-hydroxyacytlCoA dehydrogenaseNAD+ is the electron
acceptar

X This enzymeis absolutelyspecific for the L stereoisomenf hydroxyacytCoA.
The NADH formedin the reactiondonatests electrono NADH dehydrogenase,
an electroncarrier of the respiratorychain,and ATP is formed from ADP asthe
electrongpassto O2.

X Thereactioncatalyzedoy b-hydroxyacylCoA dehydrogenasis closelyanalogous
to the malatedehydrogenase=actionof thecitric acidcycle



The fourth and last step of the b-oxidation cycle is catalyzedby acylFCoA
acetyltransferasemore commonlycalled thiolase which promotesreactionof b-
ketoacy!CoA with a molecule of free coenzymeA to split off the carboxy}t
terminaltwo-carbonfragmentof the original fatty acidasacetyl CoA.

The otherproductis the coenzymeA thioesterof the fatty acid, now shortenedy
two carbonatoms

This reactionis called thiolysis by analogy with the processof hydrolysis,
becausethe b-ketoacylCoA is cleaved by reaction with the thiol group of
coenzyme.

Thethiolasereactionis areverseClaisencondensation
Thelastthreestepsof this four-stepsequencearecatalyzedoy eitherof two setsof

enzymeswith the enzymesemployeddependingon the length of the fatty acyl
chain



For fatty acyl chainsof 12 or more carbons,the reactionsare catalyzedby a
multienzyme complex associatedwith the inner mitochondrial membrane the
trifunctionalprotein(TFP).

TFPis a heterooctameof W4b4 subunits EachU subunitcontainstwo activities,
the enoytCoA hydrataseand the b-hydroxyacylCoA dehydrogenasethe b
subunitscontainthethiolaseactivity.

This tight associatiorof threeenzymesmay allow efficient substratechanneling
from oneactivesite to the next, without diffusion of the intermediateawayfrom
theenzymesurface

When TFP has shortenedthe fatty acyl chainto 12 or fewer carbons,further
oxidationsarecatalyzedy a setof four solubleenzymesn the matrix



X In one passthroughthe b-oxidation sequencepne moleculeof acetytCoA, two
pairs of electrons,and four protons(H+) are removedfrom the long chain fatty

acyl CoA, shorteningt by two carbonatoms

X The equationfor one pass,beginningwith the coenzymeA esterof our example,
palmitate|s;

Palmityol-CoA + CoA +FAD + NAD" + H,O — myristoyl-CoA +acetyl-CoA +FADH,+ NADH +H*

x Following removalof one acetytCoA unit from palmitoylCoA, the coenzymeA
thioesterof the shortenedatty acid (now the 14-carbonmyristatg remains

x ThemyristoyFCoA cannow go throughanothersetof four b-oxidationreactions,

x Altogether sevenpasseshroughthe b-oxidationsequencarerequiredto oxidize
onemoleculeof palmitoylCoAto eightmoleculesof acetytCoA.

Palmitoyl-CoA +7CoA +7FAD +7NAD" + 7TH,0 — 8 acetyl-CoA +7FADH, + 7TNADH +7H"
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x Thusfour moleculesof ATP areformedfor eachtwo-carbonunit removedin one
passthroughthesequencé2.5 for NADH andl1.5 for FADH2).

X Notethatwateris alsoproducedn this processEachpair of electrongransferred
from NADH or FADH2 to O2 yieldsoneH20, referredtoasi me t avim@i i ¢

X In hibernatinganimals,fatty acid oxidation providesmetabolicenergy,heat and
wateld all essentiafor survival of ananimalthat neithereatsnor drinks for long
periods

x Camelsobtain waterto supplementhe meagersupply availablein their natural
environmenby oxidationof fatsstoredin theirhump

X The overall equationfor the oxidation of palmitoylCoA to eight moleculesof
acetylCoA, includingtheelectrontransfersandoxidativephosphorylationss

