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Glucose as Fuel

X Glucoseoccupiesa central position in the metabolismof plants,
animals,andmanymicroorganisms

X It 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 remarkably versatile
precursor,capableof supplyinga huge array of metabolicintermediatesfor
biosyntheticreactions

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

X |n animalsandvasculamplants,glucosehasfour major fates

U it maybe usedin the synthesisof complexpolysaccharidesiestinedfor
the extracellularspace

U storedin cells(asapolysaccharid®r assucrose;

U oxidizedto athree-carboncompound(pyruvate)via glycolysisto provide
ATPandmetabolicintermediates

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



Glycolysis

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

x During the sequentialreactionsof glycolysis,some of the free energy
releasedirom glucoseas conservedn the form of ATPandNADH
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x Glycolysiss analmostuniversalcentral pathwayof glucosecatabolism,
the pathwaywith the largestflux of carbonin mostcells

X The glycolytic breakdownof 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
microorganismare entirely dependenton glycolysis

X Fermentation is a general term for the anaerobic degradation of
glucoseor other organicnutrientsto obtain energy,conservedasATPR

X Becausdiving organismdirst arosein an atmospherewithout oxygen,
anaerobicbreakdownof glucoseis probablythe most ancientbiological
mechanisnfor obtainingenergyfrom organicfuel molecules



X In the course of evolution, the chemistry of this reaction
sequencehasbeencompletelyconserved

X The glycolytic enzymesof vertebrates are closely similar, in
amino acid sequenceand three-dimensional structure, to their
homologsin yeastandspinach

x Glycolysisdiffers among species only in the details of its
reqgulationand 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
constitutethe preparatoryphase

X Theenergygaincomesin the payoff phaseof glycolysisalsoconsist
of 5 steps

Glucose + 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 duringglycolysis

U (3)transferof ahydrideionto NAD, formingNADH
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X (Hucoseis first phosphorylatedat the hydroxylgroupon G6 (step

1).
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X Huctose6-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(step4); thisisthe a f € step tat givesthe pathwayits
name
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x The dihydroxyacetonephosphate is isomerizedto a second
moleculeof glyceraldehydes-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 metabolizednhexosesare convertedto

acommonproduct, glyceraldehyde3-phosphate
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X The energy gain comes in the payoff phasglgtolysis
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x Eachmolecule of glyceraldehyde3-phosphateis oxidizedand
phosphorylatedoy inorganicphosphate(not by ATP)to form 1,3-
bisphosphoglyceratéstep®6).
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x 1,3-bisphosphoglyceratetransfer one phosphoryl group to

ADPwhichturn into ATP(step7).

X This step is the first ATRPforming reaction (substratelevel

phosphorylation)
O
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X Resulting 3-phosphoglycerateturn into 2-phosphoglycerate
(step8).
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x 2-phosphoglyceratéurn into phosphoenolpyruvatg¢step9).
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X The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvatéo ADP,catalyzedby pyruvate
kinase(stepl10).

X Thisreactionis alsoa substratelevelphosphorylation
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X In the sequential reactions of glycolysis,three types of
chemicaltransformationsare particularlynoteworthy:.

X (1) degradationof the carbon skeleton of glucoseto vyield
pyruvate

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

x (3) transferof ahydrideion to NAD, formingNADH
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Glucose Catabolism

hypoxic or
anaerobic

2 Ethanol + 2CO,

Fermentation to
ethanol in yeast

Glucose

glycolysis
(10 successive
reactions)
hypoxic or
anaerobic
2 Pyruvate {[jit‘ujs
aerobic
conditions
2 Lactate
N 2c0,
v Fermentation to lactate
2 Acetyl-CoA in vigorously contracting
muscle, in erythrocytes,
citric in some other cells, and
acid in some microorganisms
cycle
4CO, + 4H,0

Animal, plant, and
many microbial
cells under aerobic
conditions
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x The pyruvateformed by glycolysigs further metabolizedvia one of
three catabolicroutes.

X |In aerobicorganismsor tissues,underaerobicconditions,glycolysis
Isonly the 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 electronsfrom these oxidationsare passedto O, through a
chainof carriersin mitochondria,to form H,O.

x The energy from the electrontransfer reactions drives the
synthesiof ATPiIn mitochondria
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x Thesecondroute for pyruvateis its reductionto lactate via lactic
acidfermentation

x \When vigorouslycontractingskeletalmusclemust function under
low oxygen conditions (hypoxia), NADH cannot be reoxidizedto
NAD*, but NADr is required as an electron acceptorfor the further
oxidationof pyruvate

x Underthese conditionspyruvateis reducedto lactate, accepting
electronsfrom NADHandtherebyregeneratingthe NADF necessary
for glycolysido continue

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

example)convert glucoseto lactate evenunder aerobicconditions,
and
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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 ¢ SrNaYa| Sybd&apyruvate is
converted under hypoxic or anaerobicconditions to ethanol and
CQ, aprocesscalledethanol(alcohol)fermentation

X The oxidation of pyruvateis an important catabolicprocess but
pyruvatehasanabolicfates aswell. It can,for example,provide the
carbon skeletonfor the synthesisof the amino acid alanine or for
the synthesigof fatty acids
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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 \WWe cannow resolvethe equationof glycolysisnto two processes
Glucose + 2NAD" —— 2 pyruvate + 2NADH + 2H" AG{° = —146 kJ/mol

2ADP + 2P; —— 2ATP + 2H,0 AGS = 2(30.5 kd/mol) = 61.0 kJd/mol

AG.° = AG{° + AG3°® = —146 kJ/mol + 61.0 kdJ/mol
= —85 kdJ/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 decreasan 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
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x 1. Becausethe plasma membrane generally lacks transporters for
phosphorylatedsugars the 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
suchasglucoses-phosphate Highenergyphosphatecompounddormedin
glycolysis (1,3-bisphosphoglycerateand phosphoenolpyruvate donate
phosphorylgroupsto ADPto form ATP

x 3. Bindingenergyresultingfrom the bindingof phosphategroupsto the
active sites of enzymeslowers the activation energy and increasesthe
specificityof the enzymatiaeactions

x Thephosphategroupsof ADPATPandthe glycolyticintermediatesform
complexeswith Mg?*, and the substrate binding sites of many glycolytlc
enzymesare specificfor theseMg?* 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.

