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BTE 2431 BIOCHEMISTRY

TOPIC 2: GLYCOLYSIS
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OUTLINE OF THIS TOPIC: SEQUENCE OF GLYCOLYTIC REACTIONS

CONTROL OF GLYCOLYSIS

PYRUVATE METABOLISM

FERMENTATION

THE PENTOSE PHOSPHATE PATHWAY
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GLUCOSEMETABOLISM
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Glycolysis is the breakdown (catabolism) of glucose to pyruvate
under aerobicconditions, converting from C 6 glucose to two C 3
pyruvate

The free energy released in this process is harvested to
synthesise ATP from ADP and Pi

They are 10 reactions involved in the glycolysis, all catalaysed
by 10 specific enzymes The enzymes of glycolysis are located in the
cytosol where they are only loosely

associated

Glycolysis can be divided into two stages :

Stage 1:

Energy investmentReactions 1-5 of the pathway are involved

Hexose (C6)glucose is phosphorylated and cleaved to yield 2
molecules of triose(C3) glyceraldehydes-3-phosphate (GAP)

The process consumes 2 ATPs

Stage 2:

Energy recovery

Reactions 6-10 of the pathway are involved

The two molecules of GAP are converted to pyruvate

The process generates 4 ATPs
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GLYCOLYSIS
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THE REACTIONS OF GLYCOLYSIS

There are 10 reactions catalyzed by 10 different enzymes

1. Hexokinase: First ATP Utilization

2. Phosphoglucose Isomerase

3. Phosphofructokinase: Second ATP Utilization

4. Aldolase5. Triose Phosphate Isomerase

6. Glyceraldehyde-3- Phosphate Dehydrogenase: First High Energy
IntermediateFormation

7. Phosphoglycerate Kinase: First ATP Generation

8. Phosphoglycerate Mutase

9. Enolase: Second High energy Intermediate Formation

10.Pyruvate Kinase: Second ATP Generation
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Glycolysis: Reaction 1 The reaction is the conversion of

glucose to form glucose-6-phosphate (G6P)

First ATP Utilization

The reaction involves the transferof a phosphoryl group from ATP
to

glucose to form glucose-6-phosphate (G6P)

The reaction is catalyzed byhexokinase (HK)

The reaction needs Mg 2+ ion

Uncomplex ATP is inhibitory

Note: Kinase enzyme catalyzes the transfer of phosphoryl groups
between ATP and othermolecules
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Why is Mg 2+ required in any kinase enzyme activity:

Mg 2+ complexed with ATP at the phosphate oxygen atoms

This shield their negative charges, making the -phosphorous atom
ofATP more accessible for the nucleophilic attack of the C6-OH
groupof glucose

Other divalent ions which can replace Mg 2+ is Mn 2+

1

23

45

6
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Glycolysis: Reaction 2

The reaction is the conversion ofglucose-6-phosphate (G6P)
toform fructose-6-phosphate(F6P)

The reaction is catalyzed byphosphoglucose isomerase(PGI)

This reaction is theisomerization of an aldose to aketose

The proposed mechanism for thePGI reaction involves thegeneral
acid-base catalysis bythe enzyme

Involves ring opening and ringclosure between C1 and O

aldose

ketose
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Glycolysis: Reaction 3

The reaction is the conversion offructose-6-phosphate (F6P) to
formfructose-1,6-bisphosphate (FBP)

The reaction is catalyzed byphosphofructokinase (PFK)

Second ATP Utilization

Reaction is similar to hexokinasereaction, catalyzing the
nucleophilicattack by C1-OH group of F6P on theelectrophilic
-phosphorous atom ofMg 2+-ATP complex

PFK catalyzes one of the pathwaysrate-determining reaction, it
functionwith large negative free energychanges

One of the 3 non-equilibrium rxn inglycolysis (others are HK and
PK)
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Glycolysis: Reaction 4 The reaction is the cleavage of
fructose-

1,6-bisphosphate (FBP) to form the twotrioses, glyceraldehyde
-3-phosphate(GAP) and dihydroxyacetonephosphate (DHAP)

Bisphosphate, not diphosphate as the phosphoryl gp are not
linked

The reaction is catalyzed by aldolase

This reaction is an aldol cleavage between C3 and C4 which
requirescarbonyl at C2 and hydroxyl at C4

The two trioses are interconvertible and

thus can enter a common degradative path

Each trioses has a phosphoryl gp

Carbon atoms of 1, 2 and 3 of glucose become atom 3, 2 and 1 of
DHAP and 4,

5 and 6 of glucose become 1, 2 and 3 ofGAP
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Glycolysis: Reaction 5

