
PRINCIPLES OF METABOLIC 

REGULATION: GLUCOSE AND 

GLYCOGEN



Of the thousands of enzyme-catalyzed reactions that can 
take place in a cell, there is probably not one that escapes 
some form of regulation.

Glucose 6-phosphate has a number of other possible fates; 
it may, for example, be used to synthesize other sugars, 
such as glucosamine, galactose, galactosamine, fucose, 
and neuraminic acid, for use in protein glycosylation, or 
it may be partially degraded to provide acetyl-CoA for 
fatty acid and sterol synthesis.

When a cell “decides” to use glucose 6-phosphate for one 
purpose, that decision affects all the other pathways for 
which glucose 6-phosphate is a precursor or 
intermediate.



Metabolism as a three-
dimensional meshwork 

A typical eukaryotic cell 
has the capacity to make 
about 30,000 different 
proteins, which catalyze 
thousands of different 
reactions involving many 
hundreds of metabolites, 
most shared by more than 
one “pathway.”



1. The Metabolism of Glycogen 
in Animals



In organisms, excess glucose is converted to polymeric 
forms for storage − glycogen in vertebrates and many 
microorganisms, starch in plants. 

In vertebrates, glycogen is found primarily in the liver and 
skeletal muscle; it may represent up to 10% of the weight 
of liver and 1% to 2% of the weight of muscle.

If this much glucose were dissolved in the cytosol of a 
hepatocyte, its concentration would be about 0.4 M, 
enough to dominate the osmotic properties of the cell.

When stored as a long polymer (glycogen), the same mass 
of glucose has a concentration of only 0.01 M. 

Glycogen is stored in large cytosolic granules.



The elementary particle of glycogen, the -particle, about 
21 nm in diameter, consists of up to 55,000 glucose 
residues with about 2,000 nonreducing ends.

Twenty to 40 of these particles cluster together to form -
rosettes, easily seen with the microscope in tissue 
samples from well-fed animals but essentially absent 
after a 24-hour fast. Glycogen granules in a hepatocyte

Glycogen is a storage form of 
carbohydrate in cells, especially 
hepatocytes.

Glycogen appears as electron-dense 
particles, often in aggregates or 
rosettes. 

In hepatocytes the glycogen is closely 
associated with tubules of the smooth 
endoplasmic reticulum. 

Many mitochondria are also present.



The glycogen in muscle provide a quick source of energy 
for either aerobic or anaerobic metabolism.

Muscle glycogen can be exhausted in less than an hour 
during vigorous activity. 

Liver glycogen serves as a reservoir of glucose for other 
tissues when dietary glucose is not available (between 
meals or during a fast).

This is especially important for the neurons of the brain, 
which cannot use fatty acids as fuel. 

Liver glycogen can be depleted in 12 to 24 hours.



In humans, the total amount of energy stored as glycogen is 
far less than the amount stored as fat (triacylglycerol), but 
fats cannot be converted to glucose in mammals and cannot 
be catabolized anaerobically.

The general mechanisms for storing and mobilizing 
glycogen are the same in muscle and liver, but the 
enzymes differ in subtle yet important ways, that reflect 
the different roles of glycogen in the two tissues.



Glycogen breakdown is catalyzed by glycogen 
phosphorylase

In skeletal muscle and liver, the glucose units of the outer 
branches of glycogen enter the glycolytic pathway through 
the action of three enzymes: glycogen phosphorylase, 
glycogen debranching enzyme, and phosphoglucomutase.

Glycogen phosphorylase catalyzes the reaction in which an 
(1→4) glycosidic linkage between two glucose residues 
at a nonreducing end of glycogen undergoes attack by 
inorganic phosphate (Pi), removing the terminal glucose 
residue as -D-glucose 1-phosphate

This phosphorolysis reaction is different from the hydrolysis 
of glycosidic bonds by amylase during intestinal 
degradation of dietary glycogen and starch.