&
EHE—DPDE_
CH.—OH )
O ATP ADP —0
H H H H
H \mer/ 1 H 1
OH H hexokinase ' OH H
HO OH HO OH
q 2
H OH H OH
Glucose (Glucose 6-phosphate
AG™ = —16.7 kJ/mol

x Thisreaction,which is irreversibleunder intracellularconditions,
IS catalyzedoy hexokinase
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X Kinasesare enzymesthat catalyzethe transfer of the terminal
phosphorylgroup from ATPto an acceptornucleophile Kinasesare 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 ATE- but the MgATE
complex

x Mg?*shieldsthe negativechargesof the phosphorylgroupsin ATP,
making the terminal phosphorus atom an easier target for
nucleophilicattackby ant OHof glucose
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2- Conversion of GlucosePhosphate to FructoseBhosphate

X Phosphohexosasomerasecatalyzesthe reversibleisomerizationof
glucose6-phosphatean aldose to fructose6- phosphate a ketose

)
phosphohexose

I=O0Mmeras:

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

X In the second of the two priming reactions of glycolysis,
phosphofructokinasel (PFK1l) catalyzesthe transfer of a
phosphoryl group from ATPto fructose 6-phosphateto yield
fructosel,6-bisphosphate

6

CH,0PO2~

1

CH,—OH  ATP ADP

RV

OH phosphofructokinase-1
(PFK-1)

4 3
OH H
Fructose 6-phosphate Fructose 1,6-bisphosphate

AG'® = —14.2 kJ/mol
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X Theenzymethat formsfructosel,6-bisphosphatas calledPFK1 to
distinguish it from a second enzyme (PFK2) that catalyzesthe
formation of fructose 2,6-bisphosphatdrom fructose 6-phosphatein
a separatepathway

x The PFKLl reaction is essentially irreversible under cellular
conditions, and it is the first @ O2 Y Y A siep 81 R 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
phosphofructokinasehat usespyrophosphate(PP), not ATP,asthe
phosphoryl group donor in the synthesis of fructose 1,6-
bisphosphate
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X Phosphofructokinasé is subjectto complexallostericregulation
its activity is increasedwheneverthe O S fATPSuUplyis 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-bisphosphatgnot to be confused
with the PFKL reaction product, fructose 1,6-bisphosphate)is a
potent allostericactivatorof PFKI.

X Ribulose5-phosphate,an intermediate in the pentosephosphate
pathway,alsoactivatesphosphofructokinasendirectly.

36



4- Cleavage of Fructose lHsphosphate

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,OPO3~ CH,0OPO3™

O H
~ N\
(1)CH50OPO3 14}(|3
A aldolase i2](|j:O + 15}(|3HOH
4 3 3)CH,OH (6)CH,OPO35~
OH H | Dihydroxyacetone Glyceraldehyde
Fructose 1,6-bisphosphate phosphate 3-phosphate

AG" = 23.8 kd/mol
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Fructose 1,6-bisphosphate
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call'bﬂn GG @ He 0 cazb on
2 {|3 =0 H— (|3 —OH 5
3 {LJHEOH (|3H2— 0—P) 6

Dihydroxyacetone  Glyceraldehyde
phosphate 3-phosphate

SN S

triose phosphate isomerase

(a)
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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 [nstead 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 Ct 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 actualfree energychangeis smalland the aldolasereactionis
readilyreversible *



Protonated

- _ Schiff base
2
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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
subsequenstepsof glycolysis

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

X The reaction mechanismis similar to the reaction promoted by
phosphohexosesomerasan step 2 of glycolysis

O\% /H
(FHEDH C
(|3:0 " triose phosphate H(FOH
1somerase
CHEOPOS_ CHEOPOg_
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

AG" = 7.5 kJ/mol 4l



The Payoff Phase of Glycolysis

X The payoff phase of glycolysisincludesthe energyconserving
phosphorylationstepsin which someof the chemicalenergyof the
glucosemoleculeis conservedn the form of ATPandNADH

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 pyruvate is accompaniedoy the formation of
four moleculesof ATPfrom ADP

x Howeverthe netyield 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 The first step in the payoff phaseis the oxidation of glyceraldehyde3-
phosphate to 1,3-bisphosphoglycerate,catalyzed by glyceraldehyde 3-

phosphatedehydrogenase
O

N 0 NAD® NADH + H*
I \ P [
HCOH + HO—P—0" e O AF79 AG"® = 6.3 kJ/mol
CH,OPO3~ 0 g epha ate £|” 0~
dehydrogenase HCOH
Glyceraldehyde Inorganic | o
3-phosphate phosphate CH,;OPOg5

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 standard
free energyof hydrolysis



NAD*
Glyceraldehyde S
3-phosphate |
dehydrogenase Cys

A
CH,0PO3~
H(|30H
=)
OPO3;~ (5
1,3-Bisphosphoglycerate

Glyceraldehyde
3-phosphate

\ @ X

Formation of enzyme-
substrate complex. The
active-site Cys has a
reduced pK, (5.5 instead

of 8) when NAD™ is bound,
and is in the more reactive,
thiolate form.

The covalent thioester
linkage between the
substrate and enzyme
undergoes phosphorolysis
(attack by P;) releasing
the second product,
1,3-bisphosphoglycerate.

CH,0PO3™

|
NAD* H(‘Jyo—lr—m{
3 P, NAD*
- @

-

-

NADH

The NADH product leaves the
active site and is replaced by
another molecule of NAD™.

