
GLYCOLYSIS, GLUCONEOGENESIS 

AND THE PENTOSE PHOSPHATE 

PATHWAY



Glucose occupies a central position in the metabolism of 
plants, animals, and many microorganisms. 

It is relatively rich in potential energy, and thus a good fuel.
The complete oxidation of glucose to carbon dioxide and 

water proceeds with a standard free-energy change of 
−2,840 kJ/mol. 

By storing glucose as a high molecular weight polymer such 
as starch or glycogen, a cell can stockpile large quantities 
of hexose units while maintaining a relatively low 
cytosolic osmolarity.

When energy demands increase, glucose can be released 
from these intracellular storage polymers and used to 
produce ATP either aerobically or anaerobically.



Glucose is also a remarkably versatile precursor, capable 
of supplying a huge array of metabolic intermediates 
for biosynthetic reactions.

In animals and vascular plants, glucose has three major 
fates: 

– It may be stored (as a polysaccharide or as sucrose);

– Oxidized to a three-carbon compound (pyruvate) via 
glycolysis to provide ATP and metabolic intermediates;

– Oxidized via the pentose phosphate (phosphogluconate) 
pathway to yield ribose 5-phosphate for nucleic acid 
synthesis.



Photosynthetic organisms 
make glucose by first 
reducing atmospheric 
CO2 to trioses, then 
converting the trioses to 
glucose. 

Nonphotosynthetic cells 
make glucose from 
simpler three- and four-
carbon precursors by the 
process of gluconeo-
genesis.

Major pathways of glucose utilization



1. Glycolysis



Glycolysis:

In glycolysis (from the Greek glykys, meaning “sweet,” and 
lysis, meaning “splitting”), a molecule of glucose is 
degraded in a series of enzyme-catalyzed reactions to  yield 
two molecules of the three-carbon compound pyruvate. 

During the sequential reactions of glycolysis, some of the free 
energy released from glucose is conserved in the form of 
ATP and NADH.

Glycolysis is an almost universal central pathway of glucose 
catabolism, the pathway with the largest flux of carbon in 
most cells. 



The glycolytic breakdown of glucose is the sole source of 
metabolic energy in some mammalian tissues and cell 
types.

Some plant tissues that are modified to store starch and some 
aquatic plants derive most of their energy from glycolysis.

Many anaerobic microorganisms are entirely dependent on 
glycolysis.



Fermentation:
Fermentation is a general term for the anaerobic degradation of 

glucose or other organic nutrients to obtain energy, conserved 
as ATP. 

Anaerobic breakdown of glucose is probably the most ancient 
biological mechanism for obtaining energy from organic fuel 
molecules. 

In the course of evolution, the chemistry of this reaction 
sequence has been completely conserved; the glycolytic
enzymes of vertebrates are closely similar, in amino acid 
sequence and three-dimensional structure, to their homologs
in yeast.

The thermodynamic principles and the types of regulatory 
mechanisms that govern glycolysis are common to all 
pathways of cell metabolism.



Glycolysis has two phases
The breakdown of the six-carbon glucose into two 

molecules of the three-carbon pyruvate occurs in ten 
steps, the first five of which constitute the preparatory 
phase.

Glucose is first phosphorylated at the hydroxyl group on 
C-6 (1). 

The D-glucose 6-phosphate thus formed is converted to D-
fructose 6-phosphate (2), which is again phosphorylated, 
this time at C-1, to yield D-fructose 1,6- bisphosphate
(3). 

For both phosphorylations, ATP is the phosphoryl group 
donor. 

All sugar derivatives in glycolysis are the D isomers.



The first phases of glycolysis

For each molecule of glucose that passes through the preparatory phase, 
two molecules of glyceraldehyde 3-phosphate are formed; both pass 
through the payoff phase.



Fructose 1,6-bisphosphate is split to yield two three-carbon 
molecules, dihydroxyacetone phosphate and 
glyceraldehyde 3-phosphate (4); this is the “lysis” step 
that gives the pathway its name. 

The dihydroxyacetone phosphate is isomerized to a second 
molecule of glyceraldehyde 3-phosphate (5), ending the 
first phase of glycolysis. 

From a chemical perspective, the isomerization in (2) is 
critical for setting up the phosphorylation and C−C bond 
cleavage reactions in (3) and (4).

Two molecules of ATP are invested before the cleavage of 
glucose into two three-carbon pieces.



To summarize: 

– in the preparatory phase of glycolysis the energy of ATP is 
invested, 

– raising the free-energy content of the intermediates, 

– the carbon chains of all the metabolized hexoses are 
converted into a common product, glyceraldehyde 3-
phosphate.



The energy gain comes in the payoff phase of glycolysis. 
Each molecule of glyceraldehyde 3-phosphate is oxidized and 

phosphorylated by inorganic phosphate to form 1,3-
bisphosphoglycerate (6).

Energy is then released as the two molecules of 1,3-
bisphosphoglycerate are converted to two molecules of 
pyruvate ((7) through (10)). 

Much of this energy is conserved by the coupled 
phosphorylation of four molecules of ADP to ATP. 

The net yield is two molecules of ATP per molecule of 
glucose used, because two molecules of ATP were invested 
in the preparatory phase. 

Energy is also conserved in the payoff phase in the formation 
of two molecules of NADH per molecule of glucose.



The second phases of glycolysis

Pyruvate is the end product 
of the second phase of 
glycolysis. 

For each glucose molecule, 
two ATP are consumed in 
the preparatory phase and 
four ATP are produced in 
the payoff phase, giving a 
net yield of two ATP per 
molecule of glucose 
converted to pyruvate.

The numbered reaction steps 
are catalyzed by the 
enzymes listed on the right.



In the sequential reactions of glycolysis, three types of 
chemical transformations are particularly noteworthy:

− degradation of the carbon skeleton of glucose to yield 
pyruvate, 

− phosphorylation of ADP to ATP by high-energy 
phosphate compounds formed during glycolysis, 

− transfer of a hydride ion to NAD+, forming NADH.



Fates of pyruvate
The pyruvate is further metabolized via one of three 

catabolic routes. 
In aerobic organisms or tissues, glycolysis is only the first 

stage in the complete degradation of glucose.
1. Pyruvate is oxidized, with loss of its carboxyl group as  

CO2, to yield the acetyl group of acetyl-coenzyme A.
The acetyl group is then oxidized completely to CO2 by the 

citric acid cycle.
The electrons from these oxidations are passed to O2 through 

a chain of carriers in the mitochondrion, to form H2O. 
The energy from the electron-transfer reactions drives the 

synthesis of ATP in the mitochondrion.



