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CARBOHYDRATE METABOLISM
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×Glucoseoccupiesa central position in the metabolismof plants,
animals,andmanymicroorganisms.

×It is relatively rich in potential energy,and thus a good fuel; the
completeoxidationof glucoseto carbondioxideand water proceeds
with a standardfree-energychangeof 22,840kJ/mol.

×By storing glucoseas a high molecular weight polymer such as
starch or glycogen,a cell can stockpile large quantities of hexose
unitswhile maintaininga relativelylow cytosolicosmolarity.

×When energy demands increase,glucosecan be releasedfrom
theseintracellularstoragepolymersand usedto produceATPeither
aerobicallyor anaerobically.

Glucose as Fuel
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×Glucoseis not only an excellent fuel, it is also a remarkablyversatile
precursor,capableof supplyinga hugearrayof metabolicintermediatesfor
biosyntheticreactions.

×A comprehensive study of the metabolic fates of glucose would
encompasshundredsor thousandsof transformations.

×In animalsandvascularplants,glucosehasfour major fates:

ü it maybe usedin the synthesisof complexpolysaccharidesdestinedfor
the extracellularspace;

ü stored in cells(asa polysaccharideor assucrose);

ü oxidizedto a three-carboncompound(pyruvate)viaglycolysisto provide
ATPandmetabolicintermediates;

ü or oxidizedvia the pentose phosphate (phosphogluconate) pathway to
yield ribose 5-phosphate for nucleic acid synthesis and NADPHfor
reductivebiosyntheticprocesses
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×In glycolysis,a moleculeof glucoseis degradedin a seriesof enzyme-
catalyzedreactionsto yield two moleculesof the three-carboncompound
pyruvate.

×During the sequentialreactionsof glycolysis,some of the free energy
releasedfrom glucoseisconservedin the form of ATPandNADH.

Glycolysis

5

×Glycolysisisanalmostuniversalcentralpathwayof glucosecatabolism,
the pathwaywith the largestflux of carbonin mostcells.

×The glycolyticbreakdownof glucoseis the sole sourceof metabolic
energy in some mammaliantissuesand cell types (erythrocytes,renal
medulla,brain, andsperm,for example).

×Someplant tissuesthat are modified to store starchand someaquatic
plants derive most of their energy from glycolysis; many anaerobic
microorganismsareentirely dependenton glycolysis.

×Fermentation is a general term for the anaerobic degradation of
glucoseor other organicnutrients to obtainenergy,conservedasATP.

×Becauseliving organismsfirst arosein an atmospherewithout oxygen,
anaerobicbreakdownof glucoseis probably the most ancientbiological
mechanismfor obtainingenergyfrom organicfuel molecules.
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×In the course of evolution, the chemistry of this reaction
sequencehasbeencompletelyconserved.

×The glycolytic enzymes of vertebrates are closely similar, in
amino acid sequenceand three-dimensional structure, to their
homologsin yeastandspinach.

×Glycolysisdiffers among species only in the details of its
regulation and in the subsequentmetabolic fate of the pyruvate
formed.

×The thermodynamic principles and the types of regulatory
mechanismsthat governglycolysisare commonto all pathwaysof
cellmetabolism.
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Glycolysis Has Two Phases
×Thebreakdownof the six-carbonglucoseinto two moleculesof the
three-carbon pyruvate occurs in 10 steps, the first 5 of which
constitutethe preparatoryphase.

×Theenergygaincomesin the payoff phaseof glycolysis, alsoconsist
of 5 steps.

×In the sequential reactions of glycolysis,three types of chemical
transformationsareparticularlynoteworthy:

ü (1) degradationof the carbonskeletonof glucoseto yieldpyruvate;

ü (2) phosphorylation of ADP to ATP by compounds with high
phosphorylgrouptransferpotential, formedduringglycolysis;

ü (3) transferof a hydrideion to NAD+, formingNADH.
8
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×Glucoseis first phosphorylatedat the hydroxylgroupon C-6 (step
1).

×TheGlucose6-phosphatethus formed is convertedto Fructose6-
phosphate(step2). 10

×Fructose6-phosphateis againphosphorylated,this time at C-1,
to yieldfructose1,6-bisphosphate.