Removal of a terminal glucose residue from the nonreducing end of a 
glycogen chain by glycogen phosphorylase

This process is repetitive; the enzyme removes successive glucose residues 
until it reaches the fourth glucose unit from a branch point.



In phosphorolysis, some of the energy of the glycosidic
bond is preserved in the formation of the phosphate ester, 
glucose 1-phosphate.

Pyridoxal phosphate is an essential cofactor in the 
glycogen phosphorylase reaction; its phosphate group 
acts as a general acid catalyst, promoting attack by Pi on 
the glycosidic bond.

Glycogen phosphorylase acts repetitively on the 
nonreducing ends of glycogen branches until it reaches a 
point four glucose residues away from an (1→6) 
branch point, where its action stops.



Further degradation by glycogen phosphorylase can 
occur only after the debranching enzyme, formally 
known as oligo (1→6) to (1→4) glucantransferase, 
catalyzes two successive reactions that transfer 
branches.

Once these branches are transferred and the glucosyl
residue at C-6 is hydrolyzed, glycogen phosphorylase
activity can continue.



Nonreducing ends (1→6) 
linkage

Glycogen

Glucose 1-phosphate
molecules

Unbranched (1→4) polymer;
substrate for further phosphorylase action

Glucose

glycogen 
phosphorylase

(1→ 6) glucosidase
activity of

debranching enzyme

transferase activity of
debranching enzyme

Glycogen breakdown near an 
(1→6) branch point

Following sequential removal of 
terminal glucose residues by 
glycogen phosphorylase, glucose 
residues near a branch are 
removed in a two-step process 
that requires a bifunctional
“debranching enzyme.”

First, the transferase activity of the 
enzyme shifts a block of three 
glucose residues from the branch 
to a nearby nonreducing end, to 
which they are reattached in 
(1→4) linkage. 



Nonreducing ends (1→6) 
linkage

Glycogen

Glucose 1-phosphate
molecules

Unbranched (1→4) polymer;
substrate for further phosphorylase action

Glucose

glycogen 
phosphorylase

(1→ 6) glucosidase
activity of

debranching enzyme

transferase activity of
debranching enzyme

The single glucose residue 
remaining at the branch point, 
in (1→6) linkage, is then 
released as free glucose by the 
enzyme’s (1→6) glucosidase
activity. 

The glucose residues are shown 
in shorthand form, which omits 
the −H, −OH, and −CH2OH 
groups from the pyranose rings.



Glucose 1-phosphate can enter glycolysis or, in liver, 
replenish blood glucose

Glucose 1-phosphate, the end product of the glycogen 
phosphorylase reaction, is converted to glucose 6-
phosphate by phosphoglucomutase, which catalyzes the 
reversible reaction. 

glucose 1-phosphate glucose 6-phosphate

Initially phosphorylated at a Ser residue, the enzyme 
donates a phosphoryl group to C-6 of the substrate, then
accepts a phosphoryl group from C-1.



Reaction catalyzed by phosphoglucomutase
The reaction begins with 
the enzyme phospho-
rylated on a Ser residue. 

In step 1, the enzyme 
donates its phosphoryl
group (green) to glucose 
1-phosphate, producing 
glucose 1,6-bisphos-
phate.

In step 2, the phosphoryl
group at C-1 of glucose 
1,6-bisphosphate (red) is 
transferred back to the 
enzyme, re-forming the 
phosphoenzyme and 
producing glucose 6-
phosphate.

Phosphoglucomutase

Glucose 1-phosphate

Glucose 1,6-bisphosphate

Glucose 6-phosphate



The glucose 6-phosphate formed from glycogen in 
skeletal muscle can enter glycolysis and serve as an 
energy source to support muscle contraction. 

In liver, glycogen breakdown serves a different purpose: 
to release glucose into the blood when the blood 
glucose level drops, as it does between meals.



The sugar nucleotide UDP-
glucose donates glucose for 

glycogen synthesis

Many of the reactions in which 
hexoses are transformed or 
polymerized involve sugar 
nucleotides, compounds in 
which the anomeric carbon of 
a sugar is activated by 
attachment to a nucleotide 
through a phosphate ester 
linkage. 