2. The second route for pyruvate is its reduction to lactate via lactic 
acid fermentation. 

When skeletal muscle must function under low-oxygen 
conditions (hypoxia), NADH cannot be reoxidized to NAD+, 
but NAD+ is required as an electron acceptor for the further 
oxidation of pyruvate.

Pyruvate is reduced to lactate, accepting electrons from NADH 
and thereby regenerating the NAD+ necessary for glycolysis to 
continue.

3. The third major route of pyruvate catabolism leads to 
ethanol.

Pyruvate is converted under hypoxic or anaerobic conditions 
into ethanol and CO2, a process called ethanol (alcohol) 
fermentation.



Three possible catabolic fates of the pyruvate formed in glycolysis

Pyruvate also serves as a precursor in many anabolic reactions.



ATP formation coupled to glysolysis:

During glycolysis some of the energy of the glucose 
molecule is conserved in ATP, while much remains in 
the product, pyruvate.

The overall equation for glycolysis is
glucose + 2 NAD+ + 2 ADP + 2 Pi →

2 pyruvate + 2 NADH + 2 H+ + 2 ATP + 2 H2O

For each molecule of glucose degraded to pyruvate, two 
molecules of ATP are generated from ADP and Pi.

The conversion of glucose to pyruvate is exergonic:

glucose + 2 NAD+ → 2 pyruvate + 2 NADH + 2 H+

ΔG’° = −146 kJ/mol1



The formation of ATP from ADP and Pi is endergonic:
2 ADP + 2 Pi → 2 ATP + 2 H2O

ΔG’° = 61.0 kJ/mol

The sum of equations gives the overall standard free-
energy change of glycolysis, ΔG’°:

ΔG’° = ΔG’° + ΔG’° = −146 kJ/mol + 61.0 kJ/mol = −85 kJ/mol

Under standard conditions and in the cell, glycolysis is an 
essentially irreversible process, driven to completion by a 
large net decrease in free energy.

The energy released in glycolysis (with pyruvate as the end 
product) is recovered as ATP with an efficiency of more 
than 60%.
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Energy remaining in pyruvate:

Glycolysis releases only a small fraction of the total 
available energy of the glucose molecule.

The two molecules of pyruvate formed by glycolysis still 
contain most of the chemical potential energy of glucose, 
energy that can be extracted by oxidative reactions in the 
citric acid cycle and oxidative phosphorylation.



Importance of phosphorylated intermediates 
Each of the nine glycolytic intermediates between glucose 

and pyruvate is phosphorylated. 
The phosphoryl groups appear to have three functions.
1. The plasma membrane generally lacks transporters for 

phosphorylated sugars, the phosphorylated glycolytic
intermediates cannot leave the cell.

2. High-energy phosphate compounds formed in glycolysis
(1,3-bisphosphoglycerate and phosphoenolpyruvate) 
donate phosphoryl groups to ADP to form ATP.

3. Binding energy resulting from the binding of phosphate 
groups to the active sites of enzymes lowers the 
activation energy and increases the specificity of the 
enzymatic reactions.



The preparatory phase of glycolysis requires ATP
In the preparatory phase of glycolysis, two molecules of 

ATP are invested and the hexose chain is cleaved into 
two triose phosphates.

(1) Phosphorylation of glucose:
In the first step of glycolysis, glucose is activated for 

subsequent reactions by its phosphorylation at C-6 to yield 
glucose 6-phosphate, with ATP as the phosphoryl donor:



This reaction is irreversible under intracellular conditions, is
catalyzed by hexokinase. (Kinases are enzymes that 
catalyze the transfer of the terminal phosphoryl group from 
ATP to an acceptor nucleophile.)

The acceptor in the case of hexokinase is a hexose, normally 
D-glucose.

Hexokinase requires Mg2+ for its activity, because the true 
substrate of the enzyme MgATP2− complex.

Mg2+ shields the negative charges of the phosphoryl groups in 
ATP, making the terminal phosphorus atom an easier target 
for nucleophilic attack by an −OH of glucose.

Hexokinase is present in all cells of all organisms.



(2) Conversion of glucose 6-phosphate to fructose 6-
phosphate:

The enzyme phosphohexose isomerase (phosphoglucose isomerase) 
catalyzes the reversible isomerization of glucose 6-phosphate, an 
aldose, to fructose 6-phosphate, a ketose:

The reaction proceeds readily in either direction, as might be expected 
from the relatively small change in standard free energy. 

This isomerization has a critical role in the overall chemistry of the 
glycolytic pathway, as the rearrangement of the carbonyl and hydroxyl 
groups at C-1 and C-2 is a necessary prelude to the next two steps.



(3) Phosphorylation of fructose 6-phosphate to fructose 
1,6-bisphosphate

Phosphofructokinase-1 (PFK-1) catalyzes the transfer of a 
phosphoryl group from ATP to fructose 6-phosphate to 
yield fructose 1,6-bisphosphate:



This enzyme catalyzes the formation of fructose 2,6-
bisphosphate from fructose 6-phosphate in a separate 
pathway. 

The reaction is essentially irreversible under cellular conditions, 
and it is the first “committed” step in the glycolytic pathway.

Glucose 6-phosphate and fructose 6-phosphate have other 
possible fates, but fructose 1,6-bisphosphate is targeted for 
glycolysis.

Some bacteria and perhaps all plants have a 
phosphofructokinase that uses pyrophosphate (PPi), not ATP, 
as the phosphoryl group donor in the synthesis of fructose 
1,6-bisphosphate:

Fructose 6-phosphate + PPi fructose 1,6-bisphosphate + Pi
ΔG’° = −14 kJ/mol

Mg2+



Phosphofructokinase-1 is a regulatory enzyme. 

The activity of PFK-1 is increased whenever the cell’s ATP 
supply is depleted or when the ATP breakdown products, 
ADP and AMP are in excess. 

The enzyme is inhibited whenever the cell has ample ATP and 
is well supplied by other fuels such as fatty acids.

(4) Cleavage of fructose 1,6-bisphosphate:
The enzyme fructose 1,6-bisphosphate aldolase, often 

called simply aldolase, catalyzes a reversible aldol
condensation.



Fructose 1,6-bisphosphate is cleaved to yield two different triose
phosphates, glyceraldehyde 3-phosphate, an aldose, and 
dihydroxyacetone phosphate, a ketose:

The aldolase reaction has a strongly positive standard free-energy 
change in the direction of fructose 1,6-bisphosphate cleavage, at 
the lower concentrations of reactants present in cells, the actual 
free-energy change is small and the aldolase reaction is readily 
reversible.