11

×Fructose 1,6-bisphosphate is split to yield two three-carbon
molecules, dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate(step4); this is theάƭȅǎƛǎέstep that givesthe pathwayits
name.

12
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×The dihydroxyacetonephosphate is isomerized to a second
moleculeof glyceraldehyde3-phosphate(step5), endingthe first
phaseof glycolysis.

13

×Note that two moleculesof ATPare investedbefore the cleavageof
glucoseinto two three-carbonpieces; there will be a goodreturn on
this investment.

×To summarize: in the preparatoryphaseof glycolysisthe energyof
ATPis invested,raisingthe free-energycontent of the intermediates,
andthe carbonchainsof all the metabolizedhexosesareconvertedto
a commonproduct,glyceraldehyde3-phosphate.
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×The energy gain comes in the payoff phase of glycolysis.

15

×Eachmoleculeof glyceraldehyde3-phosphateis oxidizedand
phosphorylatedby inorganicphosphate(not by ATP)to form 1,3-
bisphosphoglycerate(step6).

16
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×1,3-bisphosphoglyceratetransfer one phosphoryl group to
ADP,whichturn into ATP(step7).

×This step is the first ATP-forming reaction (substrate-level
phosphorylation).

17

×Resulting 3-phosphoglycerateturn into 2-phosphoglycerate
(step8).

18

×2-phosphoglycerateturn into phosphoenolpyruvate(step9).

19

×The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvateto ADP,catalyzedby pyruvate
kinase(step10).

×Thisreactionisalsoa substrate-levelphosphorylation.

20
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×In the sequential reactions of glycolysis, three types of
chemicaltransformationsareparticularlynoteworthy:

×(1) degradationof the carbon skeleton of glucoseto yield
pyruvate;

×(2) phosphorylationof ADPto ATPby compoundswith high
phosphoryl group transfer potential, formed during glycolysis;
and

×(3) transferof a hydrideion to NAD+, formingNADH.

21 22

Glucose Catabolism

23

×The pyruvateformed by glycolysisis further metabolizedvia oneof
three catabolicroutes.

×In aerobicorganismsor tissues,underaerobicconditions,glycolysis
isonly the first stagein the completedegradationof glucose.

×Pyruvateis oxidized,with lossof its carboxylgroupasCO2, to yield
the acetyl group of acetyl-coenzymeA; the acetyl group is then
oxidizedcompletelyto CO2 by the citric acidcycle.

×The electrons from these oxidationsare passedto O2 through a
chainof carriersin mitochondria,to form H2O.

×The energy from the electron-transfer reactions drives the
synthesisof ATPin mitochondria.

24
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×Thesecondroute for pyruvateis its reduction to lactate via lactic
acidfermentation.

×Whenvigorouslycontractingskeletalmusclemust function under
low oxygen conditions (hypoxia), NADH cannot be reoxidized to
NAD+, but NAD+ is requiredasan electronacceptorfor the further
oxidationof pyruvate.

×Under these conditionspyruvate is reducedto lactate, accepting
electronsfrom NADHand thereby regeneratingthe NAD+ necessary
for glycolysisto continue.

×Certain tissues and cell types (retina and erythrocytes, for
example)convert glucoseto lactate evenunder aerobicconditions,
and

25

×Lactate is also the product of glycolysis under anaerobic
conditionsin somemicroorganisms.

×Thethird major route of pyruvatecatabolismleadsto ethanol. In
some plant tissues and in certain invertebrates, protists, and
microorganismssuch as ōǊŜǿŜǊΩǎor ōŀƪŜǊΩǎyeast, pyruvate is
converted under hypoxic or anaerobicconditions to ethanol and
CO2, a processcalledethanol(alcohol)fermentation.

×The oxidation of pyruvate is an important catabolicprocess, but
pyruvatehasanabolicfates aswell. It can,for example,provide the
carbonskeletonfor the synthesisof the amino acid alanineor for
the synthesisof fatty acids.

26

×During glycolysissome of the energy of the glucosemolecule is
conservedin ATP,while muchremainsin the product, pyruvate.