C|H20PO§"
H(|JOH

HY C\\'b

|S_.
Cys

NAD*

A covalent thiohemiacetal
a linkage forms between the

substrate and the —S™

group of the Cys residue.

NAD% C|H20P O3~
HCOH
HlCcYO

The enzyme-substrate
intermediate is oxidized by

© the NAD™ bound to the
active site.

NADH (|3H20P03'
H?OH
i

Cys



/- Phosphoryl Transfer from :Bisphosphoglycerate®s ADP

x The enzymephosphoglyceratekinase transfersthe high-energy
phosphoryl group from the carboxyl group of 13-
bisphosphoglyceratéo ADPforming ATPand 3-phosphoglycerate

0-
O @ phosphoglycerate 0 o0 _O—IL=O
|| kinase N/ @
O O0—P—0" @ C
N | N . i .
i 0_ " Mgz H ll(:)I_]: @
HCOH | . 2—
(llH OPO% Rib | Adenine ‘JJHE OPO3
’ ’ Rib — Adenine
1,3-Bisphosphoglycerate ADP 3-Phosphoglycerate ATP

AG'® = —18.5 kJ/mol

X Notice that phosphoglyceratekinase s named for the reverse
reaction, in which it transfersa phosphorylgroup from ATPto 3-
phosphoglycerate

X Thisenzymeactsin the direction suggestedby its name during
gluconeogenesis ”



X Steps6 and 7 of glycolysigogether constitute an energycoupling
process Iin which 1,3-bisphosphoglycerate is the common
iIntermediate

Glyceraldehyde 3-phosphate + ADP + P; + NAD" —= 3-phosphoglycerate + ATP + NADH + H”
AG'® = —12.5 kJ/mol

X The outcome of these coupled reactions, both reversible under
cellular conditions, is that the energy releasedon oxidation of an
aldehyde to a carboxylate group is conserved by the coupled
formation of ATPfrom ADPandPi

X The formation of ATP by phosphoryl group transfer from a
substrate such as 1,3-bisphosphoglycerateis referred to as a
substratelevel phosphorylation to distinguishthis mechanisnmfrom
respiration-linked (oxidative) phosphorylation
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8- Conversion of #?hosphoglycerate to-2
Phosphoglycerate

X The enzyme phosphoglyceratenutase catalyzesa reversible
shift of the phosphorylgroup between G2 and G3 of glycerate
Mg?* isessentiaffor this reaction

O O~ 0O O
N\ \
| LS.
HC—OH ) phosphoglycerate HC—O — POS _
I mutase |
CH,—O—PO35™ CH,—OH
3-Phosphoglycerate 2-Phosphoglycerate

AG'® = 4.4 kJ/mol
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Phosphoglycerate mutase

His
~ /\;
’OO(ll 2-04,P—N7

N\ N
\/H

H—C—O0-LH—_

|
Hy,C—0—P0} ¢ )
HN

3-Phosphoglycerate

N

His

Phosphoryl transfer occurs
between an active-site His and

(1] C-2 (OH) of the substrate. A
second active-site His acts as
general base catalyst.

—OOC HIS
IS
— C—0—P02 N
H (|3 O 03 \/IP\II
H,C—O0——PO3" H
MN+
2,3-Bisphosphoglycerate ( /
(2,3-BPG) HN
His
Phosphoryl transfer from C-3
of the substrate to the first
e active-site His. The second

active-site His acts as general
acid catalyst.

/;His
—
~00C "05P—Ng

|
H—C—0—PO3

I
H,C—O0O—H
2-Phosphoglycerate

\_-N
\/H

N
=z
S
His

X The reaction occursin two steps A
phosphorylgroupinitially attachedto a
Hisresidueof the mutaseistransferred
to the hydroxyl group at G2 of 3-
phosphoglycerate  forming  2,3-
bisphosphoglycerat@(3-BPG)

X The phosphorylgroup at G3 of 2,3-
BPGsthen transferredto the sameHis
residue,producing2-phosphoglycerate
and regeneratingthe phosphorylated
enzyme
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O- Dehydration of ZPhosphoglycerate to

Phosphoenolpyruvate
X |Inthe secondglycolyticreactionthat generatesa compoundwith
high phosphoryl group transfer potential, enolase promotes

reversibleremovalof a moleculeof water from 2-phosphoglycerate
to yield phosphoenolpyruvat¢PEP.)

O\ /O _ O\ /O
C 2 C
| * _/ I B
H—(lj—OPOS_ — > C—OPOs3
enolase ”
HO—CH, CH,
2-Phosphoglycerate Phosphoenolpyruvate

AG'°=7.5 kd/mol
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x The mechanism of the enolase reaction involves an enolic
intermediatestabilizedby Mg?*.

X The reaction converts a compound with a relatively low
phosphoryl group transfer potential (nG'c for hydrolysis of 2-
phosphoglycerateis -17.6 kJ/mol) to one with high phosphoryl
grouptransferpotential (nG'cfor PEFhydrolysigs -61.9 kJ/mol).

