
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 carbondioxideandwater 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 demandsincrease,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
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×Glycolysisis analmostuniversalcentralpathwayof 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
microorganismsareentirelydependenton glycolysis.

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

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

×The glycolytic enzymesof vertebrates are closely similar, in
amino acid sequenceand three-dimensionalstructure, 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.
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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.
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×Fructose 1,6-bisphosphate is split to yield two three-carbon
molecules, dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate(step4); this is the άƭȅǎƛǎέstep that givesthe pathwayits
name.
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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.
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×Eachmoleculeof glyceraldehyde3-phosphateis oxidizedand
phosphorylatedby inorganicphosphate(not by ATP)to form 1,3-
bisphosphoglycerate(step6).
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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).
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×Resulting 3-phosphoglycerateturn into 2-phosphoglycerate
(step8).
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×2-phosphoglycerateturn into phosphoenolpyruvate(step9).
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×The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvateto ADP,catalyzedby pyruvate
kinase(step10).

×Thisreactionisalsoa substrate-levelphosphorylation.
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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.
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Glucose Catabolism
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×The pyruvateformed by glycolysisis further metabolizedvia one of
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.
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×Thesecondroute for pyruvateis its reduction to lactatevia lactic
acidfermentation.

×Whenvigorouslycontractingskeletalmusclemust function under
low oxygen conditions (hypoxia),NADHcannot be reoxidized to
NAD+, but NAD+ is requiredasan electronacceptorfor the further
oxidationof pyruvate.

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

×Certain tissues and cell types (retina and erythrocytes, for
example)convert glucoseto lactate evenunder aerobicconditions,
and
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×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
pyruvatehasanabolicfatesaswell. It can,for example,provide the
carbonskeletonfor the synthesisof the amino acid alanineor for
the synthesisof fatty acids.
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×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;
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×Understandardconditions,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 chemicalpotentialenergyof glucose.

×Thatenergycanbe extractedby oxidativereactionsin the citric acid
cycleandoxidativephosphorylation.

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

×Thephosphorylgroupsseemto havethree functions.
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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.
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×Kinasesare enzymesthat catalyze the transfer of the terminal
phosphorylgroupfrom 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 enzymeisnot ATP4- but the MgATP2-

complex.

×Mg2+shieldsthe negativechargesof the phosphorylgroupsin ATP,
making the terminal phosphorus atom an easier target for
nucleophilicattackby anτOHof glucose.
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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.
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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.
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×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:
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×Phosphofructokinase-1 is subject to complexallostericregulation;
its activity is increasedwheneverthe ŎŜƭƭΩǎATPsupplyis 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.
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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
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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.
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×The payoff phase of glycolysisincludes the energy-conserving
phosphorylationstepsin whichsomeof the chemicalenergyof the
glucosemoleculeisconservedin the form of ATPandNADH.

×Rememberthat one moleculeof glucoseyieldstwo moleculesof
glyceraldehyde 3-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
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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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7- Phosphoryl Transfer from 1,3-Bisphosphoglycerate to ADP 

×The enzymephosphoglyceratekinase transfers the high-energy
phosphoryl group from the carboxyl group of 1,3-
bisphosphoglycerateto ADP,formingATPand3-phosphoglycerate:

×Notice that phosphoglyceratekinase is named for the reverse
reaction, in which it transfersa phosphorylgroup from ATPto 3-
phosphoglycerate.

×Thisenzymeacts in the direction suggestedby its name during
gluconeogenesis. 45



×Steps6 and 7 of glycolysistogether constitute an energy-coupling
process in which 1,3-bisphosphoglycerate is the common
intermediate;

×The outcome of these coupled reactions,both reversibleunder
cellular conditions, is that the energy releasedon oxidation of an
aldehyde to a carboxylate group is conserved by the coupled
formationof ATPfrom ADPandPi.

×The formation of ATP by phosphoryl group transfer from a
substrate such as 1,3-bisphosphoglycerateis referred to as a
substrate-level phosphorylation, to distinguishthis mechanismfrom
respiration-linked (oxidative)phosphorylation.
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8- Conversion of 3-Phosphoglycerate to 2-
Phosphoglycerate 

×The enzymephosphoglyceratemutase catalyzesa reversible
shift of the phosphorylgroupbetweenC-2 and C-3 of glycerate;
Mg2+ isessentialfor this reaction:
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×The reaction occursin two steps. A
phosphorylgroupinitially attachedto a
Hisresidueof the mutaseis transferred
to the hydroxyl group at C-2 of 3-
phosphoglycerate, forming 2,3-
bisphosphoglycerate(2,3-BPG).

