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Glucose as Fuel

x Glucoseoccupiesa central position in the metabolismof plants,
animals,and manymicroorganisms

x |t is relatively rich in potential energy,and thus a good fuel; the
completeoxidationof glucoseto carbondioxide and water proceeds
with a standardfree-energychangeof 22,840kJ/mol

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

x When energy demandsincrease, glucosecan be releasedfrom
theseintracellularstoragepolymersand usedto produceATPeither
aerobicallyor anaerobically
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x Glucoseis not only an excellentfuel, it is also a remarkablyversatile
precursor,capableof supplyinga hugearray of metabolicintermediatesfor
biosyntheticreactions

x A comprehensive study of the metabolic fates of glucose would
encompassundredsor thousandsof transformations

x In animalsandvasculaiplants,glucosehasfour major fates

U it maybe usedin the synthesisof complexpolysaccharideglestinedfor
the extracellularspace

U storedin cells(asa polysaccharider assucrose;

U oxidizedto a three-carboncompound(pyruvate)via glycolysisto provide
ATPandmetabolicintermediates

U or oxidizedvia the pentose phosphate (phosphogluconatgpathway to
yield ribose 5-phosphate for nucleic acid synthesisand NADPHfor
reductivebiosyntheticprocesses !
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Glycolysis

x In glycolysisa moleculeof glucoseis degradedin a seriesof enzyme
catalyzedreactionsto yield two moleculesof the three-carboncompound
pyruvate.

x Duringthe sequentialreactionsof glycolysis,some of the free energy
releasedfrom glucoseis conservedn the form of ATPand NADH
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x Glycolysigs an almostuniversalcentral pathwayof glucosecatabolism,
the pathwaywith the largestflux of carbonin mostcells

x The glycolytic breakdown of glucoseis the sole source of metabolic
energy in some mammaliantissuesand cell types (erythrocytes,renal
medulla,brain, andsperm,for example)

x Someplant tissuesthat are modified to store starchand someaquatic
plants derive most of their energy from glycolysis many anaerobic
microorganismsre entirely dependenton glycolysis

x Fermentation is a general term for the anaerobic degradation of
glucoseor other organicnutrients to obtain energy,conservedasATP

x Becausdiving organismdirst arosein an atmospherewithout oxygen,
anaerobichreakdownof glucoseis probably the most ancientbiological
mechanisnfor obtainingenergyfrom organicfuel molecules

x In the course of evolution, the chemistry of this reaction
sequencehasheencompletelyconserved

x The glycolytic enzymesof vertebrates are closely similar, in
amino acid sequenceand three-dimensional structure, to their
homologsin yeastand spinach

x Glycolysisdiffers among species only in the details of its
regulationand in the subsequentmetabolic fate of the pyruvate
formed.

x The thermodynamic principles and the types of regulatory
mechanismghat governglycolysisare commonto all pathwaysof
cellmetabolism

Glycolysis Has Two Phases

x Thebreakdownof the sixcarbonglucoseinto two moleculesof the
three-carbon pyruvate occurs in 10 steps, the first 5 of which
constitute the preparatory phase

x Theenergygaincomesin the payoff phaseof glycolysisalsoconsist
of 5 steps

Glueose + 2NAD* + 2ADP + 2P; — 2 pyruvate + 2NADH + 2H" + 2ATP + 2H,0
x In the sequentialreactions of glycolysis,three types of chemical
transformationsare particularlynoteworthy:
U (1) degradationof the carbonskeletonof glucoseto yield pyruvate

U (2) phosphorylation of ADP to ATP by compounds with high
phosphorylgrouptransferpotential, formed during glycolysis

U (3) transferof a hydrideion to NAD, forming NADH
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(a) Preparatory phase

Phosphorylation of glucose
and its conversion to Glucose
glyceraldehyde 3-phosphate

hexokinase

first priming reaction

Glucose 6-phosphate
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x Glucoseis first phosphorylatedat the hydroxylgroupon G6 (step
1).
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x TheQucose6-phosphatethus formed is convertedto Fructose6-
phosphate(step2). 10

x Fructose6-phosphateis againphosphorylatedthis time at G1,
to yieldfructosel,6-bisphosphate
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x Fructose 1,6-bisphosphate is split to yield two three-carbon
molecules, dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate(step 4); thisisthe & f & step that givesthe pathwayits
name
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x The dihydroxyacetonephosphate is isomerizedto a second
moleculeof glyceraldehyde3-phosphate(step 5), endingthe first
phaseof glycolysis
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x Note that two moleculesof ATPare investedbefore the cleavageof
glucoseinto two three-carbonpieces there will be a goodreturn on
this investment

x Tosummarize in the preparatoryphaseof glycolysighe energyof
ATPis invested,raisingthe free-energycontent of the intermediates,
andthe carbonchainsof all the metabolizedhexosesare convertedto
acommonproduct, glyceraldehyde-phosphate
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x The energy gain comes in the payoff phasglptolysis
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x Eachmolecule of glyceraldehyde3-phosphateis oxidizedand
phosphorylatedby inorganicphosphate(not by ATP)to form 1,3-
bisphosphoglyceratéstep6).
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x 1,3-bisphosphoglyceratetransfer one phosphoryl group to
ADPwhichturn into ATP(step7).