(5) Interconversion of the triose phosphates:
Only the glyceraldehyde 3-phosphate can be directly degraded in 

the subsequent steps of glycolysis. 
The dihydroxyacetone phosphate, is rapidly and reversibly 

converted to glyceraldehyde 3-phosphate by the fifth enzyme of 
the sequence, triose phosphate isomerase:

The reaction mechanism is similar to the reaction promoted by 
phosphohexose isomerase in (2) of glycolysis.

This reaction completes the preparatory phase of glycolysis. 
The hexose molecule has been phosphorylated at C-1 and C-6 and 

then cleaved to form two molecules of glyceraldehyde 3-phosphate.



The payoff phase of glycolysis yields ATP and NADH
The payoff phase of glycolysis includes the energy-conserving 

phosphorylation steps in which some of the free energy of the 
glucose molecule is conserved in the form of ATP.

One molecule of glucose yields two molecules of 
glyceraldehyde 3-phosphate; both halves of the glucose 
molecule follow the same pathway in the second phase of 
glycolysis. 

The conversion of two molecules of glyceraldehyde 3-
phosphate to two molecules of pyruvate is accompanied by 
the formation of four molecules of ATP from ADP. 

The net yield of ATP per molecule of glucose degraded is only 
two, because two ATP were invested in the preparatory phase 
of glycolysis to phosphorylate the two ends of the hexose
molecule.



(6) Oxidation of glyceraldehyde 3-phosphate to 1,3-
bisphosphoglycerate:

The first step in the payoff phase is the oxidation of 
glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate, 
catalyzed by glyceraldehyde 3-phosphate dehydrogenase:



This is the first of the two energy-conserving reactions of 
glycolysis that lead to the formation of ATP.

The aldehyde group of glyceraldehyde 3-phosphate is 
oxidized to a carboxylic acid anhydride with phosphoric 
acid. 

This type of anhydride, called an acyl phosphate, has a very 
high standard free energy of hydrolysis

(ΔG’° = −49.3 kJ/mol). 

Much of the free energy of oxidation of the aldehyde group of 
glyceraldehyde 3-phosphate is conserved by formation of 
the acyl phosphate group at C-1 of 1,3-bisphosphoglycerate.



The acceptor of hydrogen in the glyceraldehyde 3-phosphate 
dehydrogenase reaction is NAD+.

The reduction of NAD+ proceeds by the enzymatic transfer of 
a hydride ion (:H−) from the aldehyde group of 
glyceraldehyde 3-phosphate to the nicotinamide ring of 
NAD+, yielding the reduced coenzyme NADH. 

The other hydrogen atom of the substrate molecule is released 
to the solution as H+.

Cells maintain only limited amounts of NAD+, glycolysis
would soon come to a halt if the NADH formed in this step 
of glycolysis were not continuously reoxidized.



(7) Phosphoryl transfer from 1,3-bisphosphoglycerate to ADP
The enzyme phosphoglycerate kinase transfers the high-energy 

phosphoryl group from the carboxyl group of 1,3-bisphospho-
glycerate to ADP, forming ATP and 3-phosphoglycerate:



Steps (6) and (7) of glycolysis together constitute an energy-
coupling process in which 1,3-bisphosphoglycerate is the 
common intermediate.

It is formed in the first reaction (which would be endergonic
in isolation), and its acyl phosphate group is transferred to 
ADP in the second reaction (which is strongly exergonic). 

The sum of these two reactions is:

glyceraldehyde 3-phosphate + ADP + Pi + NAD+

3-phosphoglycerate + ATP +NADH + H+

ΔG’° = −12,5 kJ/mol

Thus the overall reaction is exergonic.



The formation of ATP by phosphoryl group transfer from a 
substrate such as 1,3-bisphosphoglycerate is referred to 
as a substrate-level phosphorylation, to distinguish this 
mechanism from respiration-linked phosphorylation.

Substrate-level phosphorylations involve soluble enzymes 
and chemical intermediates.

Respiration-linked phosphorylations, on the other hand, 
involve membrane-bound enzymes and transmembrane
gradients of protons.



(8) Conversion of 3-phosphoglycerate to 2-phosphoglyce-
rate

The enzyme phosphoglycerate mutase catalyzes a reversible 
shift of the phosphoryl group between C-2 and C-3 of 
glycerate; Mg2+ is essential for this reaction:



The reaction occurs in two steps.

A phosphoryl group initially attached to a His residue of 
the mutase is transferred to the hydroxyl group at C-2 of 
3-phosphoglycerate, forming 2,3-bisphosphoglycerate 
(2,3-BPG). 

The phosphoryl group at C-3 of 2,3-BPG is then 
transferred to the same His residue, producing 2-
phosphoglycerate and regenerating the phosphorylated
enzyme.



The phosphoglycerate mutase
reaction

The enzyme is initially 
phosphorylated on a His 
residue.

(1) The phosphoenzyme
transfers its phosphoryl
group to 3-phospho-
glycerate, forming 2,3-
BPG.

(2) The phosphoryl group at 
C-3 of 2,3-BPG is 
transferred to the same 
His residue on the 
enzyme, producing 2-
phosphoglycerate and re-
generating the phospho-
enzyme.



(9) Dehydration of 2-phosphoglycerate to phospho-
enolpyruvate

Enolase promotes reversible removal of a molecule of water 
from 2-phosphoglycerate to yield phosphoenolpyruvate
(PEP):



(10) Transfer of the phosphoryl group from phospho-
enolpyruvate to ADP 

The last step in glycolysis is the 
transfer of the phosphoryl
group from phosphoenol-
pyruvate to ADP, catalyzed 
by pyruvate kinase, which 
requires K+ and either Mg2+ or 
Mn2+:



In this substrate-level phosphorylation, the product 
pyruvate first appears in its enol form, then tautomerizes
rapidly and nonenzymatically to its keto form, which 
redominates at pH 7:

The overall reaction has a large, negative standard free-
energy change, due in large part to the spontaneous 
conversion of the enol form of pyruvate to the keto form.



The ΔG’° of phosphoenolpyruvate hydrolysis is 
−61.9 kJ/mol; about half of this energy is conserved in 
the formation of the phosphoanhydride bond of ATP 
(ΔG’° = −30.5 kJ/mol).

The rest (−31.4 kJ/mol) constitutes a large driving force 
pushing the reaction toward ATP synthesis.



The overall balance sheet shows a net gain of ATP

The left-hand side of the following equation shows all the 
inputs of ATP, NAD, ADP, and Pi, and the right-hand 
side shows all the outputs (keep in mind that each 
molecule of glucose yields two molecules of pyruvate):

glucose + 2 ATP + 2 NAD+ + 4 ADP + 2 Pi

2 pyruvate + 2 ADP + 2 NADH + 2 H+ + 4 ATP + 2 H2O

Canceling out common terms on both sides of the equation 
gives the overall equation for glycolysis under aerobic 
conditions:

glucose + 2 NAD+ + 2 ADP + 2 Pi

2 pyruvate + 2 NADH + 2 H+ + 4 ATP + 2 H2O



The two molecules of NADH reoxidized to NAD+ by 
transfer of their electrons to the electrontransfer chain, 
which in eukaryotic cells is located in the mitochondria. 