×Thephosphorylgroup at C-3 of 2,3-
BPGis then transferredto the sameHis
residue,producing2-phosphoglycerate
and regenerating the phosphorylated
enzyme.
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9- Dehydration of 2-Phosphoglycerate to 
Phosphoenolpyruvate

×In the secondglycolyticreactionthat generatesa compoundwith
high phosphoryl group transfer potential, enolase promotes
reversibleremovalof a moleculeof water from 2-phosphoglycerate
to yieldphosphoenolpyruvate(PEP):
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×The mechanism of the enolase reaction involves an enolic
intermediatestabilizedby Mg2+.

×The reaction converts a compound with a relatively low
phosphoryl group transfer potential (ɲG'ϲfor hydrolysis of 2-
phosphoglycerateis -17.6 kJ/mol) to one with high phosphoryl
grouptransferpotential (ɲG'ϲfor PEPhydrolysisis -61.9 kJ/mol).
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10- Transfer of the Phosphoryl Group from 
Phosphoenolpyruvateto ADP

×The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvateto ADP,catalyzedby pyruvate
kinase,whichrequiresK+andeither Mg2+or Mn2+:
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×In this substrate-levelphosphorylation,the productpyruvatefirst appears
in its enol form, then tautomerizesrapidlyand nonenzymaticallyto its keto
form, whichpredominatesat pH7:

×The overall reaction has a large, negativestandardfree energychange,
due in large part to the spontaneousconversion of the enol form of
pyruvateto the keto form.

×About half of the energyreleasedby PEPhydrolysis(ɲG'ϲ-61.9 kJ/mol) is
conservedin the formation of the phosphoanhydridebond of ATP(ɲG'ϲ-
30.5 kJ/mol), and the rest (-31.4 kJ/mol) constitutesa large driving force
pushingthe reactiontoward ATPsynthesis 52



×Wecannow constructa balancesheetfor glycolysis:

×Cancelingout commonterms on both sidesof the equationgives
the overallequationfor glycolysisunderaerobicconditions:

×The two moleculesof NADHformed by glycolysisin the cytosol
are,underaerobicconditions,reoxidizedto NAD+ by transferof their
electronsto the electrontransferchain,which in eukaryoticcells is
locatedin the mitochondria.

×The electron-transfer chain passes these electrons to their
ultimate destination,O2:

×Electrontransfer from NADHto O2 in mitochondriaprovidesthe
energyfor synthesisof ATPby oxidativephosphorylation. 53



×In the overall glycolytic process, one molecule of glucose is
convertedto two moleculesof pyruvate(the pathwayof carbon).

×Two molecules of ADP and two of Pi are converted to two
moleculesof ATP(the pathwayof phosphorylgroups).

×Four electrons, as two hydride ions, are transferred from two
molecules of glyceraldehyde3-phosphate to two of NAD+ (the
pathwayof electrons).

×Duringhis studieson the fermentation of glucoseby yeast, Louis
Pasteur discovered that both the rate and the total amount of
glucoseconsumptionwere manytimesgreaterunderanaerobicthan
aerobicconditions.

×Later studiesof muscleshowedthe samelarge difference in the
ratesof anaerobicandaerobicglycolysis.
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×Thebiochemicalbasisof thisάPasteureffectέisnow clear.

×The ATPyield from glycolysisunder anaerobicconditions (2 ATP
per molecule of glucose) is much smaller than that from the
completeoxidationof glucoseto CO2 underaerobicconditions(30or
32ATPper glucose).

×About 15 times as much glucosemust therefore be consumed
anaerobicallyasaerobicallyto yieldthe sameamountof ATP.

×Theflux of glucosethrough the glycolyticpathwayis regulatedto
maintainnearlyconstantATPlevels(aswell asadequatesuppliesof
glycolyticintermediatesthat servebiosyntheticroles).

×Therequired adjustmentin the rate of glycolysisis achievedby a
complexinterplayamongATPconsumption,NADHregeneration,and
allosteric regulation of several glycolytic enzymes τincluding
hexokinase,PFK-1, andpyruvatekinase. 55



×On a slightly longer time scale, glycolysisis regulated by the
hormonesglucagon,epinephrine,and insulin,and by changesin the
expressionof the genesfor severalglycolyticenzymes.