x This step is the first ATRforming reaction (substratelevel
phosphorylation)
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x Resulting 3-phosphoglycerateturn into 2-phosphoglycerate
(step8).
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x 2-phosphoglyceratéurn into phosphoenolpyruvatéstep9).
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x The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvatéo ADP,catalyzedby pyruvate
kinase(step 10).

x Thisreactionis alsoa substratelevel phosphorylation
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x In the sequential reactions of glycolysis, three types of
chemicaltransformationsare particularlynoteworthy:

x (1) degradationof the carbon skeleton of glucoseto yield
pyruvate

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

x (3) transferof a hydrideion to NAD, forming NADH

21
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Glucose Catabolism
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(10 successive
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x The pyruvateformed by glycolysiss further metabolizedvia one of
three catabolicroutes.

x In aerobicorganismsor tissues,under aerobicconditions,glycolysis
isonlythe first stagein the completedegradationof glucose

x Pyruvateis oxidized,with lossof its carboxylgroupasCQ, to yield
the acetyl group of acetylcoenzymeA; the acetyl group is then
oxidizedcompletelyto CQ by the citric acidcycle

x The electrons from these oxidations are passedto O, through a
chainof carriersin mitochondria,to form H,O.

x The energy from the electrontransfer reactions drives the
synthesisof ATRin mitochondria

24
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x Thesecondroute for pyruvateis its reductionto lactate via lactic
acidfermentation

x Whenvigorouslycontractingskeletalmusclemust function under
low oxygen conditions (hypoxia), NADH cannot be reoxidized to
NAD+, but NADr is required as an electron acceptorfor the further
oxidationof pyruvate

x Underthese conditionspyruvateis reducedto lactate, accepting
electronsfrom NADHand thereby regeneratingthe NAD+ necessary
for glycolysido continue

x Certain tissues and cell types (retina and erythrocytes, for

example)convert glucoseto lactate even under aerobicconditions,
and

25

x Lactate is also the product of glycolysis under anaerobic
conditionsin somemicroorganisms

x Thethird major route of pyruvate catabolismleadsto ethanol In
some plant tissues and in certain invertebrates, protists, and
microorganismssuch as 6 NB ¢ §rNadal SyBastapyruvate is
converted under hypoxic or anaerobicconditions to ethanol and
CQ, aproces<calledethanol(alcohol)fermentation

x The oxidation of pyruvateis an important catabolic process but
pyruvate hasanabolicfates aswell. It can,for example,provide the
carbon skeletonfor the synthesisof the amino acid alanine or for
the synthesisf fatty acids

26

x During glycolysissome of the energy of the glucose molecule is

conservedn ATPwhile muchremainsin the product, pyruvate

x Theoverallequationfor glycolysiss

Glucose + 2NAD™ + 2ADP + 2P, — 2 pyruvate + 2NADH + 2H" + 2ATP + 2H,0

x Foreachmoleculeof glucosedegradedto pyruvate,two moleculesof

ATPare generatedfrom ADPand P, and two moleculesof NADHare

producedby the reductionof NAD.

x We cannow resolvethe equationof glycolysisnto two processes

Glucose + 2NAD" —— 2 pyruvate + 2NADH + 2H" AG{° = —146 kJ/mol
2ADP + 2P, — 2ATP + 2H,0 AGY = 2(30.5 kJ/mol) = 61.0 kJ/mol

AG." = AG{® + AGS" = —146 kJ/mol + 61.0 kJ/mol
= —85 kJ/mol
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x Under standardconditions,and under the (nonstandard)conditions
that prevail in a cell, glycolysisis an essentiallyirreversible process,
drivento completionby a largenet decreasen free energy

x Glycolysigeleasesonly a smallfraction of the total availableenergy
of the glucosemolecule

x The two moleculesof pyruvateformed by glycolysisstill containmost
of the chemicalpotential energyof glucose

x Thatenergycanbe extractedby oxidativereactionsin the citric acid
cycleandoxidativephosphorylation

x Each of the nine glycolytic intermediates between glucose and
pyruvateis phosphorylated

x Thephosphorylgroupsseemto havethree functions

28
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x 1. Becausethe plasma membrane generally lacks transporters for
phosphorylatedsugarsthe phosphorylatedglycolyticintermediatescannot
leavethe cell