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

2 NADH + 2 H+ + O2 → 2 NAD+ + 2 H2O

Electron transfer from NADH to O2 in mitochondria 
provides the energy for synthesis of ATP by respiration-
linked phosphorylation.



In the overall glycolytic process, one molecule of glucose 
is converted to two molecules of pyruvate (the pathway 
of carbon).

Two molecules of ADP and two of Pi are converted to two 
molecules of ATP (the pathway of phosphoryl groups). 

Four electrons, as two hydride ions, are transferred from 
two molecules of glyceraldehyde 3-phosphate to two of 
NAD (the pathway of electrons).



Summary for „Glycolysis” I.

• Glycolysis is a near-universal pathway by which a 
glucose molecule is oxidized to two molecules of 
pyruvate, with energy conserved as ATP and NADH.

• All ten glycolytic enzymes are in the cytosol, and all ten 
intermediates are phosphorylated compounds of three 
or six carbons.

• In the preparatory phase of glycolysis, ATP is invested to 
convert glucose to fructose 1,6-bisphosphate. The bond 
between C-3 and C-4 is then broken to yield two 
molecules of triose phosphate.



• In the payoff phase, each of the two molecules of 
glyceraldehyde 3-phosphate derived from glucose 
undergoes oxidation at C-1; the energy of this 
oxidation reaction is conserved in the formation of one 
NADH and two ATP per triose phosphate oxidized. 
The net equation for the overall process is

glucose + 2 NAD+ + 2 ADP + 2 Pi

2 pyruvate + 2 NADH + 2 H+ + 2 ATP + 2 H2O

Summary for „Glycolysis” II.



2. Feeder Pathways for 
Glycolysis



Many carbohydrates besides glucose meet their catabolic 
fate in glycolysis, after being transformed into one of the 
glycolytic intermediates. 

The most significant are the storage polysaccharides 
glycogen and starch; the disaccharides maltose, lactose, 
trehalose, and sucrose; and the monosaccharides
fructose, mannose, and galactose.



Entry of glycogen, starch, disaccharides, and hexoses into the preparatory 
stage of glycolysis



Glycogen and starch are degraded by phosphorolysis

Glycogen in animal tissues can be mobilized for use within 
the same cell by a phosphorolytic reaction catalyzed by 
glycogen phosphorylase (starch phosphorylase in 
plants). 

These enzymes catalyze an attack by Pi on the (α1→4) 
glycosidic linkage that joins the last two glucose residues 
at a nonreducing end, generating glucose 1-phosphate 
and a polymer one glucose unit shorter.

Phosphorolysis preserves some of the energy of the 
glycosidic bond in the phosphate ester glucose 1-
phosphate.



The enzyme catalyzes attack 
by inorganic phosphate 
(pink) on the terminal 
glucosyl residue (blue) at 
the nonreducing end of a 
glycogen molecule.

Releasing glucose 1-
phosphate and generating a 
glycogen molecule shor-
tened by one glucose 
residue. 

The reaction is a phospho-
rolysis (not hydrolysis).

Glycogen breakdown by glycogen phosphorylase



Glycogen phosphorylase acts repetitively until it 
approaches an (1→6) branch point, where its action 
stops. 

A debranching enzyme removes the branches.

Glucose 1-phosphate produced by glycogen phosphorylase
is converted to glucose 6-phosphate by phospho-
glucomutase, which catalyzes the reversible  reaction.

glucose 1-phosphate          glucose 6-phosphate

The glucose 6-phosphate can enter glycolysis or another 
pathway (pentose phosphate pathway).

Mutase enzymes catalyze the transfer of a functional 
group from one position to another in the same molecule. 

Mutases are a subclass of isomerases.



Dietary polysaccharides and disaccharides undergo 
hydrolysis to monosaccharides

Carbohydrates digestion begins in the mouth, where 
salivary -amylase hydrolyzes the internal glycosidic
linkages of starch, producing short polysaccharide 
fragments or oligosaccharides.

In the stomach, salivary -amylase is inactivated by the 
low pH, but a second form of -amylase, secreted by the 
pancreas into the small intestine, continues the 
breakdown process. 

Pancreatic -amylase yields mainly maltose and malto-
triose and oligosaccharides called limit dextrins.

Maltose and dextrins are degraded by enzymes of the 
intestinal brush border.



Dietary glycogen has essentially the same structure as starch, 
and its digestion proceeds by the same pathway.

Disaccharides must be hydrolyzed to monosaccharides before 
entering cells. 

Intestinal disaccharides and dextrins are hydrolyzed by 
enzymes attached to the outer surface of the intestinal 
epithelial cells: dextrin + n H2O                n D-glucose

maltose + H2O                  2 D-glucose
lactose + H2O              D-galactose + D-glucose
sucrose + H2O             D-fructose + D-glucose
trehalose + H2O                2 D-glucose

The monosaccharides so formed are actively transported into 
the epithelial cells, then passed into the blood to be carried 
to various tissues.

dextrinase

maltase

lactase

sucrase

trehalase



Other monosaccharides enter the glycolytic pathway at 
several points

Hexoses other than glucose can undergo glycolysis after 
conversion to a phosphorylated derivative. 

D-fructose is is phosphorylated by hexokinase:

fructose + ATP               fructose 6-phosphate + ADP

This is a major pathway of fructose entry into glycolysis in 
the muscles and kidney. 

The liver enzyme fructokinase catalyzes the phospho-
rylation of fructose at C-1 rather than C-6:

fructose + ATP               fructose 1-phosphate + ADP

Mg2+

Mg2+



The fructose 1-phosphate is then cleaved to glyceraldehyde and 
dihydroxyacetone phosphate by fructose 1-phosphate 
aldolase:

Dihydroxyacetone phosphate is converted to glyceraldehyde 3-
phosphate by the glycolytic enzyme triose phosphate 
isomerase.



Glyceraldehyde is phosphorylated by ATP and triose
kinase to glyceraldehyde 3-phosphate:

glyceraldehyde + ATP           glyceraldehyde 3-phosphate + ADP

D-Galactose, a product of hydrolysis of the disaccharide 
lactose, passes in the blood from the intestine to the liver, 
where it is first phosphorylated at C-1, at the expense of 
ATP, by the enzyme galactokinase:

galactose + ATP              galactose 1-phosphate + ADP

Then converted glucose 1-phosphate.