×An especiallyinterestingcaseof abnormalregulationof glycolysis
isseenin cancer.

×TheGermanbiochemistOtto Warburgfirst observedin 1928that
tumors of nearlyall typescarry out glycolysisat a much higher rate
than normaltissue,evenwhenoxygenisavailable.

×Thisά²ŀǊōǳǊƎŜŦŦŜŎǘέis the basisfor severalmethodsof detecting
andtreatingcancer.

56



57



×The metabolismof glucosein mammalsis limited by the rate of
glucoseuptakeinto cellsandits phosphorylationby hexokinase.

×Glucoseuptakefrom the blood is mediatedby the GLUTfamily of
glucosetransporters.

×The transporters of hepatocytes (GLUT1, GLUT2) and of brain
neurons(GLUT3) arealwayspresentin plasmamembranes.

×In contrast, the main glucosetransporter in the cells of skeletal
muscle,cardiacmuscle,andadiposetissue(GLUT4) is sequesteredin
small intracellular vesiclesand moves into the plasmamembrane
only in responseto an insulinsignal.

×Thusin skeletalmuscle,heart, and adiposetissue,glucoseuptake
and metabolism depend on the normal release of insulin by
pancreatic̡ cellsin responseto elevatedbloodglucose.
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×Individuals with type 1 diabetes mellitus (also called insulin-
dependentdiabetes)havetoo few c̡ellsand cannotreleasesufficient
insulinto triggerglucoseuptakeby the cellsof skeletalmuscle,heart,or
adiposetissue.

×Thus, after a meal containingcarbohydrates,glucoseaccumulatesto
abnormally high levels in the blood, a condition known as
hyperglycemia.

×Unableto takeup glucose,muscleandfat tissueusethe fatty acidsof
storedtriacylglycerolsastheir principalfuel.

×In the liver, acetyl-CoA derived from this fatty acid breakdown is
converted to άƪŜǘƻƴŜōƻŘƛŜǎέτacetoacetateand -̡hydroxybutyrateτ
whichareexportedandcarriedto other tissuesto be usedasfuel.

×Thesecompoundsare especiallycritical to the brain, which uses
ketonebodiesasalternativefuel whenglucoseisunavailable.
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×In untreated type 1 diabetes,overproductionof acetoacetateand -̡
hydroxybutyrate leads to their accumulation in the blood, and the
consequent lowering of blood pH produces ketoacidosis, a life-
threateningcondition.

×Insulininjection reversesthis sequenceof events: GLUT4 movesinto
the plasmamembranesof hepatocytesandadipocytes, glucoseis taken
up into the cellsand phosphorylated,and the blood glucoselevel falls,
greatlyreducingthe productionof ketonebodies.

×Diabetesmellitus has profound effects on the metabolismof both
carbohydratesandfats.

60



61



×Many carbohydratesbesidesglucosemeet their catabolicfate in
glycolysis, after being transformed into one of the glycolytic
intermediates.

×Themostsignificantare

ü the storage polysaccharidesglycogenand starch, either within
cells(endogenous)or obtainedin the diet;

üThedisaccharidesmaltose,lactose,trehalose,andsucrose;

üandthe monosaccharidesfructose,mannose,andgalactose.
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Dietary Polysaccharides and Disaccharides 
Undergo Hydrolysis to Monosaccharides

×For most humans,starch is the major sourceof carbohydratesin
the diet.

×Digestion begins in the mouth, where salivary -hamylase
hydrolyzes the internal ( 1hҦ4) glycosidic linkages of starch,
producingshortpolysaccharidefragmentsor oligosaccharides.

×(Note that in this hydrolysisreaction,water, not Pi, is the attacking
species.)
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×Pancreatich -amylaseyieldsmainlymaltoseand maltotriose(the
di- and trisaccharidesof glucose)and oligosaccharidescalledlimit
dextrins, fragments of amylopectin containing ( 1hҦ6) branch
points.

×Maltoseanddextrinsare degradedto glucoseby enzymesof the
intestinal brush border (the fingerlike microvilli of intestinal
epithelial cells, which greatly increasethe area of the intestinal
surface).

×Dietaryglycogenhasessentiallythe samestructureasstarch,and
its digestionproceedsby the samepathway.