O, O -
N/ O @
(lj N
. I
H—(|3—0P03 C—OPO2~
HO—CH, gHg

2-Phosphoglycerate Phosphoenolpyruvate
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10- Transfer of the Phosphoryl Group from
Phosphoenolpyruvateo ADP

x The last step in glycolysisis the transfer of the phosphoryl
group from phosphoenolpyruvatéo ADP,catalyzedby pyruvate
kinase whichrequireskrand either Mg?* or Mn?*:

- - O
O O O\ /O

\\C/ O @ pyruvat (|j _O—]!’zO
Lodo . & = .
E:HE b ) M K CH, AG™°= —31.4 kJ/mol
Rilb — Adenine Fyruvate )
Phosphoenolpyruvate ADP |

Rib — Adenine
ATP
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X In this substratelevel phosphorylationthe product pyruvatefirst appears
In its enol form, then tautomerizesrapidly and nonenzymaticallyto its keto
form, whichpredominatesat pH7:
O O~ O O~
N 7 N/
(IJ C
C—OH — ——— (=0

tautomerization |

|
CH, CHj;

Pyruvate Pyruvate
(enol form) (keto form)

X The overall reaction has a large, negative standardfree energy change,
due in large part to the spontaneousconversionof the enol form of
pyruvateto the keto form.

x About half of the energyreleasedby PEPhydrolysis(nG'c-61.9 kJ/mol) is
conservedin the formation of the phosphoanhydriddoond of ATP(hGc -
30.5 kJ/mol), and the rest (-31.4 kJ/imol) constitutesa large driving force
pushingthe reactiontoward ATPsynthesis -



X \WWe cannow constructa balancesheetfor glycolysis

Glucose + 2ATP + 2NAD™ + 4ADP + 2P; —— 2 pyruvate + 2ADP + 2NADH + 2H" + 4ATP + 2H,0

x Cancelingout commonterms on both sidesof the equationgives
the overallequationfor glycolysisinderaerobicconditions

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

x The two moleculesof NADHformed by glycolysisin the cytosol
are,underaerobicconditions,reoxidizedto NAD by transferof their
electronsto the electrontransferchain, which in eukaryoticcellsis
locatedin the mitochondria

x The electrontransfer chain passesthese electrons to their
ultimate destination,O,:

O9NADH + 2H* + O, — 2NAD™ + 2H,0

x Electrontransfer from NADHto O, in mitochondriaprovidesthe
energyfor synthesisof ATPby oxidativephosphorylation >



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

x Two molecules of ADP and two of PiI are converted to two
moleculesof ATP(the pathwayof phosphorylgroups)

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

x During his studieson the fermentation of glucoseby yeast Louis
Pasteur discoveredthat both the rate and the total amount of
glucoseconsumptionwere manytimes greaterunderanaerobicthan
aerobicconditions

x Later studiesof muscleshowedthe samelarge differencein the
ratesof anaerobicandaerobicglycolysis
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x Thebiochemicabasisof this dPasteureffects is now clear

x The ATPyield from glycolysisunder anaerobicconditions (2 ATP
per molecule of glucose)is much smaller than that from the
completeoxidationof glucoseto CQ underaerobicconditions(30 or
32 ATPperglucose)

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

x Theflux of glucosethrough the glycolyticpathwayis regulatedto
maintain nearly constantATPlevels(as well as adequatesuppliesof
glycolyticintermediatesthat servebiosyntheticroles)

x Therequired adjustmentin the rate of glycolysigs achievedby a
complexinterplay amongATPconsumption NADHregeneration,and
allosteric regulation of several glycolytic enzymes 1 including
hexokinasePFK1, and pyruvatekinase 55



X On a slightly longer time scale, glycolysisis regulated by the
hormonesglucagon epinephrine,and insulin,and by changesan the
expressiorof the genesfor severalglycolyticenzymes

X An especiallyinteresting caseof abnormalregulationof glycolysis
IS seenin cancer

x The GermanbiochemistOtto Warburgfirst observedin 1928 that
tumors of nearly all types carry out glycolysisat a much higherrate
than normaltissue,evenwhenoxygenis available

x Thisd 2 | NJ5ENIS theibésisfor severaimethodsof detecting
andtreating cancer
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X The metabolismof glucosein mammalsis limited by the rate of
glucoseuptakeinto cellsandits phosphorylationby hexokinase

x Glucoseuptake from the blood is mediatedby the GLUTtamily of
glucosetransporters

X The transporters of hepatocytes (GLUT, GLUR) and of brain
neurons(GLUB) are alwayspresentin plasmamembranes

X In contrast, the main glucosetransporter in the cells of skeletal
muscle,cardiacmuscle,and adiposetissue(GLU¥) is sequesteredn
small intracellular vesiclesand movesinto the plasmamembrane
onlyin responseo aninsulinsignal

x Thusin skeletalmuscle,heart, and adiposetissue,glucoseuptake
and metabolism depend on the normal release of insulin by
pancreatio cellsin responseto elevatedblood glucose
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X Individuals with type 1 diabetes mellitus (also called insulin
dependentdiabetes)havetoo few ! cellsand cannotreleasesufficient
Insulinto trigger glucoseuptakeby the cellsof skeletalmuscle heart, or
adiposetissue

x Thus after a meal containingcarbohydratesglucoseaccumulatego
abnormally high levels in the blood, a condition known as
hyperglycemia

x Unableto take up glucose muscleandfat tissueusethe fatty acidsof
storedtriacylglycerolsastheir principalfuel.

x In the liver, acetylCoA derived from this fatty acid breakdown s
convertedto & { S U@ 2/FSk Scétdacetateand i -hydroxybutyrate
which are exportedandcarriedto other tissuesto be usedasfuel.

X These compoundsare especiallycritical to the brain, which uses
ketonebodiesasalternativefuel whenglucoses unavailable
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X In untreated type 1 diabetes,overproductionof acetoacetateand! -
hydroxybutyrate leads to their accumulationin the blood, and the
consequent lowering of blood pH produces ketoacidosis, a life-
threateningcondition

X Insulininjection reversesthis sequenceof events GLU# movesinto
the plasmamembranesof hepatocytesand adipocytes glucoseis taken
up into the cellsand phosphorylatedand the blood glucoselevelfalls,
greatlyreducingthe productionof ketonebodies

x Diabetesmellitus has profound effects on the metabolismof both
carbohydratesandfats.
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Feeder Pathways for Glycolysis
X Many carbohydratesbesidesglucosemeet their catabolicfate in
glycolysis, after being transformed into one of the glycolytic
Intermediates