Reaction 4 results in the production of

glyceraldehyde -3-phosphate (GAP) anddihydroxyacetonephosphate
(DHAP), whichare ketose-aldose isomers

Only GAP will continue to be degraded in theglycolysis

Reaction 5 is theinterconversion of GAP toDHAP, occurs via
anenediol or enediolateintermediate

This reaction is catalyzed by triose phosphateisomerase
(TIM)
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Glycolysis: Reaction 6

Involves the oxidation and phosphorylation of

glyceraldehyde -3-phosphate(GAP) by NAD + and P i toform
1,3-bisphosphoglycerate(1,3-BPG)

The reaction is catalyzed by

glyceraldehyde-3-phosphatedehydrogenase

The reaction is very exergonicand this drives the synthesis
ofhigh energy compound, 1,3-BPG

1,3-BPG is one of the phosphate compounds withhigh standard free
energy,higher than ATP
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Glycolysis: Reaction 7

The reaction is the conversionof 1,3
bisphosphoglycerate(1,3-BPG) to form 3-phosphoglycerate (3PG)

The reaction is catalyzed byphosphoglycerate kinase(PGK)

The reaction results in ageneration of its first ATPmolecules in
the presence of

ADP and Mg 2+
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Glycolysis: Reaction 8

The reaction is the conversionof 3-phosphoglycerate (3PG)

to form 2-phosphoglycerate (2-PG)

The reaction is catalyzed byphosphoglycerate mutase(PGM)

Note: a mutase catalyzes thetransfer of a functional groupfrom
one position to the anotheron a molecule

The reaction is a necessary preparation for the next
reactionwhich generates a highenergy phosphoryl compoundfor use in
the ATP synthesis
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Glycolysis: Reaction 9

The reaction is the

conversion of 2-phosphoglycerate (2-PG)
tophosphoenolpyruvate(PEP)

This reaction is catalyzed by enolase

The reaction generate asecond High energyintermediate
compound,
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Glycolysis: Reaction 10

The final reaction in glycolysis

is the conversion ofphosphoenolpyruvate (PEP) toform
pyruvate

The reaction is catalyzed bypyruvate kinase (PK)

One of the 3 non-equilibriumrxn in glycolysis (others are HKand
PFK)

This reaction involves the

coupling of PEP hydrolysis to pyruvate to the synthesis of
ATPfrom ADP

Thus the reaction generates thesecond ATP molecules
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SUMMARY ON GLYCOLYSIS

The overall reaction of glycolysis is:Glucose + 2NAD + + 2ADP +
P i 2NADH + 2Pyruvate + 2ATP +

2H 2O + 4H +

The reaction occurs in 10 enzymatically catalysed reactions

The mechanisms of the 10 glycolytic enzymes have been
elucidatedthrough chemical and kinetic measurements combined with
X-ray structuralstudies

3 of the 10 reactions are non-equilibrium, which ensure the
pathway goforward:

Reaction 1: Glucose to G6P by HK

Reaction 3: F6P to FBP by PFK

Reaction 10: PEP to pyruvate by PK
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THE THREE PRODUCTS OF GLYCOLYSIS1. ATP2. NADH3. PYRUVATE

1. ATP 2 ATP per molecule of glucose were invested and
subsequently 4ATP were generate

by substrate-level phosphorylation, giving a net yield of 2ATP
per glucose ATP produced satisfies most of the cells energy
needs.

2. NADH 2 NAD + are reduced to 2 NADH Reduced NADH represent a
source of free energy that can be recovered by

subsequent oxidation Under aerobic condition, electron pass from
reduced coenzymes thru a series of

electron carriers to the final oxidizing agent, O 2, in a
process known as electrontransport

The free energy of electron transport drives the synthesis of
ATP from ADP In aerobic organism, the sequence of events also
serves to regenerate oxidized NAD +

Under anaerobic conditions, NADH must be reoxidized by other
means in order to

keep the glycolytic pathway supplied with NAD+
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3. PYRUVATE 2 pyruvate molecules are produced Under aerobic
condition, complete oxidation of pyruvate to CO 2 and H 2O

via citric acid cycle and oxidative phosphorylation, where ATP
isgenerated

In anaerobic metabolism, pyruvate is metabolized to a lesser
extent toregenerate NAD +, via a process known as fermentation
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CONTROL OF GLYCOLYSIS

Under steady state condition, glycolysis operates
continuously,although glycolytic flux (rate of flow) must vary to
meet the needs ofthe organisms