×Theoverallequationfor glycolysisis

×Foreachmoleculeof glucosedegradedto pyruvate,two moleculesof
ATPare generatedfrom ADPand Pi, and two moleculesof NADHare
producedby the reductionof NAD+.

×Wecannow resolvethe equationof glycolysisinto two processes;

27

×Under standardconditions,and under the (nonstandard)conditions
that prevail in a cell, glycolysisis an essentiallyirreversibleprocess,
drivento completionby a largenet decreasein free energy.

×Glycolysisreleasesonly a small fraction of the total availableenergy
of the glucosemolecule.

×The two moleculesof pyruvateformedby glycolysisstill containmost
of the chemicalpotential energyof glucose.

×Thatenergycanbe extractedby oxidativereactionsin the citric acid
cycleandoxidativephosphorylation.

×Each of the nine glycolytic intermediates between glucose and
pyruvateisphosphorylated.

×Thephosphorylgroupsseemto havethree functions.

28
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×1. Becausethe plasma membrane generally lacks transporters for
phosphorylatedsugars,the phosphorylatedglycolyticintermediatescannot
leavethe cell.

×2. Phosphoryl groups are essential components in the enzymatic
conservationof metabolicenergy.

×Energyreleasedin the breakageof phosphoanhydridebonds (such as
those in ATP)is partially conservedin the formation of phosphateesters
suchasglucose6-phosphate. High-energyphosphatecompoundsformed in
glycolysis (1,3-bisphosphoglycerateand phosphoenolpyruvate) donate
phosphorylgroupsto ADPto form ATP.

×3. Bindingenergyresultingfrom the bindingof phosphategroupsto the
active sites of enzymeslowers the activation energy and increasesthe
specificityof the enzymaticreactions

×Thephosphategroupsof ADP,ATP,and the glycolyticintermediatesform
complexeswith Mg2+, and the substratebinding sites of many glycolytic
enzymesarespecificfor theseMg2+complexes. 29

1- Phosphorylation of Glucose
×In the first step of glycolysis,glucoseis activatedfor subsequent
reactions by its phosphorylation at C-6 to yield glucose 6-
phosphate,with ATPasthe phosphoryldonor:

×Thisreaction,which is irreversibleunder intracellularconditions,
iscatalyzedby hexokinase.

30

The Preparatory Phase of Glycolysis

×Kinasesare enzymesthat catalyze the transfer of the terminal
phosphorylgroup from ATPto an acceptornucleophile. Kinasesare a
subclassof transferases.

×The acceptor in the caseof hexokinaseis a hexose,normally D-
glucose,although hexokinasealso catalyzesthe phosphorylationof
other commonhexoses,suchasD-fructoseand D-mannose,in some
tissues.

×Hexokinase,like many other kinases,requiresMg2+ for its activity,
becausethe true substrateof the enzymeis not ATP4- but the MgATP2-

complex.

×Mg2+shieldsthe negativechargesof the phosphorylgroupsin ATP,
making the terminal phosphorus atom an easier target for
nucleophilicattackby anτOHof glucose.

31

2- Conversion of Glucose 6-Phosphate to Fructose 6-Phosphate

×Phosphohexoseisomerasecatalyzesthe reversible isomerizationof
glucose6-phosphate,analdose,to fructose6- phosphate,a ketose:

×Themechanismfor this reactioninvolvesanenediolintermediate.

×The reaction proceeds readily in either direction, as might be
expectedfrom the relativelysmallchangein standardfree energy.

32
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3- Phosphorylation of Fructose 6-Phosphate to 
Fructose1,6-Bisphosphate

×In the second of the two priming reactions of glycolysis,
phosphofructokinase-1 (PFK-1) catalyzes the transfer of a
phosphoryl group from ATPto fructose 6-phosphate to yield
fructose1,6-bisphosphate.

34

×Theenzymethat formsfructose1,6-bisphosphateiscalledPFK-1 to
distinguish it from a second enzyme (PFK-2) that catalyzesthe
formation of fructose2,6-bisphosphatefrom fructose6-phosphatein
a separatepathway.

×The PFK-1 reaction is essentially irreversible under cellular
conditions, and it is the first άŎƻƳƳƛǘǘŜŘέstep in the glycolytic
pathway; glucose6-phosphateand fructose6-phosphatehaveother
possible fates, but fructose 1,6-bisphosphate is targeted for
glycolysis.