X Themostsignificantare

U the storage polysaccharideglycogenand starch, either within
cells(endogenouspr obtainedin the diet;

U Thedisaccharidesnaltose lactose trehalose,andsucrose

U0 andthe monosaccharidefuctose,mannoseandgalactose
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Dietary Polysaccharides and Disaccharides

Undergo Hydrolysi® Monosaccharides

X For most humans,starchis the major sourceof carbohydratesin
the diet.

x Digestion begins in the mouth, where salivary h-amylase
hydrolyzes the internal (h1My) glycosidic linkages of starch,
producingshort polysaccharidéragmentsor oligosaccharides

X (Note that in this hydrolysisreaction,water, not Pi,is the attacking
species

Nonreducing end

CHQOH CH20H

H20 CH,OH
H H g H
OH H
afamylase HO OH
H OH

D-Glucose

Glycogen (starch)
n glucose units 64



x Pancreatid -amylaseyieldsmainly maltoseand maltotriose (the
di- and trisaccharidesf glucose)and oligosaccharidesalled limit
dextring fragments of amylopectin containing (" 1) branch
points.

x Maltose and dextrinsare degradedto glucoseby enzymesof the
intestinal brush border (the fingerlike microvilli of Intestinal
epithelial cells, which greatly increasethe area of the intestinal
surface)

x Dietaryglycogemasessentiallythe samestructureasstarch,and
its digestionproceedsby the samepathway

X Most animals cannot digest cellulose for lack of the enzyme
cellulasewhichattacksthe (I 1M'+) glycosididoondsof cellulose
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X Glycogenstored in animaltissues(endogenougylycogen primarily
liver and skeletalmuscle),in microorganismsor in plant tissuescan
be mobilizedfor usewithin the samecell by a phosphorolyticreaction
catalyzedoy glycogerphosphorylasgstarchphosphorylasen plants).

X Theseenzymescatalyzean attack by Pi on the (h1I'4) glycosidic
linkagethat joinsthe lasttwo glucoseresiduesat a nonreducingend,

generating glucose 1-phosphate and a polymer one glucose unit

shorter

X Phosphorolysipreservessomeof the energyof the glycosididoond
In the phosphateesterglucosel-phosphate

O_
Nonreducing end 0 P 0~
CH20H CHQOH CH>OH CH,OH

O g H O H H
H H
OH H ‘ﬁ + OH H
| (sta
*’iﬁigﬁﬂoi&? HO o—p—o- HO 0
H OH |

o- H OH

Glycogen (starch) Glucose Glycogen (starch)
n glucose units 1-phosphate (n—1) glucose units




x Glycogenphosphorylase(or starch phosphorylase)acts repetitively
until it approachesan (1) branchpoint, where its action stopsand a
debranchingenzymeremovesthe branches

x Glucose 1-phosphate produced by glycogen phosphorylase is
converted to glucose 6-phosphate by phosphoglucomutase which
catalyzeghe reversiblereaction

Glucose 1-phosphate == glucose 6-phosphate

X The general name mutase is given to enzymesthat catalyze the
transfer of a functional group from one positionto anotherin the same
molecule

X Mutases are a subclassof isomerases enzymesthat interconvert
stereoisomersr structuralor positionalisomers

X Theglucose6-phosphateformed in the phosphoglucomutasesaction
canenter glycolysisor another pathwaysuchasthe pentosephosphate
pathway. o7



x Disaccharidesnust be hydrolyzedto monosaccharided®efore entering
cells

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

Dextrin + nH50 —> n D-glucose
dextrinase

Maltose + H,O > 2 D-glucose
maltase

Lactose + H,O > D-galactose + D-glucose
lactase

Sucrose + H,0O > D-fructose + D-glucose
sucrase

Trehalose + Hy,O > 2 D-glucose

trehalase

X The monosaccharidesso formed are actively transported into the
epithelialcells,then passednto the bloodto be carriedto varioustissues,
wherethey are phosphorylatecandfunneledinto the glycolyticsequence
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x Other monosaccharide®nter the glycolytic pathway at several
points.

X In most organisms,hexosesother than glucose can undergo
glycolysisafter conversiorto a phosphorylatedderivative

X D-Fructose presentin free form in many fruits and formed by

hydrolysis of sucrosein the small intestine of vertebrates, is
phosphorylatedoy hexokinase

M 2+
Fructose + ATP = fructose 6-phosphate + ADP

X Thisis a major pathway of fructose entry into glycolysisin the
musclesandkidney
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x In the liver, fructose enters by a different pathway The liver
enzymefructokinasecatalyzeghe phosphorylationof fructoseat
C1 ratherthan G6:

2+

M
Fructose + ATP —> fructose 1-phosphate + ADP

X The fructose 1-phosphateis then cleavedto glyceraldehyde
and dihydroxyacetone phosphate by fructose 1-phosphate
aldolase

(|3H20P03 B
-
LCH,OPO3~ CH,OH
2 | Dihydroxyacetone
.3(|j: O phosphate
HOCH X +
n < -
HCOH fructose 1-phosphate |
5 aldolase o
HD(|JOH (=0
6 CH20H H(FOH
Fructose 1-phosphate CH,OH

Glyceraldehyde 70



X Dihydroxyacetongphosphateis convertedto glyceraldehyde3-
phosphateby the glycolyticenzymetriose phosphateisomerase

X Glyceraldehydas phosphorylatedby ATPand triose kinaseto
glyceraldehyd&-phosphate

2+
Glyceraldehyde + ATP ML) glyceraldehyde 3-phosphate + ADP

x Thusboth productsof fructose 1-phosphatehydrolysisenter the
glycolyticpathwayasglyceraldehyde&-phosphate

x D-Galactosea product of the hydrolysisof lactose(milk sugar),
passedn the blood from the intestineto the liver, where it is first
phosphorylatedat G1, at the expenseof ATP, by the enzyme
galactokinase