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

x Energyreleasedin the breakageof phosphoanhydridebonds (suchas
those in ATP)is partially conservedin the formation of phosphateesters
suchasglucoset6-phosphate High-energyphosphatecompoundsformed in
glycolysis (1,3-bisphosphoglycerateand phosphoenolpyruvate donate
phosphorylgroupsto ADPto form ATP

x 3. Bindingenergyresultingfrom the binding of phosphategroupsto the
active sites of enzymeslowers the activation energy and increasesthe
specificityof the enzymaticreactions

x Thephosphategroupsof ADPATPand the glycolyticintermediatesform
complexeswith Mg?*, and the substrate binding sites of many glycolytlc
enzymesare specificfor these Mg complexes

The Preparatory Phase of Glycolysis

1- Phosphorylation of Glucose
x In the first step of glycolysisglucoseis activatedfor subsequent
reactions by its phosphorylation at G6 to yield glucose 6-
phosphate with ATPasthe phosphoryldonor.

B
CH;—O0PO3"
CH,—OH
0 ATP ADP
H H . H H
Mgt ) .
OH H hexokinase )
HO OH HO OH
H OH H OH
Glucose Glucose 6-phosphate

AG" = —16.7 kJ/mol

x Thisreaction,which s irreversibleunder intracellularconditions,
is catalyzedby hexokinase

30

x Kinasesare enzymesthat catalyzethe transfer of the terminal
phosphorylgroup from ATPto an acceptornucleophile Kinasesre a
subclas®f transferases

x The acceptorin the caseof hexokinaseis a hexose,normally D-
glucose,although hexokinasealso catalyzesthe phosphorylationof
other commonhexosessuchas D-fructose and D-mannose,in some
tissues

x Hexokinaselike many other kinases requires Mg?* for its activity,
becausehe true substrateof the enzymeis not ATP- but the MgATP
complex

x Mg?*shieldsthe negativechargesof the phosphorylgroupsin ATP,

making the terminal phosphorus atom an easier target for
nucleophilicattackbyant OHof glucose

31

2- Conversion of Glucosehosphate to Fructose-Bhosphate

x Phosphohexosdsomerasecatalyzesthe reversibleisomerizationof
glucoseb-phosphate,analdose to fructose6- phosphate a ketose

6
CH,OPOZ

6
CH,OP0Z™

H OH
Glucose 6-phosphate

Fructose 6-phosphate

AG™ = 1.7 kJ/mol
x Themechanisnfor this reactioninvolvesan enediolintermediate

x The reaction proceeds readily in either direction, as might be
expectedfrom the relativelysmallchangen standardfree energy

32

4/5/2017



fCH,0POE
- A0, 0. 'CHOH
ucose H/ SCH Fructose P
6-phosphate 4 ' &-phosphate 5|~ ),
OH H H HO /°
[10\_/11[ on
El .
H OH OH H
Binding and Dissociation
€| opening of and closing @)
the ring of the ring.
H
H 0O H,_ OH |
B: ‘f!—} BH "¢~ B: H r‘* OH
R
#Lc—on 0 ?—’Elu H* =0
HO'CH —_— HOCH . HOCH
Phosphohexose e | ) [
isomerase H'COH HEOH HGOH
. Proton General acid
HGoH abstraction HOOoH catalysis by same HGOH
CCH,0PO% by active-site CH,O0PO? Glu facilitates CH,0PO}

Gl (B2 leads formation of
to cis-enediol cis-Enedial Fluttnse'
formation. intermediate 6-phosphate

33

3- Phosphorylation of Fructose®hosphate to
Fructosel,6-Bisphosphate

x In the second of the two priming reactions of glycolysis,
phosphofructokinasel (PFK1) catalyzesthe transfer of a
phosphoryl group from ATPto fructose 6-phosphateto yield
fructosel,6-bisphosphate

6 i .
2- CH,0P0O%
CH,0PO3 ) 2 3 (1]H2—0P037
CH,—OH ATP ADP (0]
5 2 \ Mg ‘CH HoO J?
phosphofructokinase-1 H OH
H = f OH (PFK-1) % 3
OH H OH H

Fructose 6-phosphate Fructose 1,6-bisphosphate

AG"® = —14.2 kJ/mol
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x Theenzymethat formsfructosel,6-bisphosphatés calledPFKL to
distinguish it from a second enzyme (PFK2) that catalyzesthe
formation of fructose2,6-bisphosphateérom fructose 6-phosphatein
a separatepathway

x The PFKL reaction is essentially irreversible under cellular
conditions, and it is the first ¢ O2 Y Y A siefp $1RHe glycolytic
pathway, glucose6-phosphateand fructose 6-phosphatehave other
possible fates, but fructose 1,6-bisphosphate is targeted for
glycolysis