×Some bacteria and protists and perhaps all plants have a
phosphofructokinasethat usespyrophosphate(PPi), not ATP,as the
phosphoryl group donor in the synthesis of fructose 1,6-
bisphosphate:

35

×Phosphofructokinase-1 is subject to complexallostericregulation;
its activity is increasedwhenevertheŎŜƭƭΩǎATPsupplyis depletedor
when the ATPbreakdownproducts,ADPand AMP (particularlythe
latter), accumulate.

×The enzymeis inhibited wheneverthe cell has ample ATPand is
well suppliedby other fuelssuchasfatty acids.

×In someorganisms,fructose2,6-bisphosphate(not to be confused
with the PFK-1 reaction product, fructose 1,6-bisphosphate)is a
potent allostericactivatorof PFK-1.

×Ribulose5-phosphate,an intermediate in the pentosephosphate
pathway,alsoactivatesphosphofructokinaseindirectly.

36
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4- Cleavage of Fructose 1,6-Bisphosphate

×The enzyme fructose 1,6-bisphosphate aldolase, often called
simplyaldolase, catalyzesa reversiblealdolcondensation.

×Fructose1,6-bisphosphateis cleavedto yield two different triose
phosphates, glyceraldehyde 3-phosphate, an aldose, and
dihydroxyacetonephosphate, a ketose:

37 38

×Therearetwo classesof aldolases.

×ClassI aldolases,found in animalsandplants,usethe mechanism
shownin the first part of the followingfigure.

×ClassII enzymes,in fungi and bacteria, do not form the Schiff
baseintermediate.

×Instead, a zinc ion at the active site is coordinated with the
carbonyloxygenat C-2; the Zn2+ polarizesthe carbonylgroup and
stabilizes the enolate intermediate created in the CτC bond
cleavagestep.

×Although the aldolasereaction has a strongly positive standard
free-energy changein the direction of fructose 1,6-bisphosphate
cleavage,at the lower concentrationsof reactantspresent in cells
the actual free energychangeis smalland the aldolasereaction is
readilyreversible. 39 40
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5- Interconversion of the Triose Phosphates
×Only one of the two triose phosphates formed by aldolase,
glyceraldehyde 3-phosphate, can be directly degraded in the
subsequentstepsof glycolysis.

×The other product, dihydroxyacetonephosphate, is rapidly and
reversibly converted to glyceraldehyde3-phosphate by the fifth
enzymeof the glycolyticsequence,triose phosphateisomerase:

×The reaction mechanismis similar to the reaction promoted by
phosphohexoseisomerasein step2 of glycolysis.

41

×The payoff phase of glycolysisincludes the energy-conserving
phosphorylationstepsin whichsomeof the chemicalenergyof the
glucosemoleculeisconservedin the form of ATPandNADH.

×Rememberthat one moleculeof glucoseyieldstwo moleculesof
glyceraldehyde3-phosphate, and both halves of the glucose
molecule follow the same pathway in the second phase of
glycolysis.

×Theconversionof two moleculesof glyceraldehyde3-phosphate
to two moleculesof pyruvate is accompaniedby the formation of
four moleculesof ATPfrom ADP.

×However, the net yieldof ATPper moleculeof glucosedegradedis
only two, becausetwo ATPwere investedin the preparatoryphase
of glycolysisto phosphorylatethe two endsof the hexosemolecule.

The Payoff Phase of Glycolysis

42

6- Oxidation of Glyceraldehyde 3-Phosphate to 
1,3-Bisphosphoglycerate

×The first step in the payoff phaseis the oxidation of glyceraldehyde3-
phosphate to 1,3-bisphosphoglycerate,catalyzed by glyceraldehyde 3-
phosphatedehydrogenase:

×This is the first of the two energy-conservingreactionsof glycolysisthat
eventuallyleadto the formation of ATP.

×The aldehydegroup of glyceraldehyde3-phosphateis oxidized,not to a
free carboxylgroupbut to a carboxylicacidanhydridewith phosphoricacid.

×Thistype of anhydride,calledan acylphosphate,hasa veryhighstandard
free energyof hydrolysis
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