Palmityol-CoA + 7CoA +70, + 28P; +28ADP — 8 acetyl-CoA +28ATP +7H,0



TABLE 17-1 Yield of ATP during Oxidation of One

Molecule of Palmitoyl-CoA to CO» and H»p

Enzyme catalyzing the Number of NADH or  Number of ATP

oxidation step FADH, formed ultimately formed?
/S Oxidation

Acyl-CoA 7FADH, 10.5
dehydrogenase

S-Hydroxyacyl-CoA 7 NADH 17.5
dehydrogenase

Citric acid cycle

[socitrate 8 NADH 20
dehydrogenase

a-Ketoglutarate 8 NADH 20
dehydrogenase

Succinyl-CoA 8b
synthetase

Succinate 8 FADII, 12
dehydrogenase

Malate dehydrogenase 8 NADH 20
Total 108

4These calculations assume that mitochondrial oxidative phosphorylation produces 1.5
ATP per FADH» oxidized and 2.5 ATP per NADH oxidized.

bGTP produced directly in this step yields ATP in the reaction catalyzed by nucleoside
diphosphate kinase (p. 516).



Thefatty acid oxidationsequencgust describeds typical whentheincomingfatty
acidis saturatedthatis, hasonly singlebondsin its carbonchain.

However, most of the fatty acidsin the triacylglycerols and phospholipidsof
animalsandplantsareunsaturatedhavingoneor moredoublebonds

Thesebondsarein the cis configurationand cannotbe acteduponby enoytCoA
hydratasethe enzymecatalyzingthe additionof H20 to the transdoublebond of
theg®-enoylCoA generatediuringb oxidation

Two auxiliary enzymesare neededfor b oxidation of the commonunsaturated
fatty acids anisomeras@ndareductase
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Although mostnaturally occurringlipids containfatty acidswith an evennumber
of carbonatoms,fatty acidswith an odd numberof carbonsare commonin the
lipids of manyplantsandsomemarineorganisms

Cattle and other ruminant animals form large amounts of the threecarbon
propionate (CH30 CH20 COQO )during fermentationof carbohydratesn the
rumen

The propionateis absorbednto the blood and oxidized by the liver and other
tissues

Long-chainodd-numberfatty acidsareoxidizedin the samepathwayasthe even
numberacids,beginningat the carboxylendof thechain

However,theendproductsareacetytlCoA0 andpropionytCoA.

The acetytCoA canbe oxidizedin the citric acid cycle, of course,but propionyt
CoA entersadifferentpathwayhavingthreeenzymes
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Oxidationof fatty acidsconsumes preciousfuel, andit is regulatecsoasto occur
only whentheo r g a nneedfor@msergyrequirest.

In theliver, fatty acyl CoA formedin the cytosolhastwo major pathwaysopento
it: (1) b oxidation by enzymesin mitochondria or (2) conversion into
triacylglycerolsandphospholipiddy enzymesn the cytosol

The pathwaytakendependson the rate of transferof long-chainfatty acyli CoA
Into mitochondria

The threestep process(carnitine shuttle) by which fatty acyl groupsare carried
from cytosolic fatty acyll CoA into the mitochondrialmatrix is ratelimiting for
fatty acidoxidationandis animportantpoint of regulation

Once fatty acyl groupshave enteredthe mitochondrion,they are committedto
oxidationto acetylCoA.



Malonyl-CoA, the first intermediatein the cytosolic biosynthesisof longchain
fatty acidsfrom acetytCoA, increasedn concentratiorwheneverthe animal is
well suppliedwith carbohydrateexcesgylucosethat cannotbe oxidizedor stored
as glycogen is converted in the cytosol into fatty acids for storage as
triacylglycerol

The inhibition of carnitine acyltransferasél by malonytCoA ensuresthat the
oxidation of fatty acidsis inhibited wheneverthe liver is amply suppliedwith
glucoseasfuel andis activelymakingtriacylglycerolsfrom excesgylucose

O\ /O
/C—CHZ—C\
0 S-CoA
Malonyl-CoA

Two of the enzymesof b oxidation are also regulatedby metabolitesthat signal
energysufficiency

When the [NADH]/[NAD+] ratio is high, b-hydroxyacy!CoA dehydrogenases
Inhibited in addition,high concentrationsf acetylCoA inhibit thiolase
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The mitochondrialmatrix is the major site of fatty acid oxidationin animalcells
butin certaincells,othercompartmentslsocontainenzymesapableof oxidizing
fatty acids to acetylCoA, by a pathway similar but not identical to that in
mitochondria

In plantcells,the majorsite of b oxidationis not mitochondriabut peroxisomes

In peroxisomesprganelledoundin both animalandplant cells,the intermediates
for b oxidationof fatty acidsarecoenzymeA derivatives,andthe processonsists
of four stepsasin mitochondrialb oxidation (1) dehydrogenation(2) additionof
waterto the resultingdoublebond (3) oxidation of the b-hydroxyacytCoA to a
ketone,and(4) thiolytic cleavagdy coenzym@e.