Mg2+

Mg2+



Conversion of galactose to glucose 1-
phosphate

The conversion proceeds through a sugar-
nucleotide derivative, UDP-galactose, 
which is formed when galactose 1-
phosphate displaces glucose 1-phosphate 
from UDP-glucose. 

UDP-galactose is then converted by UDP-
glucose 4-epimerase to UDP-glucose, in a 
reaction that involves oxidation of C-4 
(pink) by NAD+, then reduction of C-4 by 
NADH.

The result is inversion of the configuration at 
C-4. The UDP-glucose is recycled through 
another round of the same reaction. 

The net effect of this cycle is the conversion 
of galactose 1-phosphate to glucose 1-
phosphate.



The epimerization involves first the oxidation of the C-4 
−OH group to a ketone, then reduction of the ketone to 
an −OH, with inversion of the configuration at C-4.

NAD is the cofactor for both the oxidation and the 
reduction.

Defects in any of the three enzymes in this pathway cause 
galactosemia in humans.

High galactose concentrations are found in blood and 
urine. 

Infants develop cataracts, caused by deposition of the 
galactose metabolite galactitol in the lens.



D-Mannose, released in the digestion of various 
polysaccharides and glycoproteins of foods, can be 
phosphorylated at C-6 by hexokinase:

mannose + ATP               mannose 6-phosphate + ADP

Mannose 6-phosphate is isomerized by phosphomannose
isomerase to yield fructose 6-phosphate, an intermediate 
of glycolysis.

Mg2+



Summary for „Feeder Pathways for Glycolysis” I.

• Glycogen and starch, polymeric storage forms of 
glucose, enter glycolysis in a two-step process. 
Phosphorolytic cleavage of a glucose residue from an 
end of the polymer, forming glucose 1-phosphate, is 
catalyzed by glycogen phosphorylase or starch 
phosphorylase. Phosphoglucomutase then converts the 
glucose 1-phosphate to glucose 6-phosphate, which can 
enter glycolysis.

• Ingested polysaccharides and disaccharides are converted 
to monosaccharides by intestinal hydrolytic enzymes, 
and the monosaccharides then enter intestinal cells and 
are transported to the liver or other tissues.



• A variety of D-hexoses, including fructose, galactose, 
and mannose, can be funneled into glycolysis. Each is 
phosphorylated and converted to either glucose 6-
phosphate or fructose 6-phosphate.

• Conversion of galactose 1-phosphate to glucose 1-
phosphate involves two nucleotide derivatives: UDP-
galactose and UDP-glucose. Genetic defects in any of 
the three enzymes that catalyze conversion of galactose
to glucose 1-phosphate result in galactosemias.

Summary for „Feeder Pathways for Glycolysis” II.



3. Fates of Pyruvate under 
Anaerobic Conditions: 

Fermentation



Under aerobic conditions pyruvate is oxidized to acetate, which 
enters the citric acid cycle and is oxidized to CO2 and H2O, 
and NADH formed by the dehydrogenation of glycer-
aldehyde 3-phosphate.

Under hypoxic conditions, as in very active skeletal muscle, or 
in lactic acid bacteria, NADH generated by glycolysis, cannot 
be reoxidized by O2. 

Failure to regenerate NAD would leave the cell with no 
electron acceptor for the oxidation of glyceraldehyde 3-
phosphate, and the energy-yielding reactions of glycolysis
would stop. 

NAD+ must therefore be regenerated in some other way.
Most modern organisms have retained the ability to constantly 

regenerate NAD+ during anaerobic glycolysis by transferring 
electrons from NADH to form a reduced end product such as 
lactate or ethanol.



Pyruvate is the terminal electron acceptor in lactic acid 
fermentation

When animal tissues cannot be supplied with sufficient 
oxygen, NAD+ is regenerated from NADH by the 
reduction of pyruvate to lactate.

Some tissues and cell types produce lactate from glucose 
even under aerobic conditions. 

The reduction of pyruvate is catalyzed by lactate 
dehydrogenase, which forms the L isomer of lactate at 
pH 7:



The overall equilibrium strongly favours lactate formation, 
as shown by the large negative standard free-energy 
change.

In glycolysis, dehydrogenation of the two molecules of 
glyceraldehyde 3-phosphate derived from each molecule 
of glucose converts two molecules of NAD+ to two of 
NADH.



The lactate is carried in the blood to the liver, where it is 
converted to glucose during the recovery from strenuous 
muscular activity. 

When lactate is produced in large quantities during 
vigorous muscle contraction, the acidification limits the 
period of vigorous activity.

Conversion of glucose to lactate includes two oxidation-
reduction steps, there is no net change in the oxidation 
state of carbon; in glucose (C6H12O6) and lactic acid 
(C3H6O3), the H:C ratio is the same.

Fermentation is the general term for such processes, 
which extract energy (as ATP) but do not consume 
oxygen, or change the concentrations of NAD+ or 
NADH.



Ethanol is the reduced product in ethanol fermentation
Yeast and other microorganisms ferment glucose to 

ethanol and CO2, rather than to lactate. 

Glucose is converted to pyruvate by glycolysis, and the 
pyruvate is converted to ethanol and CO2 in a two-step 
process:

In the first step, pyruvate is decarboxylated in an 
irreversible reaction catalyzed by pyruvate decarboxy-
lase.



Pyruvate decarboxylase requires Mg2+ and has a tightly 
bound coenzyme, thiamine pyrophosphate.

In the second step, acetaldehyde is reduced to ethanol 
through the action of alcohol dehydrogenase, with the 
reducing power furnished by NADH derived from the 
dehydrogenation of glyceraldehyde 3-phosphate.

Ethanol and CO2 are thus the end products of ethanol 
fermentation, and the overall equation is

glucose + 2 ADP + 2 Pi 2 ethanol + 2 CO2 + 2 ATP + 2 H2O



As in lactic acid fermentation, there is no net change in the 
ratio of hydrogen to carbon atoms when glucose is 
fermented to two ethanol and two CO2.

In all fermentations, the H:C ratio of the reactants and 
products remains the same.

Pyruvate decarboxylase is present in brewer’s and baker’s 
yeast and in all other organisms that ferment glucose to 
ethanol, including some plants.

Alcohol dehydrogenase is present in many organisms that 
metabolize ethanol, including humans.



Thiamine pyrophosphate carries “active 
acetaldehyde” groups

The pyruvate decarboxylase reaction provides our first 
encounter with thiamine pyrophosphate (TPP), a 
coenzyme derived from vitamin B1.