Sugar nucleotides are the 
substrates for polymerization 
of monosaccharides into di-
saccharides, glycogen, starch, 
cellulose, and more complex 
extracellular polysaccharides.



The suitability of sugar nucleotides for biosynthetic
reactions stems from several properties:
Their formation is metabolically irreversible, contributing to the 

irreversibility of the synthetic pathways in which they are 
intermediates. 

The condensation of a nucleoside triphosphate with a hexose 1-
phosphate to form a sugar nucleotide has a small positive free-
energy change, but the reaction releases PPi, which is rapidly 
hydrolyzed by inorganic pyrophosphatase in a reaction that is 
strongly exergonic (ΔG’° = −19.2 kJ/mol).

This keeps the cellular concentration of PPi low, ensuring that 
the actual free-energy change in the cell is favourable.

The rapid removal of the product, driven by the large, negative 
free-energy change of PPi hydrolysis, pulls the synthetic 
reaction forward.



A condensation reaction 
occurs between a nucleoside 
triphosphate (NTP) and a 
sugar phosphate. 

The negatively charged 
oxygen on the sugar 
phosphate serves as a 
nucleophile, attacking the 
phosphate of the nucleoside 
triphosphate and displacing 
pyrophosphate. 

The reaction is pulled in the 
forward direction by the 
hydrolysis of PPi by 
inorganic pyrophosphatase.

Sugar phosphate

Pyrophosphate (PPi)

Phosphate (Pi)

Net reaction:
Sugar phosphate + NTP → NDP-sugar + 2 Pi

Sugar nucleotide
(NDP-sugar)

NDP-sugar 
pyrophosphorylase

inorganic
pyrophosphatase

Formation of a sugar nucleotide



Glycogen synthesis takes place in virtually all animal 
tissues but is especially prominent in the liver and 
skeletal muscles. 

The starting point for synthesis of glycogen is glucose 6-
phosphate. 

This can be derived from free glucose in a reaction 
catalyzed by the isozymes hexokinase I and hexokinase
II in muscle and hexokinase IV (glucokinase) in liver:

D-glucose + ATP      D-glucose 6-phosphate + ADP

To initiate glycogen synthesis, the glucose 6-phosphate is 
converted to glucose 1-phosphate in the 
phosphoglucomutase reaction:

glucose 6-phosphate       glucose 1-phosphate



The product of this reaction is converted to UDP-glucose 
by the action of UDP-glucose pyrophosphorylase, in a 
key step of glycogen biosynthesis:

glucose 1-phosphate + UTP       UDP-glucose + PPi

UDP-glucose is the immediate donor of glucose residues in 
the reaction catalyzed by glycogen synthase, which 
promotes the transfer of the glucose residue from UDP-
glucose to a nonreducing end of a branched glycogen 
molecule.



A glycogen chain is elongated by glycogen synthase. 
The enzyme transfers the glucose residue of UDP-glucose to the nonreducing end of 

a glycogen branch to make a new (1→4) linkage.

Glycogen synthesis

UDP-glucose

New 
nonreducing

end

Elongated glycogen with n+1 residues

Nonreducing end of a glycogen chain 
with n residues (n > 4)

glycogen 
synthase



Glycogen synthase cannot make the (1→6) bonds found 
at the branch points of glycogen.

These are formed by the glycogen-branching enzyme, also 
called amylo (1→4) to (1→6) transglycosylase or 
glycosyl-(4→6)-transferase. 

The glycogen-branching enzyme catalyzes transfer of a 
terminal fragment of 6 or 7 glucose residues from the 
nonreducing end of a glycogen branch, having at least 11 
residues, to the C-6 hydroxyl group of a glucose residue 
at a more interior position of the same or another 
glycogen chain, thus creating a new branch.



Nonreducing
end

(1→4)

Nonreducing
end

Nonreducing
end

(1→6) 
Branch 
point

glycogen-branching 
enzyme

Branch synthesis in glycogen. 