2+

M
Galactose + ATP — galactose 1-phosphate + ADP
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CH,OH
0
HO 4 H

OH H
O—® Galactose 1-phosphate

Galactose
; Mg?* 5

ATP  ADP
H OH
UDP- lm lu galactos 1
/—) glllCOSe phosph | Tyl
> Glucose 1-phosphate
CH,OH
0 UDP-galactose
HO 1 o
! OH H
H O—UDP
H OH
NAD* UDP-glucose
NADH + H+ 4-epimerase
CHzOH
II)I alu
NADH +H+ 4-¢ P”HI
CH,0OH
© UDP-glucose
k o H H
| OH H
HO O—

H OH

X The galactosel-phosphate
IS then converted to Its
epimer at G4, glucose 1-
phosphate, by a set of
reactions in which uridine
diphosphate (UDP)functions
as a coenzymelike carrier of
hexosegroups

x A defectin anyof the three
enzymes in this pathway
causes g@alactosemia In
humans
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x D-Mannose,releasedin the digestionof various polysaccharides
and glycoproteins of foods, can be phosphorylatedat G6 by

hexokinase

M 2+
Mannose + ATP ——> mannose 6-phosphate + ADP

X Mannose 6-phosphate is isomerized by phosphomannose
Isomerase to yield fructose 6-phosphate, an intermediate of
glycolysis
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FIGURE 14-9 Entry of glycogen, starch, disaccharides,
and hexoses into the preparatory stage of glynf]o[ysis.



Fates of Pyruvate under Anaerobic
Conditions: Fermentation

x Underaerobicconditions,the pyruvateformedin the final step of
glycolysiss oxidizedto acetate (acetylCoA, which entersthe citric
acidcycleandis oxidizedto CQ and H,0.

x The NADH formed by dehydrogenationof glyceraldehyde3-
phosphate is ultimately reoxidized to NAD by passageof its
electronsto O, in mitochondrialrespiration

x Under hypoxic (low-oxygen) conditions, howeven as in very
active skeletalmuscle,in submergedplant tissues,in solid tumors,
or in lactic acid bacteriaa NADHgeneratedby glycolysiscannotbe
reoxidizedby O..
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x Failureto regenerateNAD would leavethe cell with no electron
acceptorfor the oxidation of glyceraldehyde3-phosphate,and the
energyyieldingreactionsof glycolysisvould stop.

X NAD musttherefore be regeneratedn someother way.

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

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

O\ /O NADH + H™ O\ /O
C N C
| NAD |
(|3=O A N HO—(|3—H
lactate
CH3 dehydrogenase CH3
Pyruvate L-Lactate

AG'°= —25.1 kd/mol

x ome tissuesand cell types (suchaserythrocytes which have
no mitochondria and thus cannot oxidize pyruvate to CQ®)
producelactatefrom glucoseevenunderaerobicconditions
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x In glycolysis, dehydrogenation of the two molecules of
glyceraldehyde 3-phosphate derived from each molecule of
glucoseconvertstwo moleculesof NAD to two of NADH

x Becauséhe reductionof two moleculesof pyruvateto two of

lactate regeneratestwo moleculesof NADL, there is no net
changein NAD or NADH

Glucose

2NAD™

2NADH
2 Pyruvate ~ » 2 Lactate
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x Thelactateformed by active skeletalmusclegor by erythrocyteg
can be recycled it is carried in the blood to the liver, where it is
convertedto glucoseduring the recoveryfrom strenuousmuscular
activity.

x When lactate is produced in large quantities during vigorous
musclecontraction (during a sprint, for example),the acidification
that resultsfrom ionizationof lactic acidin muscleand blood limits
the period of vigorousactivity:

x Althoughconversionof glucoseto lactate includestwo oxidation
reduction steps, there is no net changein the oxidation state of
carbon in glucose(GH,,0;) and lacticacid (GH,O;), the H:Cratio is
the same

X Neverthelesssome of the energy of the glucosemolecule has
been extracted by its conversionto lactatetr enoughto give a net
yield of two moleculesof ATPfor everyglucosemoleculeconsumed



X Fermentationis the generalterm for suchprocesseswhichextract
energy (as ATP) but do not consume oxygen or change the
concentrationof NAD or NADH

X Yeastand other microorganismderment glucoseto ethanol and
CQ, ratherthanto lactate

X (Jucoseis convertedto pyruvateby glycolysisandthe pyruvateis
convertedto ethanoland CQ in atwo-stepprocess

0\\ /0‘ CO, NADH + H”

_|_

C TPP, O H NAD" OH
| Mg /) \ T |
C=0 ¢ C < CHo
| pyruvate | alcohol |
C:[—I3 decarboxylase C:[—I3 dehydrogenase C:[—I3

Pyruvate Acetaldehyde Ethanol
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X In the first step, pyruvateis decarboxylatedn an irreversiblereaction
catalyzedoy pyruvatedecarboxylase

X Thisreactionis a simpledecarboxylatiorand doesnot involvethe net
oxidationof pyruvate

x Pyruvate decarboxylaserequires Mgt and has a tightly bound
coenzymethiamine pyrophosphate

thiazolium

ring
H

N é’ 2 0 0

I |

)\Jj/ >/L CHZ—CHE—O—Il’—O—]i’—O‘
CH
CH; N ’ O 0O

Thiamine pyrophosphate (TPP)
(a)
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X |In the secondstep, acetaldehydeas reducedto ethanolthrough
the action of alcohol dehydrogenasewith the reducing power
furnished by NADH derived from the dehydrogenation of

glyceraldehyd&-phosphate

O O CO, NADH + H'
N/ .
(|3 TPP, j O H NAD Cl)H
Mg2+ \ /
C=0 ¢ > C < )‘ CHo
| pyruvate | alcohol |
CH; decarboxylase CH,4 dehydrogenase CH;4
Pyruvate Acetaldehyde Ethanol

x Ethanol and CQ are thus the end products of ethanol
fermentation,andthe overallequationis:

Glucose + 2ADP + 2P; —— 2 ethanol + 2CO, + 2ATP + 2H,0
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Acetaldehyde H

C=0--Zn
7
'f./H O

) Alcohol
‘ (‘ C// dehydrogenase
& “NH,
NADH |
R

Zn?* at the active site polarizes the
carbonyl oxygen of acetaldehyde, allowing
transfer of a hydride ion (red) from NADH.
The reduced intermediate acquires a proton
from the medium (blue) to form ethanol.