Thiamine pyrophosphate plays an important role in the 
cleavage of bonds adjacent to a carbonyl group, such as 
the decarboxylation of -keto acids, and in chemical 
rearrangements in which an activated acetaldehyde group 
is transferred from one carbon atom to another.



Fermentations yield a variety of common foods and 
industrial chemicals

Certain microorganisms present in raw food products 
ferment the carbohydrates and yield metabolic products 
that give the foods their characteristic forms, textures, 
and tastes.

Yoghurt is produced when the bacterium Lactobacillus 
bulgaricus ferments the carbohydrate in milk, producing 
lactic acid; the resulting drop in pH causes the milk 
proteins to precipitate, producing the thick texture and 
sour taste of unsweetened yogurt.

Propionibacterium freudenreichii, ferments milk to 
produce propionic acid and CO2; the propionic acid 
precipitates milk proteins, and bubbles of CO2 cause the 
holes characteristic of Swiss cheese.



The drop in pH associated with fermentation also helps to 
preserve foods, because most of the microorganisms  that 
cause food spoilage cannot grow at low pH. 

In agriculture, plant byproducts are preserved for use as 
animal feed by packing them into a large container (a 
silo) with limited access to air; microbial fermentation 
produces acids that lower the pH. 

The silage that results from this fermentation process can 
be kept as animal feed for long periods without spoilage.



Summary for „Fates of Pyruvate under Anaerobic 
Conditions: Fermentation”

• The NADH formed in glycolysis must be recycled to 
regenerate NAD+, which is required as an electron acceptor 
in the first step of the payoff phase. Under aerobic 
conditions, electrons pass from NADH to O2 in 
mitochondrial respiration.

• Under anaerobic or hypoxic conditions, many organisms 
regenerate NAD+ by transferring electrons from NADH to 
pyruvate, forming lactate. Yeast, regenerate NAD+ by 
reducing pyruvate to ethanol and CO2. In these anaerobic 
processes, there is no net oxidation or reduction of the 
carbons of glucose.

• A variety of microorganisms can ferment sugar in fresh 
foods, resulting in changes in pH, taste, and texture, and 
preserving food from spoilage.



4. Gluconeogenesis



The glucose remains the nearly universal fuel and building 
block in modern organisms, from microbes to humans.

For the human brain and nervous system, glucose from the 
blood is the sole or major fuel source. 

The brain alone requires about 120 g of glucose each day −
more than half of all the glucose stored as glycogen in 
muscle and liver.

Organisms need a method for synthesizing glucose from 
noncarbohydrate precursors. 

This is accomplished by a pathway called gluconeogenesis
(“formation of new sugar”).



Gluconeogenesis occurs in all animals.

The reactions are essentially the same in all tissues and all 
species. 

The important precursors of glucose in animals are three-
carbon compounds such as lactate, pyruvate, and glycerol, 
as well as certain amino acids.

In mammals, gluconeogenesis takes place mainly in the liver.

The glucose produced passes into the blood to supply other 
tissues. 

After vigorous exercise, lactate produced by anaerobic 
glycolysis in skeletal muscle returns to the liver and is 
converted to glucose, which moves back to muscle and is 
converted to glycogen − a circuit called the Cori cycle.



Carbohydrate synthesis from simple precursors

The pathway from phospho-
enolpyruvate to glucose 6-
phosphate is common to the 
biosynthetic conversion of 
many different precursors of 
carbohydrates in animals 
and plants. 

Plants and photosynthetic 
bacteria are uniquely able to 
convert CO2 to carbo-
hydrates.



Glucose and its derivatives are precursors for the synthesis of 
plant cell walls, nucleotides and coenzymes, and a variety 
of other essential metabolites.

Gluconeogenesis and glycolysis are not identical pathways 
running in opposite directions, although they do share 
several steps.

Seven of the ten enzymatic reactions of gluconeogenesis are 
the reverse of glycolytic reactions.

Three reactions of glycolysis are essentially irreversible in 
vivo and cannot be used in gluconeogenesis:

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

– the phosphorylation of fructose 6-phosphate to fructose 1,6-
bisphosphate by phosphofructokinase-1, 

– the conversion of phosphoenolpyruvate to pyruvate by 
pyruvate kinase.



Opposing pathways of glycolysis and gluconeogenesis in rat liver

The reactions of glycolysis are shown on the left side in blue; the opposing 
pathway of gluconeogenesis is shown on the right in red.





In cells, these three reactions are characterized by a large 
negative free-energy change, ΔG, other glycolytic
reactions have a ΔG near 0.

Both glycolysis and gluconeogenesis are irreversible 
processes in cells. In animals, both pathways occur 
largely in the cytosol.



Conversion of pyruvate to phosphoenolpyruvate
requires two exergonic reactions

The conversion of pyruvate to phosphoenolpyruvate cannot 
occur by reversal of the pyruvate kinase reaction of 
glycolysis, which has a large, negative standard free-
energy change and is irreversible under the conditions 
prevailing in intact cells.

Pyruvate is first transported from the cytosol into 
mitochondria or is generated from alanine within 
mitochondria by transamination, in which the -amino 
group is removed from alanine and added to an -keto
carboxylic acid.

Pyruvate carboxylase, a mitochondrial enzyme that requires 
the coenzyme biotin, converts the pyruvate to 
oxaloacetate:

pyruvate + HCO− + ATP → oxaloacetate + ADP + Pi3



Synthesis of phosphoenolpyruvate from pyruvate

A: In mitochondria, pyruvate is converted 
to oxaloacetate in a biotin-requiring 
reaction catalyzed by pyruvate
carboxylase. 

B: In the cytosol, oxaloacetate is converted 
to phosphoenolpyruvate by PEP 
carboxykinase.

The CO2 incorporated in the pyruvate
carboxylase reaction is lost here as CO2.

B

A



The reaction involves biotin as a carrier of activated HCO−.

Because the mitochondrial membrane has no transporter for 
oxaloacetate, before export to the cytosol the oxaloacetate
formed from pyruvate must be reduced to malate by 
mitochondrial malate dehydrogenase, at the expense of 
NADH:

oxaloacetate + NADH + H+ L-malate + NAD+

The standard free-energy change for this reaction is quite 
high, but under physiological conditions ΔG ≈ 0 and the 
reaction is readily reversible.

3



Malate leaves the mitochondrion through a specific 
transporter in the inner mitochondrial membrane, and in 
the cytosol it is reoxidized to oxaloacetate, with the 
production of cytosolic NADH:

malate + NAD+ oxaloacetate + NADH + H+

The oxaloacetate is then converted to PEP by 
phosphoenolpyruvate carboxykinase.