In general, several mechanisms may control flux thru the rate
determining steps:

1. Allosteric control

2. Covalent modification (enzymatic interconversion)

3. Substrate cycles

4. Genetic control (altered by protein synthesis)
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In glycolysis, rxn catalyzed by hexokinase (Rxn 1),
Phosphofructokinase (Rxn3) and Pyruvate kinase (Rxn 10) are
candidates for flux control points, because:

They function far from equilibrium

The reactions are metabolically irreversibleThey function with
large negative free energy changes (See Table)

Table showsthe standardfree energyand the actualfree
energychanges in the

glycolyticreactions inheart muscle
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Experiments showed that phosphofructokinaseor PFK (Rxn 3) is the
primaryflux control point for glycolysis

PFK control the flux via 2 mechanisms:

1. Allosteric Control2. Substrate Cycles

1. Allosteric Control

PFK is a tetrameric enzyme

Each PFK subunit has two binding sites for ATP: a substrate site
and aninhibitor site

ATP is both a substrate and also an allosteric inhibitor of
enzyme

At high ATP concentration, it become an allosteric inhibitor of
PFK

ATP regulate PFK, thus control the glycolytic flux

ADP and AMP (including F2,6BP) reverse the inhibitory effect of
enzyme,therefore they are activators

Concentration of ATP is high because of low metabolic demand,
PFK isinhibited and the flux thru glycolysis is low

Concentration of ATP is low, the flux thru pathway is high and
ATP issynthesised to replenish the pool
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2. Substrate cycle

Substrate cycling is a set of opposing, non equilibrium
reactions catalyzed bydifferent enzymes which act simultaneously,
with at least one of the reactions

driven by ATP hydrolysis. The results of the cycle are that ATP
is depleted, heat is produced and no net

substrate-to-product conversion is achieved.

A good example will be PFK in glycolysis versus FBPase in
gluconeogenesis.

Forward rxn: F6P + ATP FBP +ADP .. in glycolysis , G= -25.9
kJ.mol -1

Backward rxn: FBP + H 2O F6P + P i ..in gluconeogenesis , G=
-8.6 kJ.mol -1

ATP + H 2O ADP + P i ..overall reaction

PFK

FBPase
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Substrate cycling in the regulation of PFK

(a) In resting muscle, both enzymes in the F6P/FBP substrate
cycle are active, andglycolytic flux is low

(b) In active muscle, PFK activity increases while FBPase
activity decreases. Thisdramatically increases the flux through PFK
and therefore results in highglycolytic flux
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PYRUVATE METABOLISM

Under aerobic conditions, pyruvate is oxidized by the citric
acidcycle and oxidative phosphorylation to produce CO 2 and H
2O

Under anaerobic conditions, pyruvate undergo fermentation , to
produce reduced end products:

In muscle, pyruvate is reduced to lactate to regenerate NAD + in
a process known as homolactic fermentation

In yeast, pyruvate is decarboxylated to yield CO 2
andacetyldehyde, which is then reduced by NADH to yield

NAD+ and ethanol. This process is known as alcoholic

fermentation
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OVERALL GLUCOSE METABOLISM
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FERMENTATION

1. Homolactic Fermentation

In muscle, under anaerobic condition e.g., during vigorous
activity when thedemand for ATP is high and O 2 is in short
supply:

NADH is oxidised by pyruvate to generate NAD + and lactate by
lactatedehydrogenase (LDH)

The reaction is reversible, so pyruvate and lactate level are
readily equilibrated

The reaction is also known as anaerobic glycolysis, the stage
where theconversion of pyruvate to lactate is classified as
Reaction 11

The overall process of an anaerobic glycolysis in muscle can be
represented as:

Glucose + 2 ADP + 2P i 2 Lactate + 2 ATP

The lactate may be:

exported out of the cell by blood to the liver where it is used
to synthesiseglucose, or

converted back to pyruvate, to enter the pathway for further
degradation
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1. Homolactic Fermentation (continue )
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2. Alcoholic Fermentation

In yeast, under anaerobic condition, pyruvate is converted to
ethanol and CO2

while regenerating NAD +

Yeast produces ethanol and CO 2 via 2 consecutive reactions:

The carboxylation of pyruvate to form acetaldehyde and CO 2 as
catalyzed by pyruvate decarboxylase (enzyme not present in
animals), then

The reduction of acetaldehyde to ethanol by NADH as catalysed
byalcohol dehydrogenase, thereby generating NAD +
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Alcoholic Fermentation (continue..)