H+\

H //O .
AN C\ |
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+ -
NAD* ITI H
R Ethanol

H
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RJ
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ring of TPP
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0
CHs o - O] 4
TPP H /EC/C\ -
/ 0]
HY on CH.

~ 3

+
R—N/ S Pyruvate
Elimination of }IA\R'
/0 the thiazolium CH
CH;—C cation yields 3
\H acetaldehyde. TPP carbanion
Acetaldehyde H (5] The TPP carbanion
H | attacks the carbonyl
CH; _C_[C?_H group of pyruvate.
)
+ /78 OH
CH; Hydroxyethyl C_
PP RND T
—
Rl
Protonation CH,4
generates Decarboxylation is
hydroxyethyl \H+ © facilitated by electron
TPP. CO: delocalization into the
2 thiazolium ring of TPP.
CH; OH
CHs—C—OH .
—C—
} &
+ 478 S TS
R—N’ R—N: O
resonance —
R’ stabilization >'/J\R'
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X Beerbrewingwasa sciencelearnedearly in humanhistory, and later
refinedfor largerscaleproduction

X Brewersprepare beer by ethanol fermentation of the carbohydrates
In cereal grains (seeds)such as barley, carried out by yeastglycolytic
enzymes

x Thecarbohydrateslargelypolysaccharidesnustfirst be degradedto
disaccharidesand monosaccharides

X In a processcalledmalting,the barleyseedsare allowedto germinate
until they form the hydrolytic enzymesrequired to break down their
polysaccharidesat which point germinationis stopped by controlled
heating

X The product is malt, which contains enzymesthat catalyze the
hydrolysis of the | linkages of cellulose and other cell wall
polysaccharide®f the barley husks,and enzymessuch as h-amylase
andmaltase 84



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

x Themaltis mixedwith water andthen mashedor crushed
x Thisallowsthe enzymesformed in the malting processto act on the
cereal polysaccharideso form maltose glucose,and other simple

sugarswhichare solublein the agueousmedium

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

x Thewort iscooledandthen aerated

X Nowthe yeastcellsareadded
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X Inthe aerobicwort the yeastgrowsandreproducesveryrapidly,using
energyobtainedfrom availablesugars

X No ethanolformsduringthis stage ,becausehe yeast,amplysupplied
with oxygen,oxidizesthe pyruvateformed by glycolysigo CQ and H20
viathe citric acidcycle

x Whenall the dissolvedoxygenin the vat of wort hasbeenconsumed,
the yeastcellsswitchto anaerobicmetabolism andfrom this point they
fermentthe sugaranto ethanoland CQ.

x Thefermentation processs controlledin part by the concentrationof
the ethanolformed, by the pH,and by the amountof remainingsugar

x After fermentation hasbeen stopped,the cellsare removedand the
a NJ b&erisreadyfor final processing

X In the final stepsof brewing,the amount of foam (or head) on the
beer,whichresultsfrom dissolvedoroteins, is adjusted 86



x Normally this is controlled by proteolytic enzymesthat arise in the
maltingprocess

X 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 is cold.

X Sometimesproteolytic enzymesfrom other sourcesare added to
controlthe head

X Much of the technology developed for largescale production of
alcoholic beveragesis now finding applicationto a wholly different
problem the productionof ethanolasarenewablefuel.

x With the continuingdepletion of the known storesof fossilfuelsand
the risingcostof fuel for internal combustionenginesthere isincreased
Interestin the useof ethanolasafuel substituteor extender
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X Theprincipaladvantageof ethanolasa fuel isthat it canbe produced
from relatively inexpensiveand renewable resourcesrich in sucrose,
starch,or cellulosa starchfrom corn or wheat, sucrosefrom beetsor
cane,and cellulosefrom straw, forest industrywaste,or municipalsolid
waste

x Typicallythe raw material (feedstock)is first convertedchemicallyto
monosaccharidesthen fed to a hardy strain of yeastin an industriat
scalefermenter,

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

x Thecentralrole of glucosein metabolismaroseearlyin evolution
andthis sugarremainsthe nearlyuniversalfuel and buildingblockin
modernorganismsfrom microbesto humans

X In mammals,sometissuesdependalmostcompletelyon glucose
for their metabolicenergy

X For the human brain and nervous system, as well as the
erythrocytes,testes, renal medulla,and embryonictissues,glucose
from the bloodisthe soleor majorfuel source

x Thebrain alonerequiresabout 120 g of glucoseeachdayt more
than half of all the glucosestoredasglycogenn muscleandliver.
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x However, the supply of glucosefrom these stores is not always
sufficient between meals and during longer fasts or after vigorous
exerciseglycogensdepleted

X Forthesetimes, organismsneed a method for synthesizingglucose
from noncarbohydratgorecursors

x This is accomplishedby a pathway called gluconeogenesis riew
formation of a dz3 | WhEhlcanvertspyruvate and related three- and
four-carboncompoundso glucose

X Gluconeogenesisoccurs in all animals, plants, fungi, and
microorganisms

X Thereactionsare essentiallythe samein all tissuesandall species
X The important precursorsof glucosein animals are three-carbon

compoundssuchas lactate, pyruvate, and glycerol,as well as certain
aminoacids %0



Blood Other
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X In mammals,gluconeogenesisakes place mainly in the liver, and to a
lesserextentin renal cortexandin the epithelialcellsthat line the insideof
the smallintestine.