This Mg2+-dependent reaction requires GTP as the 
phosphoryl group donor:

oxaloacetate + GTP         PEP + CO2 + GDP

The reaction is reversible under intracellular conditions; 
the formation of one high-energy phosphate compound 
(PEP) is balanced by the hydrolysis of another (GTP).



The overall equation for this set of bypass reactions:

pyruvate + ATP + GTP + HCO−

PEP + ADP + GDP + Pi + CO2

ΔG’° = 0.9 kJ/mol

Two high-energy phosphate equivalents (one from ATP 
and one from GTP), each yielding about 50 kJ/mol under 
cellular conditions, must be expended to phosphorylate
one molecule of pyruvate to PEP.

3



A second pyruvate → PEP bypass predominates when lactate 
is the glucogenic precursor.

This pathway makes use of lactate produced by glycolysis in 
erythrocytes or anaerobic muscle.

The conversion of lactate to pyruvate in the cytosol of 
hepatocytes yields NADH, and the export of reducing 
equivalents from mitochondria is therefore unnecessary. 

After the pyruvate produced by the lactate dehydrogenase
reaction is transported into the mitochondrion, it is 
converted to oxaloacetate by pyruvate carboxylase. 

This oxaloacetate is converted directly to PEP by a 
mitochondrial isozyme of PEP carboxykinase, and the PEP 
is transported out of the mitochondrion to continue on the 
gluconeogenic path.



Alternative paths from 
pyruvate to 

phosphoenolpyruvate

The path that predominates 
depends on the glucogenic
precursor (lactate or 
pyruvate). 

The path on the right 
predominates when lactate is 
the precursor, because 
cytosolic NADH is generated 
in the lactate dehydrogenase
reaction and does not have to 
be shuttled out of the 
mitochondrion.



Conversion of fructose 1,6-bisphosphate to fructose 6-
phosphate is the second bypass

The second glycolytic reaction that cannot participate in 
gluconeogenesis is the phosphorylation of fructose 
6-phosphate.

This reaction is highly exergonic and irreversible in intact 
cells, the generation of fructose 6-phosphate from fructose 
1,6-bisphosphate is catalyzed by a different enzyme, Mg2+-
dependent fructose 1,6-bisphosphatase (FBPase-1), 
which promotes the essentially irreversible hydrolysis of 
the C-1 phosphate.

fructose 1,6-bisphosphate + H2O → fructose 6-phosphate + Pi

ΔG’° = −13.8 kJ/mol



Conversion of glucose 6-phosphate to glucose is the 
third bypass

The third bypass is the final reaction of gluconeogenesis, 
the dephosphorylation of glucose 6-phosphate to yield 
glucose.

The reaction catalyzed by glucose 6-phosphatase does not 
require synthesis of ATP; it is a simple hydrolysis of a 
phosphate ester:

glucose 6-phosphate + H2O glucose + Pi

ΔG’° = −13.8 kJ/mol

Glucose produced by gluconeogenesis in the liver or 
kidney or ingested in the diet is delivered to brain and 
muscle through the bloodstream.



Gluconeogenesis is energetically expensive, but essential

The sum of the biosynthetic reactions leading from pyruvate
to free blood glucose is

2 pyruvate + 4 ATP + 2 GTP + 2 NADH + 2 H+ + 4 H2O 
glucose + 4 ADP + 2 GDP + 6 Pi + 2 NAD+

For each molecule of glucose formed from pyruvate, six 
high-energy phosphate groups are required, four from ATP 
and two from GTP.

Two molecules of NADH are required for the reduction of 
two molecules of 1,3-bisphosphoglycerate.

The synthesis of glucose from pyruvate is a relatively 
expensive process. 

Much of this high energy cost is necessary to ensure the 
irreversibility of gluconeogenesis.



pyruvate + HCO3 + ATP          oxaloacetate + ADP + Pi ×2 
oxaloacetate + GTP       phosphoenolpyruvate + CO2 + GDP ×2 

phosphoenolpyruvate +H2O         2-phosphoglycerate ×2 

2-phosphoglycerate         3-phosphoglycerate ×2 

3-phosphoglycerate + ATP         1,3-bisphosphoglycerate + ADP ×2 
1,3-bisphosphoglycerate + NADH + H+       

glyceraldehyde 3-phosphate + NAD+ + Pi 
×2 

glyceraldehyde 3-phosphate           dihydroxyacetone phosphate  
glyceraldehyde 3-phosphate + dihydroxyacetone phosphate       

fructose 1,6-bisphosphate  

fructose 1,6 bisphosphate           fructose 6-phosphate + Pi  

fructose 6-phosphate          glucose 6-phosphate  

glucose 6-phosphate + H2O          glucose + Pi  
Sum: 
2 pyruvate + 4 ATP + 2 GTP + 2 NADH + 2 H+ + 4 H2O        

glucose + 4 ADP + 2 GDP + 6 Pi + 2 NAD+ 
 

 

Sequential reactions in gluconeogenesis starting from pyruvate

The bypass reactions are in red, all other reactions are reversible steps 
of glycolysis.



Citric acid cycle intermediates and many amino acids 
are glucogenic

The biosynthetic pathway to glucose allows the net 
synthesis of glucose not only from pyruvate but also 
from the four-, five-, and six-carbon intermediates of the 
citric acid cycle.

Citrate, isocitrate, -ketoglutarate, succinyl-CoA, 
succinate, fumarate, and malate − all are citric acid cycle 
intermediates that can undergo oxidation to oxaloacetate.

Some or all of the carbon atoms of most amino acids 
derived from proteins are ultimately catabolized to 
pyruvate or to intermediates of the citric acid cycle. 

Such amino acids can therefore undergo net conversion to 
glucose and are said to be glucogenic.



Glucogenic amino acid, grouped by site 
of entry

* These amino acid are also ketogenic.



Alanine and glutamine are particularly important glucogenic
amino acids in mammals. 

After removal of their amino groups in liver mitochondria, 
the carbon skeletons remaining (pyruvate and 
α-ketoglutarate, respectively) are readily funneled into 
gluconeogenesis.

Mammals cannot use acetyl-CoA as a precursor of glucose, 
because the pyruvate dehydrogenase reaction is 
irreversible, and cells have no other pathway to convert 
acetyl-CoA to pyruvate. 

Plants, yeast, and many bacteria do have a pathway (the 
glyoxylate cycle) for converting acetyl-CoA to 
oxaloacetate, so these organisms can use fatty acids as the 
starting material for gluconeogenesis.



Glycolysis and gluconeogenesis are regulated reciprocally

If glycolysis (the conversion of glucose to pyruvate) and 
gluconeogenesis (the conversion of pyruvate to glucose) 
were allowed to proceed simultaneously at high rates, the 
result would be the consumption of ATP and the 
production of heat.