The glycogen-branching enzyme (also called amylo (1→4) to 
(1→6) transglycosylase or glycosyl-(4→6)-transferase) forms a 
new branch point during glycogen synthesis.



Further glucose residues may be added to the new branch 
by glycogen synthase. 

The biological effect of branching is to make the glycogen 
molecule more soluble and to increase the number of 
nonreducing ends. 

This increases the number of sites accessible to glycogen 
phosphorylase and glycogen synthase, both of which act 
only at nonreducing ends.



Glycogenin primes the initial sugar residues in glycogen

Glycogen synthase cannot initiate a new glycogen chain de 
novo. 

It requires a primer, usually a preformed (1→4) 
polyglucose chain or branch having at least eight glucose 
residues. 

How is a new glycogen molecule initiated? 

The intriguing protein glycogenin is both the primer on 
which new chains are assembled and the enzyme that 
catalyzes their assembly.



The first step in the synthesis of a new glycogen molecule 
is the transfer of a glucose residue from UDP-glucose to 
the hydroxyl group of Tyr194 of glycogenin, catalyzed by 
the protein’s intrinsic glucosyltransferase activity.

The nascent chain is extended by the sequential addition of 
seven more glucose residues, each derived from UDP-
glucose; the reactions are catalyzed by the chain-
extending activity of glycogenin. 

At this point, glycogen synthase takes over, further 
extending the glycogen chain.



Glycogenin and the structure 
of the glycogen particle

Glycogenin catalyzes two 
distinct reactions. 

Initial attack by the hydroxyl 
group of Tyr194 on C-1 of the 
glucosyl moiety of UDP-
glucose results in a 
glucosylated Tyr residue. 

The C-1 of another UDP-
glucose molecule is now 
attacked by the C-4 hydroxyl 
group of the terminal glucose, 
and this sequence repeats to 
form a nascent glycogen 
molecule of eight glucose 
residues attached by (1→4) 
glycosidic linkages.



Glycogenin and the structure 
of the glycogen particle

Structure of the glycogen 
particle. 

Starting at a central glycogenin
molecule, glycogen chains (12 
to 14 residues) extend in tiers. 

Inner chains have two (1→6) 
branches each. 

Chains in the outer tier are 
unbranched. 

There are 12 tiers in a mature 
glycogen particle, consisting of 
about 55,000 glucose residues 
in a molecule of about 21 nm 
diameter and Mr 107.



Summary for „Metabolism of glycogen in animals” I.

• Glycogen is stored in muscle and liver as large particles. 
Contained within the particles are the enzymes that 
metabolize glycogen, as well as regulatory enzymes.

• Glycogen phosphorylase catalyzes phosphorolytic cleavage 
at the nonreducing ends of glycogen chains, producing 
glucose 1-phosphate. The debranching enzyme transfers 
branches onto main chains and releases the residue at the 
(1→6) branch as free glucose.

• Phosphoglucomutase interconverts glucose 1-phosphate and 
glucose 6-phosphate. Glucose 6-phosphate can enter 
glycolysis or, in liver, can be converted to free glucose 
by glucose 6-phosphatase in the endoplasmic reticulum, 
then released to replenish blood glucose.



Summary for „Metabolism of glycogen in animals” II.

• The sugar nucleotide UDP-glucose donates glucose 
residues to the nonreducing end of glycogen in the 
reaction catalyzed by glycogen synthase. A separate 
branching enzyme produces the (1→6) linkages at 
branch points.

• New glycogen particles begin with the autocatalytic 
formation of a glycosidic bond between the glucose of 
UDP-glucose and a Tyr residue in the protein 
glycogenin, followed by addition of several glucose 
residues to form a primer that can be acted upon by 
glycogen synthase.



2. Regulation of Metabolic 
Pathways



The pathways of glycogen metabolism provide, in the 
catabolic direction, the energy essential to oppose the 
forces of entropy and, in the anabolic direction, 
biosynthetic precursors and a storage form of metabolic 
energy.