The identical reactionsalso occur in glyoxysomes organellesfound only in
germinatingseeds

One difference betweenthe peroxisomaland mitochondrial pathwaysis in the
chemistryof thefirst step



In peroxisomesthe flavoprotein acyFCoA oxidasethat introducesthe double
bond passeselectrons directly to O2, producing H202 (thus the name
Aper oxi.someso)

This strongand potentiallydamagingoxidantis immediatelycleavedto H20 and
O2 by catalase

In mitochondriathe electronsemovedin thefirst oxidationsteppassthroughthe
respiratorychainto O2 to produceH20, andthis procesdss accompaniedby ATP
synthesis

In peroxisomes,the energy releasedin the first oxidative step of fatty acid
breakdowns not conservedsATP, butis dissipatechsheat
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x  Although mitochondrialb oxidation,in which enzymesact at the carboxylend of
a fatty acid, is by far the mostimportantcatabolicfate for fatty acidsin animal
cells,thereis anothempathwayin somespeciesincludingvertebratesthatinvolves
oxidation of the ¥ (omega)carbo® the carbonmost distantfrom the carboxyl

group

X The enzymesuniqueto ¥ oxidation are locatedin the endoplasmiaeticulum of

liver and kidney, and the preferredsubstratesre fatty acidsof 10 or 12 carbon
atoms

X In mammals;¥y oxidationis normally a minor pathwayfor fatty acid degradation,
but whenb oxidationis defective(becausef mutationor a carnitinedeficiency,
for example it becomesnoreimportant
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Phytanicacid, a long-chainfatty acid with methyl branchesjs derivedfrom the
phytol sidechainof chlorophyll

The presenceof a methyl group on the b carbonof this fatty acid preventsthe
formationof a b-ketointermediatemakingits b oxidationimpossible

Humansobtain phytanicacid in the diet, primarily from dairy productsandfrom
the fats of ruminant animals microorganismsin the rumen of theseanimals
producephytanicacidastheydigestplantchlorophyil
Thetypicalwesterndietincludes50to 100 mg of phytanicacidperday

Phytanicacid is metabolizedin peroxisomesy U oxidation, in which a single
carbonis removedrom the carboxylendof theacid



In humansand most other mammals,acetylCoA formed in the liver during
oxidationof fatty acidscaneitherenterthe citric acid cycle or undergoconversion
tothen k e tboonda aeetone@cetoacetategnd D-b-hydroxybutyratefor export

to othertissues - - ]
CH3_ﬁ_CH3 CH3—(“:—CH2—C< CH3—(::—CH2—C<
O O O H o8
Acetone Acetoacetate D-B-Hydroxybutyrate

Acetone producedn smallerquantitieshanthe otherketonebodies,is exhaled

Acetoacetateand D-b-hydroxybutyrateare transportedby the blood to tissues
otherthanthe liver (extrahepatidissues)wherethey areconvertedo acetylCoA

and oxidized in the citric acid cycle, providing much of the energyrequiredby

tissuessuchasskeletalandheartmuscleandtherenalcortex

The brain, which preferentially usesglucose as fuel, can adaptto the use of
acetoacetatand D-b-hydroxybutyrateunderstarvationconditions,when glucose
IS unavailable



X In this situation,the braincannotusefatty acidsasfuel, becauseheydo not cross
theblood-brainbarrietr
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x D-b-Hydroxybutyrate synthesizedn the liver, passesnto the blood and thusto
othertissueswherelit is convertedn threestepnso acetviCoA.
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x After the discoverythat fatty acid oxidationtakesplaceby the oxidative removal
of successive two- carbon (acetytCoA) units, biochemists thought the

biosynthesisof fatty acids might proceedby a simple reversal of the same
enzymaticsteps

X However astheywereto find out, fatty acid biosynthesisandbreakdowroccurby

different pathways,are catalyzedby different setsof enzymesandtake placein
differentpartsof thecell.