A number of enzymatic reactions in the two pathways, are 
regulated allosterically and by covalent modification 
(phosphorylation).



Summary for „Gluconeogenesis” I.
• Gluconeogenesis is a ubiquitous multistep process in 

which pyruvate or a related three-carbon compound 
(lactate, alanine) is converted to glucose. Seven of the 
steps in gluconeogenesis are catalyzed by the same 
enzymes used in glycolysis; these are the reversible 
reactions.

• Three irreversible steps in the glycolytic pathway are 
bypassed by reactions catalyzed by gluconeogenic
enzymes: (1) conversion of pyruvate to PEP via 
oxaloacetate, catalyzed by pyruvate carboxylase and 
PEP carboxykinase; (2) dephosphorylation of fructose 
1,6-bisphosphate by FBPase-1; and (3) dephospho-
rylation of glucose 6-phosphate by glucose 6-
phosphatase.



Summary for „Gluconeogenesis” II.

• Formation of one molecule of glucose from pyruvate
requires 4 ATP, 2 GTP, and 2 NADH; it is expensive.

• In mammals, gluconeogenesis in the liver and kidney 
provides glucose for use by the brain.

• Animals cannot convert acetyl-CoA derived from fatty 
acids into glucose; plants and microorganisms can.

• Glycolysis and gluconeogenesis are reciprocally 
regulated to prevent wasteful operation of both 
pathways at the same time.



5. Pentose Phosphate Pathway 
of Glucose Oxidation



In most animal tissues, the major catabolic fate of glucose 
6-phosphate is glycolytic breakdown to pyruvate.

Glucose 6-phosphate does have other catabolic fates which 
lead to specialized products needed by the cell. 

Of particular importance in some tissues is the oxidation of 
glucose 6-phosphate to pentose phosphates by the 
pentose phosphate pathway.

In this oxidative pathway, NADP+ is the electron acceptor, 
yielding NADPH. 

Rapidly dividing cells, use the pentoses to make RNA, 
DNA, and such coenzymes as ATP, NADH, FADH2, and 
coenzyme A.



General scheme of the pentose phosphate pathway

NADPH formed in the 
oxidative phase is used to 
reduce glutathione, GSSG,
and to support reductive 
biosynthesis.

The other product of the 
oxidative phase is ribose 5-
phosphate, which serves as 
precursor for nucleotides, 
coenzymes, and nucleic 
acids.



In other tissues, the essential product of the pentose 
phosphate pathway is not the pentoses but the electron 
donor NADPH, needed for reductive biosynthesis or to 
counter the damaging effects of oxygen radicals.

Tissues that carry out extensive fatty acid synthesis or very 
active synthesis of cholesterol and steroid hormones 
require the NADPH provided by the pathway.



The oxidative phase produces pentose phosphates 
and NADPH

The first reaction of the pentose phosphate pathway is the 
oxidation of glucose 6-phosphate by glucose 6-
phosphate dehydrogenase (G6PD) to form 6-
phosphoglucono--lactone, an intramolecular ester. 

NADP+ is the electron acceptor, and the overall 
equilibrium lies far in the direction of NADPH 
formation.

The lactone is hydrolyzed to the free acid 6-
phosphogluconate by a specific lactonase, then 6-
phosphogluconate undergoes oxidation and decar-
boxylation by 6-phosphogluconate dehydrogenase to 
form the ketopentose ribulose 5-phosphate.



Oxidative reactions of the pentose phosphate pathway



The end products are
ribose 5-phosphate, 
CO2, and NADPH.



This reaction generates a second molecule of NADPH. 

Phosphopentose isomerase converts ribulose 5-phosphate 
to its aldose isomer, ribose 5-phosphate. In some tissues, 
the pentose phosphate pathway ends at this point, and its 
overall equation is

glucose 6-phosphate + 2 NADP+ + H2O 

ribose 5-phosphate + CO2 + 2 NADPH + 2 H+

The net result is the production of NADPH, a reductant for 
biosynthetic reactions, and ribose 5-phosphate, a 
precursor for nucleotide synthesis.



The nonoxidative phase recycles pentose phosphates to 
glucose 6-phosphate

In tissues that require primarily NADPH, the pentose  
phosphates produced in the oxidative phase of the 
pathway are recycled into glucose 6-phosphate. 

In this nonoxidative phase, ribulose 5-phosphate is first 
epimerized to xylulose 5-phosphate:



Then, in a series of rearrangements of the carbon skeletons, 
six five-carbon sugar phosphates are converted to five 
six-carbon sugar phosphates, completing the cycle and 
allowing continued oxidation of glucose 6-phosphate 
with production of NADPH.

The process is known as the oxidative pentose phosphate 
pathway. 

The first two steps are oxidations with large, negative 
standard free-energy changes and are essentially 
irreversible in the cell.



Nonoxidative reactions of the pentose phosphate pathway

These reactions convert pentose phosphates to hexose phosphates, allowing 
the oxidative reactions to continue. 

The enzymes transketolase and transaldolase are specific to this pathway; 
the other enzymes also serve in the glycolytic or gluconeogenic pathways.



The reactions of the nonoxidative part of the pentose 
phosphate pathway are readily reversible and thus also 
provide a means of converting hexose phosphates to 
pentose phosphates.

All the enzymes in the pentose phosphate pathway are 
located in the cytosol, like those of glycolysis and most 
of those of gluconeogenesis. 

These three pathways are connected through several shared 
intermediates and enzymes.



Summary for „Pentose  Phosphate Pathway of Glucose 
Oxidation” I.

• The oxidative pentose phosphate pathway brings about 
oxidation and decarboxylation at C-1 of glucose 6-
phosphate, reducing NADP+ to NADPH and producing 
pentose phosphates.

• NADPH provides reducing power for biosynthetic 
reactions, and ribose 5-phosphate is a precursor for 
nucleotide and nucleic acid synthesis. Rapidly growing 
tissues and tissues carrying out active biosynthesis of 
fatty acids, cholesterol, or steroid hormones send more 
glucose 6-phosphate through the pentose phosphate 
pathway.



• The first phase of the pentose phosphate pathway 
consists of two oxidations that convert glucose 6-
phosphate to ribulose 5-phosphate and reduce NADP+

to NADPH. The second phase comprises nonoxidative
steps that convert pentose phosphates to glucose 6-
phosphate, which begins the cycle again.

• In the second phase, transaldolase and transketolase
catalyze the interconversion of three-, four-, five-, six-, 
and seven-carbon sugars, with the reversible 
conversion of six pentose phosphates to five hexose
phosphates.

Summary for „Pentose  Phosphate Pathway of Glucose 
Oxidation” II.