X Theglucoseproducedpassesnto the bloodto supplyother tissues

x After vigorous exercise, lactate produced by anaerobic glycolysisin
skeletal musclereturns to the liver and is converted to glucose,which
movesbackto muscleand is convertedto glycogen a circuit calledthe
Coricycle

LIVER MUSCLE
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X Gluconeogenesiand glycolysisare not identical pathways
running in opposite directions, althoughthey do share several
steps

x 7 of the 10 enzymaticreactionsof gluconeogenesisre the
reverseof glycolyticreactions

X However three reactions of glycolysis are essentially
Irreversiblein vivo and cannotbe usedin gluconeogenesis

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

U the phosphorylationof fructose 6-phosphateto fructose 1,6-
bisphosphatéy phosphofructokinas€l, and

U the conversion of phosphoenolpyruvateto pyruvate by
pyruvatekinase 03



(2) Glyceraldehyde 3-phosphate

(2) Pi =~
+
Glycolysis Gluconeogenesis (2) NAD D
ATP Glucose P; (2) NADH + (2) H*
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X In gluconeogenesighe three irreversiblestepsare bypassedy a
separateset of enzymes,catalyzingreactionsthat are sufficiently
exergonicto be effectively irreversiblein the direction of glucose
synthesis

x Thus both glycolysis and gluconeogenesisare irreversible
processesn cells In animals,both pathwaysoccur largelyin the
cytosol,necessitatingheir reciprocaland coordinatedregulation

X Separate regulation of the two pathways is brought about
through controlsexertedon the enzymaticstepsunigueto each

X We begin by considering the three bypass reactions of
gluconeogenesis
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Conversion of Pyruvate t®hosphoenolpyruvate

x The first of the bypassreactions in gluconeogenesigs the
conversionof pyruvateto phosphoenolpyruvatéPEP.

X Pyruvateis first transportedfrom the cytosolinto mitochondria
or Is generated from alanine within mitochondria by
transamination

x Then pyruvate carboxylase,a mitochondrial enzyme that
requires the coenzyme biotin, converts the pyruvate to

oxaloacetate
coo® coo®

| Pyruvate carboxylase

C—0 + HCOP® > C=0 + HO0
| “ VN 2

CH; Bicarbonate ATP ADP+ P. CH,
Pyruvate Cco0®
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X Pyruvate carboxylaseis the first regulatory enzyme in the
gluconeogenic pathway, requiring acetylCoA as a positive
effector.

x Becausehe mitochondrialmembranehas no transporter for
oxaloacetate, before export to the cytosol the oxaloacetate
formed from pyruvate must be reduced to malate by
mitochondrialmalatedehydrogenaseat the expenseof NADH

CO()@ ‘C'OOe

C=0 HO—C—H
+NADH + HY — bt NAD™
2

CH,
malate dehydrogenase
co0® CO0®

Oxaloacetate L-Malate
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x Malate leavesthe mitochondrionthrough aspecifictransporterin
the inner mitochondrial membrane, and in the cytosol it is
reoxidizedo oxaloacetatewith the productionof cytosolicNADH

co0®@

HO—C—H
+ NAD™
CH,

CO0®
L-Malate

——
—_

malate dehydrogenase

Oxaloacetate

co0®
C=0

CH,

Co0®

+ NADH + H™
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X The oxaloacetate I1s then converted to PEP by
phosphoenolpyruvatearboxykinase

Cco0® GTP  GDP Cco0®

C=0 N4 S é——OPOC)

3
Phosphoenolpyruvate > ”
carboxykinase (PEPCK)

CH, CO. CH,

S Phosphoenolpyruvate
COO
(PEP)

Oxaloacetate

x ThisMg?*-dependentreactionrequiresGTPasthe phosphory!
groupdonor.

x The reaction is reversibleunder intracellular conditions the
formation of one high-energy phosphate compound (PEP is
balancedoy the hydrolysisof another(GTH.
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X The overall equation for this set of bypassreactions,the sum of
Equationss;
Pyruvate + ATP + GTP + HCO3; —— PEP + ADP + GDP + P; + CO,
AG' = 0.9 kJ/mol

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

x The [NADH]/NAD] ratio is about 10° times lower than in
mitochondria

X BecausecytosolicNADHIs consumedin gluconeogenesigjlucose
biosynthesisannotproceedunlessNADHs available

X Thetransportof malatefrom the mitochondrionto the cytosoland
Its reconversionthere to oxaloacetateeffectively moves reducing
equivalentsto the cytosol wherethey arescarce
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X A secondpyruvate 'h PEPbypasspredominateswhen lactate is the
glucogenigrecursor

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

X The conversionof lactate to pyruvate in the cytosol of hepatocytes
yields NADH,and the export of reducing equivalents(as malate) from
mitochondriais therefore unnecessary

x After the pyruvate producedby the lactate dehydrogenaseaeactionis
transported into the mitochondrion, it is convertedto oxaloacetateby
pyruvatecarboxylaseasdescribedabove

X This oxaloacetate, however, i1s converted directly to PEP by a
mitochondrialisozymeof PEPcarboxykinaseand the PERSs transported
out of the mitochondrionto continueon the gluconeogenipath.
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Conversion of Fructose 1;Bisphosphate to Fructose
6-Phosphate
X The second glycolytic reaction that cannot participate in
gluconeogenesiss the phosphorylationof fructose 6-phosphateby
PFKI1.

X Because this reaction is highly exergonic and therefore
irreversiblein intact cells,the generationof fructose 6-phosphate
from fructose 1,6-bisphosphateas catalyzedby a different enzyme,
Mg?*-dependentfructosel,6-bisphosphatas¢FBPasd).
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