These reactions are so important to survival that very 
complex regulatory mechanisms have evolved to ensure 
that metabolites move through each pathway in the 
correct direction.



Living cells maintain a dynamic steady state

Cells and organisms exist in a dynamic steady state, but 
not at equilibrium with their surroundings.

When the steady state is disturbed by some change in 
external circumstances or energy supply, the temporarily 
altered fluxes through individual metabolic pathways 
trigger regulatory mechanisms intrinsic to each pathway.

The net effect of all these adjustments is to return the 
organism to a new steady state − to achieve homeostasis.



Regulatory mechanisms evolved under strong selective 
pressures

Organisms have been under strong evolutionary pressure to 
develop regulatory mechanisms that respond to the 
[ATP]/[ADP] ratio. Similar arguments show the 
importance of maintaining appropriate [NADH]/[NAD] 
and [NADPH]/[NADP] ratios.

AMP concentration is a much more sensitive indicator of a 
cell’s energetic state than is ATP. 

Normally cells have a far higher concentration of ATP (5 
to 10 mM) than of AMP (<0.1 mM). 

When some process (say, muscle contraction) consumes 
ATP, AMP is produced in two steps. 



First, hydrolysis of ATP produces ADP, then the reaction 
catalyzed by adenylate kinase produces AMP:

2 ADP      AMP + ATP

If [ATP] drops by 10%, producing ADP and AMP in the 
same amounts, the relative change in [AMP] is much 
greater.

It is not surprising, therefore, that many regulatory 
processes hinge on changes in [AMP].

One important mediator of regulation by AMP is AMP-
dependent protein kinase (AMPK), which responds to 
an increase in [AMP] by phosphorylating key proteins, 
thereby regulating their activities.



The action of AMPK increases glucose transport and 
activates glycolysis and fatty acid oxidation, while 
suppressing energy-requiring processes such as the 
synthesis of fatty acids, cholesterol, and protein.

In addition to the cofactors ATP, NADH, and NADPH, 
hundreds of metabolic intermediates also must be present 
at appropriate concentrations in the cell. 

The glycolytic intermediates dihydroxyacetone phosphate 
and 3-phosphoglycerate are precursors of triacylglycerols
and serine, respectively. 

When these products are needed, the rate of glycolysis
must be adjusted to provide them without reducing the 
glycolytic production of ATP.



Enzyme activity can be altered in several ways

The activity of an enzyme can be modulated by changes in 
the number of enzyme molecules in the cell or by 
changes in the catalytic activity of each enzyme molecule 
already present, for example through allosteric regulation 
or covalent alteration.

The rate of synthesis of a protein can be adjusted by the 
production or alteration of a transcription factor, a 
protein that binds to a regulatory region of DNA adjacent 
to the gene in question, and increases the likelihood of its 
transcription into mRNA.



Factors that determine the activity of an enzyme

Blue arrows represent processes that determine the number of 
enzyme molecules in the cell.

Red arrows show factors that determine the enzymatic activity of an 
existing enzyme molecule. 

Each arrow represents a point at which regulation can occur.



The rate of protein degradation also differs from enzyme to 
enzyme and depends on the conditions in the cell; protein 
half-lives vary from a few minutes to many days.

Some proteins are synthesized as inactive forms, or 
proenzymes, that become active only when a proteolytic
event removes an inhibitory sequence in the proenzyme.

In vertebrates, liver is the most adaptable tissue; a change 
in diet from high carbohydrate to high lipid, for example, 
affects the transcription into mRNA of hundreds of genes 
and thus the levels of hundreds of proteins.

Changes in the number of molecules of an enzyme are 
generally relatively slow, occurring over seconds to 
hours.



Covalent modifications of existing proteins are faster, 
taking seconds to minutes. 

Various types of covalent modifications are known, such 
as adenylylation, methylation, or attachment of lipids. 

By far the most common type is phosphorylation and 
dephosphorylation.

Protein phosphorylation and 
dephosphorylation

Protein kinases transfer a 
phosphoryl group from ATP to a 
Ser, Thr, or Tyr residue in a 
protein. 

