
TheprocessiscalledGlycolysisorEMPPathway(Embden-Meyerhof-ParnasPathway).This

processdoesnotrequireO2althoughthiscantakeplaceinthepresenceofoxygen.Afterthis

stage,thefateofpyruvicacidisdifferentdependinguponthepresenceorabsenceofoxygen.

IfoxygenispresentthereiscompleteoxidationofpyruvicacidintoH2OandCO2andchemical

reactionsthroughwhichthisoccursiscalledTri-CarboxylicAcidcycle(TCACycle)orKrebs

Cycle.Thiscycleoccursinmitochondria.Ifoxygenisabsent,pyruvicacidformsethylalcohol

(C2H5OH)andCO2withoutthehelpofanycellorganelle.Thisprocessiscalledanaerobic

respiration.
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AerobicRespiration:

Aerobicrespirationisanenzymaticallycontrolledreleaseofenergyinastepwisecatabolic

processofcompleteoxidationoforganicfoodintocarbondioxideandwaterwithoxygenacting

asterminaloxidant.Thecommonmechanism ofaerobicrespirationisalsocalledcommon

pathwaybecauseitsfirststep,calledglycolysis,iscommontobothaerobicandanaerobic

modesofrespiration.Thecommonaerobicrespirationconsistsofthreesteps—glycolysis,

Krebscycleandterminaloxidation.

Glycolysis:

ItisalsocalledEMPpathwaybecauseitwasdiscoveredbythreeGermanscientistsEmbden,

MeyerhofandParnas.Glycolysisistheprocessofbreakdownofglucoseorsimilarhexose

sugartomoleculesofpyruvicacidthroughaseriesofenzymemediatedreactionsreleasing

someenergy(asATP)andreducingpower(asNADH2).Itoccursinthecytoplasm.Ittakes

placeinthefollowingsubsteps.

1.Phosphorylation:

ADVERTISEMENTS:



Glucoseisphosphorylatedtoglucose-6-phosphatebyATPinthepresenceofenzyme

hexokinase(Meyerhof,1927)orglucokinase(e.g.,liver)andMg2+.
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2.Isomerization:

Glucose-6-phosphateischangedtoitsisomerfructose-6-phosphatewiththehelpofenzyme

phosphohexoseisomerase.
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Fructose-6-phosphatecanalsobeproduceddirectlybyphosphorylationoffructosewiththe

helpofenzymefructokinase.
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3.Phosphorylation:

Fructose-6-phosphateisfurtherphosphorylatedbymeansofATPinpresenceofenzyme

phosphofructo-kinaseandMg2+.TheproductisFructose-1,6diphosphate.
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4.Splitting:

ADVERTISEMENTS:



Fructose-1,6-diphosphatesplitsupenzymaticallytoform onemoleculeeachof3-carbon

compounds,glyceraldehyde3-phosphate(=GAPor3-phosphoglyceraldehyde=PGAL)and

dihydroxyacetone3-phosphate(DIHAP).Thelatterisfurtherchangedtoglyceraldehyde3-

phosphatebyenzymetriosephosphateisomerase(=phosphotrioseisomerase).
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5.DehydrogenationandPhosphorylation:

Inthepresenceofenzymeglyceraldehydephosphatedehydrogenase,glyceraldehyde3-

phosphateloseshydrogentoNADtoform NADH2andacceptsinorganicphosphatetoform 1,

3-diphosphoglycericacid.
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6.FormationofATP:

ADVERTISEMENTS:

Oneofthetwophosphatesofdiphosphoglyeerieacidinlinkedbyhighenergybond.Itcan

synthesiseATPandform 3-phosphoglycericacid.Theenzymeisphosphoglycerylinase.The

directsynthesisofATPfrom metabolitesiscalledsubstratelevelphosphorylation.
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7.Isomerization:

3-phosphoglycericacidischangedtoitsisomer2-phosphoglycericacidbyzyme

phosphoglyceromutase.



clip_image012

8.Dehydration:

Throughtheagencyofenzymeenolase,2-phosphoglycericacidisconvertedtophosphoenol

pyruvate(PEP).Amoleculeofwaterisremovedintheprocess.Mg2+isrequired.
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9.FormationofATP:

Duringformationofphosphoenolpyruvatethephosphateradicalpicksupenergy.Ithelpsinthe

productionofATPbysubstratelevelphosphorylation.Theenzymeispyruvickinase.Itproduces

pyruvatefrom phosphoenolpyruvate.
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NetProductsofGlycolysis:

InglycolysistwomoleculesofATPareconsumedduringdoublephosphorylationofglucoseto

form fructose-1,6diphosphate.InreturnfourmoleculesofATPareproducedbysubstratelevel

phosphorylation(conversionof1,3diphosphoglycericacidto3-phosphoglycericacidand

phosphenolpyruvatetopyruvate).TwomoleculesofNADH2areformedatthetimeofoxidation

ofglyceraldehyde3-phosphateto1,3-diphosphoglycericacid.Thenetreactionisasfollows:

Glucose+2NAD++2ADP+2H3PO4+2H3PO4->2Pyruvate+2NADH+2H++2ATP

KrebsCycle:

ThecyclewasdiscoveredbyHansKrebs(1937,1940,NobelPrize1953).Itoccursinside

mitochondria.Thecycleisalsonamedascitricacidcycleortricarboxylicacid(TCA)cycle



aftertheinitialproduct.Krebscycleisstepwiseoxidativeandcyclicdegradationofactivated

acetatederivedfrom pyruvate.

OxidationofPyruvatetoAcetyl-CoA:

Pyruvateentersmitochondria.ItisdecarboxylatedoxidativelytoproduceCO2andNADH.The

productcombineswithsulphurcontainingcoenzymeAtoform acetylCoAoractivatedacetate.

Thereactionoccursinthepresenceofanenzymecomplexpyruvatedehydrogenase(madeup

ofadecarboxylase,lipoicacid,TPP,transacetylaseandMg2+).
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ADVERTISEMENTS:

AcetylCoAfunctionsassubstrateentrantforKrebscycle.TheacceptormoleculeofKrebs

cycleisa4-carboncompoundoxaloacetate.Kerbscycleinvolvestwodecarboxylationsandfour

dehydroge-nations.ThevariouscomponentsofKrebscycleareasfollows.

1.Condensation:

AcetylCoA(2-carboncompound)combineswithoxalo-acetate(4-carboncompound)inthe

presenceofcondensingenzymecitratesynthetasetoform atricarboxylic6-carboncompound

calledcitricacid.ItisthefirstproductofKrebscycle.CoAisliberated.
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ADVERTISEMENTS:



2.Dehydration:

Citrateundergoesreorganisationinthepresenceofaconitaseformingcisaconitatereleasing

water.
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3.Hydration:

Cis-aconitateisconvertedintoisocitratewiththeadditionofwaterinthepresenceofiron

containingenzymeaconitase.
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4.Dehydrogenation:

Isocitrateisdehydrogenatedtooxalosuccinateinthepresenceofenzymeisocitrate

dehydrogenasesandMn2+.NADH2(NADPH2)accordingtosomeworkers)isproduced.
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5.Decarboxylation:

Oxalosuccinateisdecarboxylatedtoform a-ketoglutaratethroughenzymedecarboxylase.

Carbondioxideisreleased.
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6.DehydrogenationandDecarboxylation:

α-Ketoglutarateisbothdehydrogenated(withthehelpofNAD+)anddecarboxylatedbyan

enzymecomplexa-ketoglutaratedehydrogenase.TheenzymecomplexcontainsTPPand

lipoicacid.TheproductcombineswithCoAtoform succinylCoA.
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7.FormationofATP/GTP:

SuccinylCoAisacteduponbyenzymesuccinylthiokinasetoform succinate.Thereaction

releasessufficientenergytoform ATP(inplants)orGTP(inanimals).
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8.Dehydrogenation:

Succinateundergoesdehydrogenationtoform fumaratewiththehelpofadehydrogenase.

FADH2(reducedflavinadeninedinucleotide)isproduced.

Succinate+FADSuccinate,→Dehydrogenase,Fumarate+FADH2

9.Hydration:



Amoleculeofwatergetsaddedtofumaratetoform malate.Theenzymeiscalledfumarase.
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10.Dehyrogenation:

Malateisdehydrogenatedoroxidisedthroughtheagencyofmalatedehydrogenaseto

produceoxaloacetate.HydrogenisacceptedbyNADP+NAD+
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Oxaloacetatepicksupanothermoleculeofactivatedacetatetorepeatthecycle.

AmoleculeofglucoseyieldstwomoleculesofNADH2,2ATPandtwopyruvatewhile

undergoingglycolysis.ThetwomoleculesofpyruvatearecompletelydegradedinKrebscycle

toform twomoleculesofATP,8NADH2,and2FADH2.

Glucose+4ADP+4H3PO4+10NAD++2FAD->6CO2+4ATP+10NADH+10H++2FADH2

TerminalOxidation:

Itisthenameofoxidationfoundinaerobicrespirationthatoccurstowardstheendofcatabolic

processandinvolvesthepassageofbothelectronsandprotonsofreducedcoenzymesto

oxygen.
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Terminaloxidationconsistsoftwoprocesses-electrontransportandoxidativephosphorylation.