×Most animals cannot digest cellulose for lack of the enzyme
cellulase, whichattacksthe ( 1̡Ҧ4) glycosidicbondsof cellulose.
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×Glycogenstored in animal tissues(endogenousglycogen,primarily
liver and skeletalmuscle),in microorganisms,or in plant tissuescan
be mobilizedfor usewithin the samecellby a phosphorolyticreaction
catalyzedby glycogenphosphorylase(starchphosphorylasein plants).

×Theseenzymescatalyzean attack by Pi on the ( 1hҦ4) glycosidic
linkagethat joins the last two glucoseresiduesat a nonreducingend,
generating glucose 1-phosphate and a polymer one glucose unit
shorter.

×Phosphorolysispreservessomeof the energyof the glycosidicbond
in the phosphateesterglucose1-phosphate.
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×Glycogenphosphorylase(or starch phosphorylase)acts repetitively
until it approachesan (1Ҧ6) branchpoint, where its action stopsand a
debranchingenzymeremovesthe branches.

×Glucose 1-phosphate produced by glycogen phosphorylase is
converted to glucose 6-phosphate by phosphoglucomutase, which
catalyzesthe reversiblereaction

×The general name mutase is given to enzymesthat catalyze the
transferof a functionalgroupfrom one position to another in the same
molecule.

×Mutases are a subclassof isomerases, enzymesthat interconvert
stereoisomersor structuralor positionalisomers.

×Theglucose6-phosphateformed in the phosphoglucomutasereaction
canenter glycolysisor another pathwaysuchasthe pentosephosphate
pathway. 67



×Disaccharidesmust be hydrolyzedto monosaccharidesbefore entering
cells.

×Intestinal disaccharidesand dextrins are hydrolyzed by enzymes
attachedto the outer surfaceof the intestinalepithelialcells:

×The monosaccharidesso formed are actively transported into the
epithelialcells,then passedinto the blood to be carriedto varioustissues,
wherethey arephosphorylatedandfunneledinto the glycolyticsequence.
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×Other monosaccharidesenter the glycolytic pathway at several
points.

×In most organisms,hexosesother than glucosecan undergo
glycolysisafter conversionto a phosphorylatedderivative.

×D-Fructose, present in free form in many fruits and formed by
hydrolysis of sucrose in the small intestine of vertebrates, is
phosphorylatedby hexokinase:

×This is a major pathway of fructose entry into glycolysisin the
musclesandkidney.
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×In the liver, fructose enters by a different pathway. The liver
enzymefructokinasecatalyzesthe phosphorylationof fructoseat
C-1 rather thanC-6:

×The fructose 1-phosphateis then cleavedto glyceraldehyde
and dihydroxyacetone phosphate by fructose 1-phosphate
aldolase:
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×Dihydroxyacetonephosphateis converted to glyceraldehyde3-
phosphateby the glycolyticenzymetriosephosphateisomerase.

×Glyceraldehydeis phosphorylatedby ATPand triose kinaseto
glyceraldehyde3-phosphate:

×Thusboth productsof fructose1-phosphatehydrolysisenter the
glycolyticpathwayasglyceraldehyde3-phosphate.

×D-Galactose,a product of the hydrolysisof lactose(milk sugar),
passesin the blood from the intestine to the liver, where it is first
phosphorylatedat C-1, at the expenseof ATP,by the enzyme
galactokinase:
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×The galactose1-phosphate
is then converted to its
epimer at C-4, glucose 1-
phosphate, by a set of
reactions in which uridine
diphosphate(UDP)functions
as a coenzyme-like carrier of
hexosegroups.

×A defect in anyof the three
enzymes in this pathway
causes galactosemia in
humans.
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×D-Mannose,releasedin the digestionof variouspolysaccharides
and glycoproteins of foods, can be phosphorylated at C-6 by
hexokinase:

×Mannose 6-phosphate is isomerized by phosphomannose
isomerase to yield fructose 6-phosphate, an intermediate of
glycolysis.
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Fates of Pyruvate under Anaerobic
Conditions: Fermentation

×Underaerobicconditions,the pyruvateformed in the final stepof
glycolysisis oxidizedto acetate(acetylCoA), which enters the citric
acidcycleandisoxidizedto CO2 andH2O.

×The NADH formed by dehydrogenationof glyceraldehyde3-
phosphate is ultimately reoxidized to NAD+ by passageof its
electronsto O2 in mitochondrialrespiration.