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

x Phosphofructokinasé is subjectto complexallostericregulation
its activity is increasedwheneverthe O S fATPSUpplyis depletedor
when the ATPbreakdownproducts, ADPand AMP (particularlythe
latter), accumulate

x The enzymeis inhibited wheneverthe cell hasample ATPand is
well suppliedby other fuelssuchasfatty acids

x In someorganismsfructose 2,6-bisphosphatg(not to be confused
with the PFK1 reaction product, fructose 1,6-bisphosphate)is a
potent allostericactivatorof PFKL.

x Ribulose5-phosphate,an intermediate in the pentose phosphate
pathway,alsoactivatesphosphofructokinaséndirectly.
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4- Cleavage of Fructose iBsphosphate
x The enzyme fructose 1,6-bisphosphate aldolase, often called
simplyaldolase catalyzesareversiblealdolcondensation

x Fructosel,6-bisphosphateis cleavedto yield two different triose
phosphates, glyceraldehyde 3-phosphate, an aldose, and
dihydroxyacetonghosphate a ketose

6 1
CH,OPO2~ CH,OPOZ~

(0] H
o N
(1/CH,OPO3 <4»(‘]
aldolase 2C=0 + 5CHOH
3 CH,0H 6)CH,OPO3~
) Dihydroxyacetone Glyceraldehyde
Fructose 1,6-bisphosphate phosphate 3-phosphate

AG™® = 23.8 kJ/mol

37

Fructose 1,6-bisphosphate
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x Therearetwo classe®f aldolases

x Clasd aldolasesfound in animalsand plants,usethe mechanism
shownin the first part of the followingfigure.

x Classll enzymes,in fungi and bacteria, do not form the Schiff
baseintermediate

x Instead a zinc ion at the active site is coordinated with the
carbonyloxygenat G2; the Zr?* polarizesthe carbonylgroup and
stabilizes the enolate intermediate created in the Cr C bond
cleavagestep.

x Although the aldolasereaction has a strongly positive standard
free-energy changein the direction of fructose 1,6-bisphosphate
cleavage at the lower concentrationsof reactantspresentin cells
the actual free energychangeis smalland the aldolasereactionis
readilyreversible 39
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5- Interconversion of the Triose Phosphates
x Only one of the two triose phosphatesformed by aldolase,
glyceraldehyde 3-phosphate, can be directly degraded in the
subsequenttepsof glycolysis

x The other product, dihydroxyacetonephosphate, is rapidly and
reversibly converted to glyceraldehyde3-phosphate by the fifth
enzymeof the glycolyticsequencetriose phosphateisomerase

x The reaction mechanismis similar to the reaction promoted by
phosphohexosésomerasean step 2 of glycolysis

O\ /H
(‘]HZOH ?
(%:O H(‘IOH
isomerase

CH,0PO3~ CH,0PO3~
Dihydroxyacetone Glyceraldehyde

phosphate 3-phosphate

AG" = 7.5 kJ/mol 4

The Payoff Phase of Glycolysis

x The payoff phase of glycolysisincludes the energyconserving
phosphorylationstepsin which someof the chemicalenergyof the
glucosemoleculeis conservedn the form of ATPand NADH

x 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

x The conversionof two moleculesof glyceraldehyde3-phosphate
to two moleculesof pyruvateis accompaniedby the formation of
four moleculesof ATPfrom ADP

x Howeverthe net yield of ATPper moleculeof glucosedegradedis
only two, becausetwo ATPwere investedin the preparatoryphase
of glycolysigo phosphorylatethe two endsof the hexosemolecule

6- Oxidation of GlyceraldehydeBhosphate to
1,3-Bisphosphoglycerate

x Thefirst step in the payoff phaseis the oxidation of glyceraldehyde3-

phosphate to 1,3-bisphosphoglycerate catalyzed by glyceraldehyde 3-
phosphatedehydrogenase

. (./'H o NAD'  NADH + H 0

HCOH + HO=P—0" ———=——— 0 0-P-0 AG" = 6.3 kd/mol

CH,0P0% 0 phosph (" 0

2 HCOH
Glyceraldehyde Inorganic | 3
3.phosphate phosphate CH,0PO;

1,3-Bisphosphoglycerate

x This is the first of the two energyconservingreactionsof glycolysisthat
eventuallyleadto the formation of ATP

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

x Thistype of anhydride,calledan acylphosphate hasa very high staqgard
free energyof hydrolysis )

44
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