Protein phosphatases remove the 
phosphoryl group as Pi.



Phosphorylation may alter the electrostatic features of the 
active site, cause movement of an inhibitory region of the 
protein out of the active site.

For covalent modification to be useful in regulation, the 
cell must be able to restore the altered enzyme to its 
original condition. 

A family of phosphoprotein phosphatases, catalyze 
dephosphorylation of proteins that have been 
phosphorylated by protein kinases.



Summary for „Regulation of Metabolic Pathways”

• In a metabolically active cell in a steady state, 
intermediates are formed and consumed at equal rates. 
When a perturbation alters the rate of formation or 
consumption of a metabolite, compensating changes in 
enzyme activities return the system to the steady state.

• Regulatory mechanisms maintain nearly constant levels of 
key metabolites such as ATP and NADH in cells and 
glucose in the blood,  while matching the use or storage 
of glycogen to the organism’s changing needs.

• The activity of an enzyme can be regulated by changing the 
rate of its synthesis or degradation, by allosteric or 
covalent alteration of existing enzyme molecules.



3. Coordinated Regulation of 

Glycolysis and Gluconeogenesis



In mammals, gluconeogenesis occurs primarily in the liver, 
where its role is to provide glucose for export to other 
tissues when glycogen stores are exhausted.

Gluconeogenesis employs most of the enzymes that act in 
glycolysis, but it is not simply the reversal of glycolysis.

Seven of the glycolytic reactions are freely reversible, and 
the enzymes that catalyze these reactions also function in 
gluconeogenesis.

Three reactions of glycolysis are so exergonic as to be 
essentially irreversible: those catalyzed by hexokinase, 
and pyruvate kinase.



hexokinase glucose 6-phosphatase

phosphohexose isomerase

fructose
1,6-bisphosphate

phospho-
fructokinase-1

aldolase

triose phosphate 
isomerase

Glucose

Glucose 6-phosphate

Fructose 6-phosphate

Fructose 1,6-bisphosphate
Dihydroxyacetone

phosphate
Dihydroxyacetone
phosphate

Glyceraldehyde 3-phosphate

1,3-Bisphosphoglycerate

3-Phosphoglycerate

2-Phosphoglycerate

2-Phosphoenolpyruvate

Pyruvate

phosphoglycerate kinase

phosphoglycerate mutase

enolase

PEP carboxykinase

Oxaloacetate

pyruvate carboxylase

pyruvate kinase

glyceraldehyde phosphate
dehydrogenase

Glycolysis and 
gluconeogenesis

Opposing pathways of 
glycolysis (pink) and 
gluconeogenesis (blue) 
in rat liver.

Three steps are 
catalyzed by different 
enzymes in gluconeo-
genesis (the “bypass 
reactions”) and glyco-
lysis; seven steps are 
catalyzed by the same 
enzymes in the two 
pathways.

triose phosphate 
isomerase



Gluconeogenesis uses detours around each of these 
irreversible steps; for example, the conversion of fructose 
1,6-bisphosphate to fructose 6-phosphate is catalyzed by 
fructose 1,6-bisphosphatase.

At each of the three points where glycolytic reactions are 
bypassed by alternative, gluconeogenic reactions, 
simultaneous operation of both pathways would consume 
ATP without accomplishing any chemical or biological 
work.



ATP + fructose 6-phosphate 
ADP + fructose 1,6-bisphosphate

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

The sum of these two reactions is:
ATP + H2O      ADP + Pi + heat

Hydrolysis of ATP without any useful metabolic work 
being done.

If these two reactions were allowed to proceed 
simultaneously at a high rate in the same cell, a large 
amount of chemical energy would be dissipated as heat.

PFK-1

FBPase-1



Gluconeogenesis is regulated at several steps
In the pathway leading from pyruvate to glucose, the first 

control point determines the fate of pyruvate in the 
mitochondrion.