×Under hypoxic (low-oxygen) conditions, howeverτas in very
activeskeletalmuscle,in submergedplant tissues,in solid tumors,
or in lactic acid bacteriaτNADHgeneratedby glycolysiscannotbe
reoxidizedby O2.
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×Failureto regenerateNAD+ would leavethe cell with no electron
acceptorfor the oxidationof glyceraldehyde3-phosphate,and the
energy-yieldingreactionsof glycolysiswouldstop.

×NAD+ mustthereforebe regeneratedin someother way.

×Theearliestcellslived in an atmospherealmostdevoidof oxygen
and had to develop strategies for deriving energy from fuel
moleculesunderanaerobicconditions.

×Most modern organismshave retained the ability to continually
regenerate NAD+ during anaerobic glycolysis by transferring
electronsfrom NADHto form a reducedendproductsuchaslactate
or ethanol.
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×Whenanimaltissuescannotbe suppliedwith sufficientoxygen
to support aerobic oxidation of the pyruvate and NADH
producedin glycolysis,NAD+ is regeneratedfrom NADHby the
reductionof pyruvateto lactate.

×Some tissuesand cell types(suchaserythrocytes, which have
no mitochondria and thus cannot oxidize pyruvate to CO2)
producelactatefrom glucoseevenunderaerobicconditions.
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×In glycolysis, dehydrogenation of the two molecules of
glyceraldehyde3-phosphate derived from each molecule of
glucoseconvertstwo moleculesof NAD+ to two of NADH.

×Becausethe reductionof two moleculesof pyruvateto two of
lactate regeneratestwo moleculesof NAD1, there is no net
changein NAD+ or NADH:
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×Thelactateformed by activeskeletalmuscles(or by erythrocytes)
can be recycled; it is carried in the blood to the liver, where it is
convertedto glucoseduring the recoveryfrom strenuousmuscular
activity.

×When lactate is produced in large quantities during vigorous
musclecontraction (during a sprint, for example),the acidification
that resultsfrom ionizationof lacticacid in muscleand blood limits
the periodof vigorousactivity.

×Althoughconversionof glucoseto lactate includestwo oxidation-
reduction steps, there is no net changein the oxidation state of
carbon; in glucose(C6H12O6) and lacticacid(C3H6O3), the H:Cratio is
the same.

×Nevertheless,some of the energy of the glucosemolecule has
been extractedby its conversionto lactateτenoughto give a net
yieldof two moleculesof ATPfor everyglucosemoleculeconsumed.
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×Fermentationis the generalterm for suchprocesses,whichextract
energy (as ATP) but do not consume oxygen or change the
concentrationsof NAD+ or NADH.

×Yeastand other microorganismsferment glucoseto ethanol and
CO2, rather than to lactate.

×Glucoseis convertedto pyruvateby glycolysis,andthe pyruvateis
convertedto ethanolandCO2 in a two-stepprocess:

80



×In the first step,pyruvateis decarboxylatedin an irreversiblereaction
catalyzedby pyruvatedecarboxylase.

×Thisreactionis a simpledecarboxylationanddoesnot involvethe net
oxidationof pyruvate.

×Pyruvate decarboxylaserequires Mg2+ and has a tightly bound
coenzyme, thiaminepyrophosphate.
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×In the secondstep, acetaldehydeis reducedto ethanol through
the action of alcohol dehydrogenase,with the reducing power
furnished by NADH derived from the dehydrogenation of
glyceraldehyde3-phosphate.

×Ethanol and CO2 are thus the end products of ethanol
fermentation,andthe overallequationis:
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×Beerbrewingwasa sciencelearnedearly in humanhistory, and later
refinedfor larger-scaleproduction.

×Brewerspreparebeer by ethanol fermentation of the carbohydrates
in cereal grains(seeds)such as barley, carried out by yeast glycolytic
enzymes.

×Thecarbohydrates, largelypolysaccharides,must first be degradedto
disaccharidesandmonosaccharides.

×In a processcalledmalting,the barleyseedsareallowedto germinate
until they form the hydrolytic enzymesrequired to break down their
polysaccharides,at which point germination is stopped by controlled
heating.

×The product is malt, which contains enzymes that catalyze the
hydrolysis of the ʲ linkages of cellulose and other cell wall
polysaccharidesof the barley husks,and enzymessuch as -hamylase
andmaltase. 84



×The brewer next preparesthe wort, the nutrient medium required
for fermentationby yeastcells.

×Themalt ismixedwith water andthen mashedor crushed.