ElectronTransportChain:

Innermitochondrialmembranecontainsgroupsofelectronandprotontransportingenzymes.In

eachgrouptheenzymesarearrangedinaspecificseriescalledelectrontransportchain(ETC)

ormitochondrialrespiratorychainorelectrontransportsystem (ETS).

Anelectrontransportchainorsystem isaseriesofcoenzymesandcytochromesthattakepart

inthepassageofelectronsfrom achemicaltoitsultimateacceptor.Thepassageofelectrons

from oneenzymeorcytochrometothenextisadownhilljourneywithalossofenergyateach

step.Ateachsteptheelectroncarriersincludeflavins,ironsulphurcomplexes,quinonesand

cytochromes.

Mostofthem areprostheticgroupsofproteins.Quinonesarehighlymobileelectroncarriers.

Fourenzymesareinvolvedinelectrontransport—(i)NADH-QreductaseorNADH-

dehydrogenase(ii)SuccinateQ-reductasecomplex(iii)QH2-cytochromecreductasecomplex

(iv)Cytochromecoxidasecomplex.NADH-Qreductase(orNADH-dehydrogenase)hastwo

prostheticgroups,flavinmononucleotide(FMN)andironsulphur(Fe-S)complexes.Both

electronsandprotonspassfrom NADH2toFMN.Thelatterisreduced.
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NADH+H++FMN——>FMNH2+NAD+

ElectronnowmovestotheFeScomplexandfrom theretoaquinone.Thecommonquinoneis

co-enzymeQ,alsocalledubiquinone(UQ).



FMNH2+2Fe3+S——>FMN+2Fe2+S+2H+

2Fe2+S+Q+2H+——>2Fe3+S+QH2

FADH2producedduringreductionofsuccinatealsohandsoveritselectronsandprotonsto

coenzymeQthroughFeScomplex.Theenzymeissuccinate-Qreductasecomplex.

FADH2+2Fe3+S——>2Fe2+S+2H++FAD

2Fe2+S+Q+2H+——>2Fe3+S+QH2

QH2-cytochromecreductasecomplexhasthreecomponents—cytochromeb,FeScomplexand

cytochromec1.CoenzymeQmayalsobeinvolvedbetweenFeScomplexandcytochromec1.

QH2+2Fe3+cyt.b——>Q+2H++2Fe2+cyt.b

2Fe2+cyt.b+2Fe3+S——>2Fe3+cyt.b+2Fe2+S

2Fe2+S+Q+2H+——>2Fe3+S+QH2(?)

QH2+2Fe3+cyt.c1——>Q+2H++2Fe2+cyt.c1

Cytochromec1handsoveritselectrontocytochromec.Likeco-enzymeQ,cytochromecisalso

mobilecarrierofelectrons.

2Fe2+cyt.c1+2Fe3+cyt.c——>2Fe3cyt.c1+2Fe2+cyt.c



Cytochromecoxidasecomplexcomprisescytochromeaandcytochromea3.Cytochromea3

alsopossessescopper.Thelatterhelpsintransferofelectrontooxygen.

2Fe2+cyt.c+2Fe3+cyt.a——>2Fe3+cyt.c+2Fe2+Cyt.a

2Fe2+cyt.a+2Fe3+cyt.a3Cu2+——>2Fe3+cyt.a+2Fe2+cyt.a3Cu2+

2Fe2cyt.a3Cu2+——>2Fe3cyt.c3Cu1+

2Fe3cyt.a3Cu1++[O]——>2Fe3+cyt.a3Cu2++[O]

Oxygenistheultimateacceptorofelectrons.Itbecomesreactiveandcombineswithprotonsto

form metabolicwater.

2H++O”——–>2H2O

Energyreleasedduringpassageofelectronsfrom onecarriertothenextismadeavailableto

specifictransmembranecomplexes,whichpumpprotons((H+)from thematrixsideofthe

innermitochondrialmembranetotheouterchamber.Therearethreesuchsitescorresponding

tothreeenzymespresentintheelectrontransportchain(NADH-Qreductase,QH2-cytcxhromec

reductaseandcytochromec-oxidase).

Thisincreasesprotonconcentrationintheouterchamberoroutersurfaceoftheinner

mitochondrialmembrane.Thedifferenceintheprotonconcentrationontheouterandinner

sidesoftheinnermitochondrialmembraneisknownasprotongradient.
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OxidativePhosphorylation:



OxidativephosphorylationisthesynthesisofenergyrichATPmoleculeswiththehelpof

energyliberatedduringoxidationofreducedco-enzymes(NADH2,FADH2)producedin

respiration.TheenzymerequiredforthissynthesisiscalledATPsynthetase.