Pyruvate can be converted either to acetyl-CoA (by the 
pyruvate dehydrogenase complex) to fuel the citric acid 
cycle, or to oxaloacetate (by pyruvate carboxylase) to start 
the process of gluconeogenesis.

When fatty acids are readily available as fuels, their 
breakdown in liver mitochondria yields acetyl-CoA, a 
signal that further oxidation of glucose for fuel is not 
necessary. 

Acetyl-CoA is a positive allosteric modulator of pyruvate
carboxylase and a negative modulator of pyruvate
dehydrogenase.



Two alternative fates for pyruvate

Pyruvate can be converted to glucose 
and glycogen via gluconeogenesis
or oxidized to acetyl-CoA for 
energy production. 

The first enzyme in each path is 
regulated allosterically; acetyl-
CoA, produced either by fatty acid 
oxidation or by the pyruvate
dehydrogenase complex, stimulates 
pyruvate carboxylase and inhibits 
pyruvate dehydrogenase.



The increased concentration of acetyl-CoA inhibits the 
pyruvate dehydrogenase complex, slowing the 
formation of acetyl-CoA from pyruvate, and stimulates 
gluconeogenesis by activating pyruvate carboxylase, 
allowing excess pyruvate to be converted to glucose.

The second control point in gluconeogenesis is the 
reaction catalyzed by FBPase-1, which is strongly 
inhibited by AMP. 

The corresponding glycolytic enzyme, PFK-1, is 
stimulated by AMP and ADP but inhibited by citrate 
and ATP.



In general, when sufficient concentrations of acetyl-CoA
or citrate are present, or when a high proportion of the 
cell’s adenylate is in the form of ATP, gluconeogenesis
is favoured. 

AMP promotes glycogen degradation and glycolysis by 
activating glycogen phosphorylase (via activation of 
phosphorylase kinase) and stimulating the activity of 
PFK-1.



Fructose 2,6-bisphosphate is a potent regulator of 
glycolysis and gluconeogenesis

The special role of liver in maintaining a constant blood 
glucose level requires additional regulatory mechanisms 
to coordinate glucose production and consumption.

When the blood glucose level decreases, the hormone 
glucagon signals the liver to produce and release more 
glucose and to stop consuming it for its own needs. 

One source of glucose is glycogen stored in the liver; 
another source is gluconeogenesis.



The hormonal regulation of glycolysis and 
gluconeogenesis is mediated by fructose 2,6-
bisphosphate, an allosteric effector for the enzymes 
PFK-1 and FBPase-1.

fructose 2,6-bisphosphate



When fructose 2,6-bisphosphate binds to its allosteric site 
on PFK-1, it increases that enzyme’s affinity for its 
substrate, fructose 6-phosphate, and reduces its affinity 
for the allosteric inhibitors ATP and citrate. 

At the physiological concentrations of its substrates ATP 
and fructose 6-phosphate and of its other positive and 
negative effectors (ATP, AMP, citrate), PFK-1 is 
virtually inactive in the absence of fructose 2,6-
bisphosphate.

Fructose 2,6-bisphosphate activates PFK-1 and stimulates 
glycolysis in liver and, at the same time, inhibits FBPase-
1, thereby slowing gluconeogenesis.



Summary for „Coordinated Regulation of Glycolysis
and Gluconeogenesis”

• Three glycolytic enzymes are subject to allosteric
regulation: hexokinase IV, phosphofructokinase-1 
(PFK-1), and pyruvate kinase.

• PFK-1 is allosterically inhibited by ATP and citrate. In 
most mammalian tissues, including liver, PFK-1 is 
allosterically activated by fructose 2,6-bisphosphate.

• Pyruvate kinase is allosterically inhibited by ATP.

• Gluconeogenesis is regulated at the level of pyruvate
carboxylase (which is activated by acetyl-CoA) and 
FBPase-1 (which is inhibited by fructose 2,6-
bisphosphate and AMP).



4. Coordinated Regulation of 
Glycogen Synthesis and 

Breakdown



The mobilization of stored glycogen is brought about 
by glycogen phosphorylase, which degrades glycogen 
to glucose 1-phosphate.