×Thisallowsthe enzymesformed in the malting processto act on the
cereal polysaccharidesto form maltose, glucose,and other simple
sugars,whicharesolublein the aqueousmedium.

×The remainingcell matter is then separated,and the liquid wort is
boiledwith hopsto giveflavor.

×Thewort iscooledandthen aerated.

×Nowthe yeastcellsareadded.
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×In the aerobicwort the yeastgrowsandreproducesveryrapidly,using
energyobtainedfrom availablesugars.

×Noethanolformsduringthis stage,becausethe yeast,amplysupplied
with oxygen,oxidizesthe pyruvateformedby glycolysisto CO2 andH2O
viathe citric acidcycle.

×Whenall the dissolvedoxygenin the vat of wort hasbeenconsumed,
the yeastcellsswitchto anaerobicmetabolism, andfrom this point they
ferment the sugarsinto ethanolandCO2.

×Thefermentationprocessis controlledin part by the concentrationof
the ethanolformed,by the pH,andby the amountof remainingsugar.

×After fermentation hasbeenstopped,the cellsare removedand the
άǊŀǿέbeeris readyfor final processing.

×In the final stepsof brewing, the amount of foam (or head)on the
beer,whichresultsfrom dissolvedproteins, isadjusted. 86



×Normally this is controlled by proteolytic enzymesthat arise in the
maltingprocess.

×If theseenzymesact on the proteinstoo long,the beerwill havevery
little headandwill be flat; if they do not act long enough,the beer will
not be clearwhenit iscold.

×Sometimesproteolytic enzymesfrom other sourcesare added to
control the head.

×Much of the technology developed for large-scale production of
alcoholic beveragesis now finding application to a wholly different
problem: the productionof ethanolasa renewablefuel.

×With the continuingdepletionof the known storesof fossilfuelsand
the risingcostof fuel for internalcombustionengines,there is increased
interest in the useof ethanolasa fuel substituteor extender.
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×Theprincipaladvantageof ethanolasa fuel is that it canbe produced
from relatively inexpensiveand renewable resourcesrich in sucrose,
starch,or celluloseτstarchfrom corn or wheat, sucrosefrom beetsor
cane,andcellulosefrom straw, forest industrywaste,or municipalsolid
waste.

×Typically,the raw material (feedstock)is first convertedchemicallyto
monosaccharides,then fed to a hardy strain of yeast in an industrial-
scalefermenter.

×The fermentation can yield not only ethanol for fuel but also side
productssuchasproteinsthat canbe usedasanimalfeed.
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Gluconeogenesis

×Thecentralrole of glucosein metabolismaroseearly in evolution,
andthis sugarremainsthe nearlyuniversalfuel andbuildingblockin
modernorganisms,from microbesto humans.

×In mammals,sometissuesdependalmostcompletelyon glucose
for their metabolicenergy.

×For the human brain and nervous system, as well as the
erythrocytes,testes,renal medulla,and embryonictissues,glucose
from the blood is the soleor major fuel source.

×Thebrain alonerequiresabout 120 g of glucoseeachdayτmore
than half of all the glucosestoredasglycogenin muscleandliver.
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×However, the supply of glucose from these stores is not always
sufficient; between meals and during longer fasts, or after vigorous
exercise,glycogenisdepleted.

×For these times, organismsneed a method for synthesizingglucose
from noncarbohydrateprecursors.

×This is accomplishedby a pathway called gluconeogenesisόάnew
formation of ǎǳƎŀǊέύΣwhich convertspyruvateand related three- and
four-carboncompoundsto glucose.

×Gluconeogenesis occurs in all animals, plants, fungi, and
microorganisms.

×Thereactionsareessentiallythe samein all tissuesandall species.

×The important precursorsof glucosein animals are three-carbon
compoundssuchas lactate, pyruvate,and glycerol,as well as certain
aminoacids 90
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×In mammals,gluconeogenesistakes place mainly in the liver, and to a
lesserextent in renalcortexandin the epithelialcellsthat line the insideof
the smallintestine.

×Theglucoseproducedpassesinto the bloodto supplyother tissues.

×After vigorous exercise, lactate produced by anaerobic glycolysis in
skeletal muscle returns to the liver and is converted to glucose,which
movesback to muscleand is converted to glycogenτa circuit called the
Coricycle
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×Gluconeogenesisand glycolysisare not identical pathways
running in opposite directions,although they do shareseveral
steps.