X Moreover,biosynthesigequiresthe participationof a threecarbonintermediate
malonytCoA, thatdoesnot appeain the pathof fatty acidbreakdown

N 0
C—CH—C
e S-CoA

Malonyl-CoA



X The formation of malonyltCoA from acetytCoA Is an irreversible process,
catalyzedoy acetytCoA carboxylase

X The enzymecontainsa biotin prostheticgroup covalentlyboundin amidelinkage
to the Uaminogroupof a Lys residuein oneof the threepolypeptidesor domains
of theenzymemolecule

O
I

CH3— C o SCOA
Acetyl CoA

e} o
: I, I
. "0=C+ CH,— C ~ SCoA

Malonyl CoA



X In all organismsthelong carbonchainsof fatty acidsareassembledh arepeating
four-step sequencecatalyzedby a systemcollectively referredto as fatty acid

synthase

x A saturatedacyl groupproducedoy eachfour-stepseriesof reactionsdbecomesghe
substratdor subsequentondensatiomwith anactivatedmalonylgroup

x With each passagahrough the cycle, the fatty acyl chain is extendedby two
carbons
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Stepl Condensation

Thefirst reactionin the formationof afa*’

acid chainis a formal Claisencondensa O 5
of the activatedacetyland malonyl grot H;C_E_S_CM '[;\(_, D N
- ] J // L T LT DT .
to form acetoacetyACP, Acetyl CoA O Malonyl ACP
- HS-CoA 0
Simultaneously a molecule of CO2 ]

I
produced : HiC —C—S—{ KAS I
: : HS— KAS II CO,
In this reaction, catalyzedby b-ketoac (/F :

ACP synthase, the acetyl group 0 0
transferredrom the Cysd SH groupof t H,C —lclf—(j‘H ﬁ—-ilfl'—S-ACP
enzymeto the malonyl groupon the d ¢ 5 B o

of ACP, becomingthe methykterminal t\ Acetoacetyl ACP

carbonunit of thenewacetoacetygjroup
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Step2 Reductionof the CarbonylGroup

TheacetoacetyACP formedin the condensatioistepnow undergoeseductionof
thecarbonylgroupat C-3 to form D-b-hydroxybutyrytACP.

This reactionis catalyzedby b-ketoacy!ACP reductasg KR), and the electron
donoris NADPH.

Step3 Dehydration

The elements of water are now removed from C-2 and C-3 of D-b-
hydroxybutyrytACP to yield a doublebondin the product,trans g®-butenoyt
ACP

The enzymethat catalyzesthis dehydrationis b-hydroxyacytACP dehydratase
(DH).



x Step4 Reductionof the DoubleBond

X Finally, the doublebondof transg®-butenoylACP is reduced(saturated}o form
butyryl-ACP by the action of enoyltACP reductasgER); again,NADPH is the
electrondonot

I T |
R—C—CH,—Ry ——> Rl—Cl‘—(‘Hz—Rz —> Rl—(|'=(‘—R3 —> R;—CH,—CH,—R,
H H
Reduction Dehvydration Reduction (16.1)
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Productionof the four-carbon,saturatedatty acyli ACP markscompletionof one
passthroughthefatty acidsynthaseomplex

In step5 , the butyrylgroup is transferredfrom the phosphopantetheiné SH
groupof ACPto theCysod SH groupof b-ketoacytACP synthasewhich initially
boretheacetylgroup

To startthe next cycle of four reactionsthat lengthensthe chain by two more
carbons(step 6 ), another malonyl group is linked to the now unoccupied
phosphopantetheirie SH groupof ACP.

Condensatiomccursasthe butyryl group,actinglike the acetylgroupin the first
cycle,is linked to two carbonsof the malonylACP groupwith concurrentoss of
CO2.

The productof this condensatioms a six-carbonacyl group covalentlyboundto
the phosphopantetheiréie SH group
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eight carbons, and so on. The final product is palmitate (16:0).



Sevencycles of condensationand reduction producethe 16-carbon saturated
palmitoyl group,still boundto ACP.