Glycogen phosphorylase provides an especially 
instructive case of enzyme regulation.



Glycogen phosphorylase is regulated allosterically and 
hormonally

The glycogen phosphorylase of skeletal muscle exists in 
two interconvertible forms: glycogen phosphorylase a, 
which is catalytically active, and glycogen 
phosphorylase b, which is less active.

Phosphorylase b predominates in resting muscle, but 
during vigorous muscular activity the hormone 
epinephrine triggers phosphorylation of a specific Ser 
residue in phosphorylase b, converting it to its more 
active form, phosphorylase a.



Regulation of muscle glycogen phosphorylase
by covalent modification In the more active form of 

the enzyme, phospho-
rylase a, Ser14 residues, 
one on each subunit, are 
phosphorylated.

Phosphorylase a is 
converted to the less 
active form, phospho-
rylase b, by enzymatic 
loss of these phosphoryl
groups, catalyzed by 
phosphorylase a phos-
phatase (PP1).

Phosphorylase b can be 
reconverted (reactivated) 
to phosphorylase a by the 
action of phosphorylase b 
kinase.



The enzyme (phosphorylase b kinase) responsible for 
activating phosphorylase by transferring a phosphoryl
group to its Ser residue is itself activated by epinephrine 
or glucagon.

The second messenger cAMP increases in concentration in 
response to stimulation by epinephrine or glucagon.

Elevated [cAMP] initiates an enzyme cascade, in which a 
catalyst activates a catalyst, which activates a catalyst. 

Such cascades allow for large amplification of the initial 
signal.



The rise in [cAMP] activates cAMPdependent protein 
kinase, also called protein kinase A (PKA). 

PKA then phosphorylates and activates phosphorylase b 
kinase, which catalyzes the phosphorylation of Ser 
residues in each of the two identical subunits of glycogen 
phosphorylase, activating it and thus stimulating 
glycogen breakdown.

The glycogen phosphorylases of liver and muscle are 
isozymes, encoded by different genes and differing in 
their regulatory properties.



Glycogen synthase is also regulated by phosphorylation
and dephosphorylation

Glycogen synthase can exist in phosphorylated and 
dephosphorylated forms.

Its active form, glycogen synthase a, is unphosphorylated.

Phosphorylation of the hydroxyl side chains of several Ser 
residues of both subunits converts glycogen synthase a to 
glycogen synthase b, which is inactive unless its 
allosteric activator, glucose 6-phosphate, is present. 

Glycogen synthase is remarkable for its ability to be 
phosphorylated on various residues by at least 11 
different protein kinases.



The most important regulatory kinase is glycogen 
synthase kinase 3 (GSK3), which adds phosphoryl
groups to three Ser residues near the carboxyl terminus 
of glycogen synthase, strongly inactivating it. 

The action of GSK3 is hierarchical; it cannot 
phosphorylate glycogen synthase until another protein 
kinase, casein kinase II (CKII), has first phosphorylated
the glycogen synthase on a nearby residue, an event 
called priming.



Summary for „Coordinated Regulation
of Glycogen Synthesis and Breakdown” I.

• Glycogen phosphorylase is activated inresponse to 
glucagon or epinephrine, which raise [cAMP] and 
activate PKA. PKA phosphorylates and activates 
phosphorylase kinase, which converts glycogen 
phosphorylase b to its active a form. Phosphoprotein
phosphatase 1 (PP1) reverses the phosphorylation of 
glycogen phosphorylase a, inactivating it. Glucose binds 
to the liver isozyme of glycogen phosphorylase a, 
favouring its dephosphorylation and inactivation.



Summary for „Coordinated Regulation
of Glycogen Synthesis and Breakdown” II.

• Glycogen synthase a is inactivated by phosphorylation
catalyzed by GSK3. Insulin blocks GSK3. PP1, which is 
activated by insulin, reverses the inhibition by 
dephosphorylating glycogen synthase b.