×7 of the 10 enzymaticreactionsof gluconeogenesisare the
reverseof glycolyticreactions.

×However, three reactions of glycolysis are essentially
irreversiblein vivoandcannotbeusedin gluconeogenesis:

ü the conversion of glucose to glucose 6-phosphate by
hexokinase,

ü the phosphorylationof fructose6-phosphateto fructose1,6-
bisphosphateby phosphofructokinase-1, and

ü the conversion of phosphoenolpyruvateto pyruvate by
pyruvatekinase. 93
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×In gluconeogenesis,the three irreversiblestepsarebypassedby a
separateset of enzymes,catalyzingreactionsthat are sufficiently
exergonicto be effectively irreversible in the direction of glucose
synthesis.

×Thus, both glycolysis and gluconeogenesisare irreversible
processesin cells. In animals,both pathwaysoccur largely in the
cytosol,necessitatingtheir reciprocalandcoordinatedregulation.

×Separate regulation of the two pathways is brought about
throughcontrolsexertedon the enzymaticstepsuniqueto each.

×We begin by considering the three bypass reactions of
gluconeogenesis.
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Conversion of Pyruvate to Phosphoenolpyruvate

×The first of the bypass reactions in gluconeogenesisis the
conversionof pyruvateto phosphoenolpyruvate(PEP).

×Pyruvateis first transportedfrom the cytosolinto mitochondria
or is generated from alanine within mitochondria by
transamination.

×Then pyruvate carboxylase, a mitochondrial enzyme that
requires the coenzyme biotin, converts the pyruvate to
oxaloacetate
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×Pyruvate carboxylaseis the first regulatory enzyme in the
gluconeogenic pathway, requiring acetyl-CoA as a positive
effector.

×Becausethe mitochondrialmembranehasno transporter for
oxaloacetate,before export to the cytosol the oxaloacetate
formed from pyruvate must be reduced to malate by
mitochondrialmalatedehydrogenase,at the expenseof NADH:
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×Malate leavesthe mitochondrionthrough aspecifictransporter in
the inner mitochondrial membrane, and in the cytosol it is
reoxidizedto oxaloacetate,with the productionof cytosolicNADH:
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×The oxaloacetate is then converted to PEP by
phosphoenolpyruvatecarboxykinase.

×ThisMg2+-dependentreactionrequiresGTPasthe phosphoryl
groupdonor:

×The reaction is reversibleunder intracellular conditions; the
formation of one high-energy phosphate compound (PEP) is
balancedby the hydrolysisof another(GTP).
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×The overall equation for this set of bypassreactions,the sum of
Equationsis;

×There is a logic to the route of these reactions through the
mitochondrion.

×The [NADH]/[NAD+] ratio is about 105 times lower than in
mitochondria.

×BecausecytosolicNADHis consumedin gluconeogenesis,glucose
biosynthesiscannotproceedunlessNADHisavailable.

×Thetransportof malatefrom the mitochondrionto the cytosoland
its reconversionthere to oxaloacetateeffectively moves reducing
equivalentsto the cytosol, wherethey arescarce.
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×A secondpyruvateҦ PEPbypasspredominateswhen lactate is the
glucogenicprecursor.

×This pathway makes use of lactate produced by glycolysis in
erythrocytes or anaerobic muscle, for example, and it is particularly
important in largevertebratesafter vigorousexercise.

×The conversionof lactate to pyruvate in the cytosol of hepatocytes
yields NADH,and the export of reducingequivalents(as malate) from
mitochondriais thereforeunnecessary.

×After the pyruvateproducedby the lactate dehydrogenasereaction is
transported into the mitochondrion, it is converted to oxaloacetateby
pyruvatecarboxylase,asdescribedabove.

×This oxaloacetate, however, is converted directly to PEP by a
mitochondrialisozymeof PEPcarboxykinase, and the PEPis transported
out of the mitochondrionto continueon the gluconeogenicpath.
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Conversion of Fructose 1,6-Bisphosphate to Fructose
6-Phosphate 

×The second glycolytic reaction that cannot participate in
gluconeogenesisis the phosphorylationof fructose6-phosphateby
PFK-1.

×Because this reaction is highly exergonic and therefore
irreversiblein intact cells, the generationof fructose 6-phosphate
from fructose1,6-bisphosphateis catalyzedby a different enzyme,
Mg2+-dependentfructose1,6-bisphosphatase(FBPase-1).

104