The two reactions of alcoholic fermentation:

Thiamindiphosphate(TPP)-essentialcofactor
ofpyruvatedecarboylase

1. Pyruvatedecarboxylase

2. Alcohol

dehydrogenase
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The Energetics of Fermentation

Overall Reaction in alcoholic fermentation (from glucose)

Glucose + 2Pi +2ADP 2 Ethanol + 2CO 2 + 2ATP G = -196 kJ.mol
-1

Overall Reaction in homolactic fermentation (from glucose)

Glucose + 2Pi +2ADP 2 Lactate + 2ATP G = -235 kJ.mol -1

Each of these processes is coupled to the net formation of 2ATP
molecules
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The Energetics of Fermentation (continue)

They are non-oxidative process

No net oxidation and reduction

NAD + and NADH do not appear in the overall net reaction

NADH formed in the oxidation of GAP is consumed in the reduction
of pyruvate

The regeneration of NAD + in the reduction of pyruvate to
lactate or ethanolsustains the continued operation of glycolysis
under anaerobic conditions

Only a small fraction of the energy of glucose is released in
the anaerobicconversion to lactate or ethanol (2ATP per glucose vs.
38ATP per glucose in

ox. phos.) The rate of ATP production is higher in anaerobic
than in aerobic glycolysis

Much more energy can be extracted aerobically via citric acid
cycle andoxidative phosphorylation step
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THE PENTOSE PHOSPHATE PATHWAY

Why the Pentose Phosphate Pathway (The PPP)

An alternative mode of glucose oxidation where G6P is converted
to R5Por hexoses to pentoses, and R5P and its derivatives are
required for thesynthesis of RNA, DNA, etc.

The production of NADPH

Tissues most heavily involved in lipid biosynthesis (liver,
mammary gland,adipose tissue and adrenal cortex) are rich in the
PPP enzymes

About 30% of the glucose oxidation in liver occurs via the
PPP
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Overall rxn:

3 G6P + 6 NADP + + 3 H 2O 6 NADPH + 6 H + + 3 CO 2 + 2 F6P
+GAP

Occurs in 3 stages:

Stage 1 : Oxidative rxn (Rxn 1-3) which yield NADPH and
ribulose-5-phosphate(Ru5P)

3 G6P + 6 NADP + + 3 H2O 6 NADPH + 6 H + + 3 CO 2 + 3 Ru5P

G6P generated from hexokinase on glucose (glycolysis) or
glycogen breakdownOnly Rxn 1-3 of pathway are involved in the
production of NADPH2 molecules of NADPH are generated per 1
molecule of G6P that enter pathway

Stage 2 : Isomerization and epimerization rxn (Rxn 4 and 5)
which transform Ru5Peither to ribose-5-phosphate (R5P) or
xylose-5-phosphate (Xu5P)

3 Ru5P R5P + 2 Xu5P
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1. Gluco-6-phosphatedehydrogenase ( G6PD )

2. 6-phospho-glucono-

lactonase3. 6-phospho-gluconate

dehydrogenase

4. Ribulose-5-phosphateisomerase

5. Ribulose-5-phosphateepimerase

6. Transketolase

7. Transaldolase

8. Transketolase Note: Epimers are sugars that

differ only by theconfiguration at one carbonatom
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The Control of the PPP

The principal products of the PPP are NADPH and R5P

Depending on the cells need, Ru5P maybe isomerized to R5P for
nucleotidesynthesis or converted, via R5P and Xu5P to F6P and GAP
which reenter theglycolytic pathway

The relationship between the PPP and glycolytic pathway is shown
in the nextslide

The flux thru the PPP and thus the rate of NADPH production is
controlled by

the rate of the G6PD rxn (Rxn 1 in the PPP) The activity of G6PD
which catalyzes the pathways first committed step is

regulated by the concentration of NADP +

When the cell consumes NADPH, NADP + concentration rises,
increasing the rateof G6PD rxn and thereby stimulating NADPH
regeneration

In some tissues G6PD is under the hormonal control A genetic
deficiency in G6PD leads to hemolytic anemia on administration of
the

antimalarial drug primaquine

It is the most common clinically significant enzyme defect of
the PPP
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RELATIONSHIP BETWEEN GLYCOLYSIS AND THEPENTOSE PHOSPHATE
PATHWAY

The PPP starts with G6P produces in Step 2 ofGlycolysis

It generates NADPH foruse in reductive

biosynthesis and R5P fornucleotide biosynthesis

Excess R5P is convertedto glycolyticintermediates by asequence
of reactionsthat can operate inreverse to generateadditional R5P,
ifneeded
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