ItislocatedinF1orheadpieceofF0-F1orelementaryparticlespresentintheinner

mitochondrialmembrane.ATP-synthetasebecomesactiveinATPformationonlywherethereis

aprotongradienthavinghigherconcentrationofH+orprotonsontheF0sideascomparedto

F1side(chemiosmotichypothesisofPeterMitchel,1961).

Increasedprotonconcentrationisproducedintheouterchamberoroutersurfaceofinner

mitochondrialmembranebythepushingofprotonswiththehelpofenergyliberated,by

passageofelectronsfrom onecarriertoanother.

Transportoftheelectronsfrom nadh2overETChelpsinpushingthreepairsofprotonstothe

outerchamberwhiletwopairsofprotonsaresentoutwardlyduringelectronflowfrom fadh2

(asthelatterdonatesitselectronsfurtherdowntotheETC).

Higherprotonconcentrationintheouterchambercausestheprotonstopassinwardlyinto

matrixorinnerchamberthroughtheinnermembrane.Thelatterpossessesspecialproton

channelsintheregionofFQ(base)oftheF0—F1particles.

TheflowofprotonsthroughtheF0channelinducesF,particlestofunctionasATP-synthetase.

TheenergyoftheprotongradientisusedinattachingaphosphateradicletoADPbyhigh

energybond.ThisproducesATP.OxidationofonemoleculeofNADH2produces3ATP

moleculeswhileasimilaroxidationofFADH2forms2ATPmolecules.

2ATPmoleculesareproducedduringglycolysisand2ATP(GTP)moleculesduringdouble

Krebscycle.Glycolysisalsoforms2NADH2.Itsreducingpoweristransferredtomitochondria

forATPsynthesis.Forthisashuttlesystem operatesattheinnermitochondrionmembrane.

(i)NADH2—>NAD->NADH2.(ii)NADH2->FAD->FADH2.

Theformeroperatesinliver,heartandkidneycells.Noenergyisspent.Thesecondmethod

occursinmuscleandnervecells.Itlowerstheenergylevelof2NADH2by2ATPmolecules.A



totalof10NADH2and2FADH2moleculesareformedinaerobicrespiration.

Theyhelpinformationof34ATPmolecules.Thenetgainfrom completeoxidationofa

moleculeofglucoseinmuscleandnervecellsis36ATPmolecules(10NADH2=30ATP,2

FADH2=4ATP,fourformedbysubstratelevelphosphorylationinglycolysisandKrebscycle

andtwoconsumedintransportoftheNADH2moleculesintomitochondria).

Inprocaryotes,heart,liver,andkidneys,38ATPmoleculesareproducedperglucosemolecules

oxidised.PassageofATPmoleculesfrom insideofmitochondriatocytoplasm isthrough

facilitateddiffusion.

Since,oneATPmoleculestores8.9kcal/mole(7kcal/moleaccordingtoearlyestimates)the

totalenergytrappedpergm moleofglucoseis338.2kcal(266kcal)oranefficiencyof49.3%

(38.8%accordingtoolderestimates).Therestoftheenergyislostasheat.
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SignificanceofKrebsCycle:

1.Apartfrom servingasanenergy-generatingsystem,Krebscycleyieldsseveralsubstances

thatfigureasstartingpointsforanumberofbiosyntheticreactions.OrdinarilyKrebscycleof

respirationisconsideredcatabolicinnature,butitprovidesanumberofintermediatesfor

anabolicpathways.ThereforeKrebscycleisamphibolic(bothcatabolicandanabolic).Afew

examplesarecitedbelow:

(a)Thesynthesisofsucrosebywayofglyoxylyticacidcycleisaninstanceinpoint.Aslightly

modifiedKrebscycleleadstotheformationofglyoxylate,malate,oxaloacetate,phosphoenol

pyruvateandthenbyareversedglycolyticpathway,sucroseisformed.

(b)TherearetwoketoacidsinKrebscycleandonaminationtheyyieldtherespectiveamino

acids-Pyruvicacid—>alanine;Oxaloaceticacid—>asparticacid;andoc-ketoglutaricacid—>

glutamicacid.



Thelastoftheseopensupnewpathwaysleadingtothesynthesisofglutamine,ornithine,

proline,hydroxyproline,citruilineandarginine.

(c)Succinyl-CoAisthestartingpointforthebiosynthesisofseveralporphyrins.

2.Krebscycleisacommonpathwayofoxidativebreakdownofcarbohydrates,fattyacids,and

aminoacids.