For reasonsnot well understood chain elongationby the synthasecomplex
generallystopsat this point, and free palmitateis releasedrom the ACP by a
hydrolytic activity (thioesterasel E) in the multifunctionalprotein

We can considerthe overall reactionfor the synthesisof palmitatefrom acetyt
CoAIn two parts

First, theformationof sevenmalonytCoA molecules

7TAcetyl-CoA +7CO, + TATP — 7 malonyl-CoA + 7TADP +7P,

thensevencyclesof condensatioandreduction

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



Notice that only six net water moleculesare produced,becauseone is usedto
hydrolyzethethioesteldinking the palmitateproductto theenzyme

Theoverallprocess

8 Acetyl-CoA +7ATP + 14NADPH + 14H" — palmitate + 8CoA
+ 7ADP +7P; + 14NADP™ + 6H,0 (21 — 3)

In mosthighereukaryotesthe fatty acid synthasecomplexis found exclusivelyin
the cytosol, as are the biosyntheticenzymesfor nucleotides amino acids, and

glucose

This locationsegregatesyntheticprocesse$rom degradativaeactions,many of
which takeplacein the mitochondrialmatrix.
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When a cell or organismhas more than enoughmetabolicfuel to meetits energy
needs,the excessis generallyconvertedto fatty acidsand storedas lipids suchas
triacylglycerols

The reaction catalyzedby acetylCoA carboxylaseis the ratelimiting stepin the
biosynthesi®f fatty acids,andthis enzymes animportantsite of regulation

In vertebrates palmitoylCoA, the principal product of fatty acid synthesis,is a
feedbacknhibitor of theenzyme citrateis anallostericactivator

Citrate plays a centralrole in diverting cellular metabolismfrom the consumption
(oxidation)of metabolicfuel to the storageof fuel asfatty acids

When the concentration®f mitochondrialacetytCoA and ATP increase citrate is
transportedout of mitochondria it then becomesboth the precursorof cytosolic
acetytCoA andanallostericsignalfor the activationof acetyt CoA carboxylase

At the sametime, citrate inhibits the activity of phosphofructokinasé& reducingthe
flow of carbonthroughglycolysis
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Palmitate the principal productof the fatty acid synthasesystemn animalcells is
the precursoiof otherlong-chainfatty acids

It maybelengthenedo form stearat€18:0) or evenlongersaturatedatty acidsby
further additions of acetyl groups, through the action of fatty acid elongation
systemgresentin thesmoothendoplasmiceticulumandin mitochondria

The more active elongationsystemof the ER extendsthe 16-carbonchain of
palmitoyFCoA by two carbonsforming stearoydCoA.

Although differentenzymesystemsare used,andcoenzymeA ratherthan ACP is
theacyl carrierin thereactionthe mechanisnof elongationin the ER is otherwise
identicalto thatin palmitatesynthesisdonationof two carbonsby malonytCoA,
followed by reduction, dehydration,and reductionto the saturatedl18-carbon
product stearoyiCoA.
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Palmitate and stearate serve as precursors of the two most common
monounsaturatethtty acidsof animaltissues palmitoleate 16:1( €), andoleate
18:1( &); bothof thesefatty acidshavea singlecis doublebondbetweenC-9 and
C-10.

The doublebond s introducedintothe fatty acid chain by an oxidative reaction
catalyzedoy fatty acyli CoA desaturaseg mixed-functionoxidase

Two different substratesthe fatty acidand NADPH, simultaneouslyundergotwo
electronoxidations

The path of electron flow includes a cytochrome(cytochromeb5) and a
flavoprotein (cytochrome b5 reductase),both of which, like fatty acyli CoA
desaturasgrein the smoothER.

In plants, oleate is producedby a stearoyfACP desaturasgSCD) that uses
reducederredoxinastheelectrondonorin thechloroplaststroma
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Eicosanoidsare a family of very potentbiological signaling moleculesthat act as
shortrangemessengersffectingtissuemearthecellsthatproducethem

In responsdo hormonalor otherstimuli, phospholipasé 2, presentin mosttypesof
mammaliancells, attacksmembranephospholipids releasingarachidonatdrom the
middle carbonof glycerol

Enzymesof the smoothER then convertarachidonatdo prostaglandinsbeginning
with the formation of prostaglandinH2 (PGH2), the immediateprecursorof many
otherprostaglandinandthromboxanes

The two reactionsthat lead to PGH2 are catalyzedby a bifunctional enzyme,
cyclooxygenas€COX), alsocalledprostaglandirH2 synthase

In the first step,the cyclooxygenasactivity introducesmolecularoxygento convert
arachidonatéo PGQR2.

The secondstep, catalyzedby the peroxidaseactivity of COX, convertsPGQR& to
PGH2.
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X In humansthe amountof body fat
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