CARBOHYDRATE FUNCTIONS

Chemistry of
carbohydrates.
Glicogen biosynthesis








Carbohydrates provide the majority of energy in most
organisms (simple carbohydrates are sugars; complex
carbohydrates can be broken down into simple sugars).
Carbohydrates are structural components of cell walls and cell
membranes.
Carbohydrates serve as metabolic intermediates (e.g., glucoseglucose6-phosphate).
Carbohydrates (e.g., ribose, deoxyribose) are components of the
nucleotides that form DNA and RNA.
Carbohydrates play roles in lubrication, cellular
intercommunication, and immunity.

CARBOHYDRATE
CLASSIFICATION
Monosaccharides (e.g., glucose) are simple sugars. They
may be connected by glycosidic linkages to form the
following glycosides
glycosides..







Disaccharides (e.g., sucrose) are composed of two
monosaccharides.
Oligosaccharides (e.g., blood group antigens) are composed of
two to ten monosaccharides.
Polysaccharides (e.g., glycogen) are composed of more than 10
monosaccharides.

Aldoses and ketoses. The reactive group (i.e., aldehyde or ketone)
on a carbohydrate determines whether it is an aldose or a
ketose.
Aldoses (e.g., glucose) possess a reactive aldehyde ((-CHO) group.
Ketoses (e.g., fructose) possess a reactive ketone (>C=O) group.

Nomenclature






Carbon numbering system. In the general formula for
monosaccharides — CnH2nOn — n is the number of carbons.
Carbons are numbered sequentially with the carbon
possessing the aldehyde or ketone group assigned the lowest
possible number
The total number of carbons determines whether a
monosaccharide is a triose (3 carbons), a tetrose (4 carbons),
a pentose (5 carbons), or a hexose (6 carbons).
Monosaccharide and reactivereactive-group names can be combined
to designate compounds. For example, glucose is an
aldohexose (i.e., a hexose possessing an aldehyde group).

•
•

•

d-Aldoses containing three, four, five, and six carbon atoms.
d-Aldoses contain an aldehyde group (shown in blue) and have the
absolute configuration of d-glyceraldehyde at the asymmetric center
(shown in red) farthest from the aldehyde group.
The numbers indicate the standard designations for each carbon atom.



d -Ketoses containing threethree- four, five, and six carbon atoms. The keto group is
shown in blue. The asymmetric center farthest from the keto group, which
determines the d designation, is shown in red.

1. Asymmetric carbons.


STRUCTURES
Open--chain forms
Open

All monosaccharides are optically active because
they contain at least one asymmetric carbon (i.e.,
a carbon bonded to four different atoms or
groups of atoms). For the purposes of
nomenclature, monosaccharides are designated l
or d by comparison with the structure of
glyceraldehyde.

A dd-sugar is one that matches the configuration of d
d-glyceraldehyde around the asymmetric carbon that is farthest
from the aldehyde or ketone group. An LL-sugar matches L
L-glyceraldehyde.

2. Isomers
Isomers are compounds with the same chemical
formula. Optical isomers are alike with respect to
what atoms are bonded to each other but different
in how the atoms are oriented in space.

4. Enantiomers

3. Epimers
Epimers are isomers with conformations
that differ only at one carbon atom.

Enantiomers are isomers that are mirror
images. They rotate the same plane of
polarized light to exactly the same extent, but
in opposite directions. Their physical
properties are otherwise identical.
light is rotated to the right (i.e., clockwise),
the compound is dextrorotatory
If light is rotated to the left
(i.e.,counterclockwise), the compound is
levorotatory

If

Cyclic hemiacetals and hemiketals.
Hemiacetals are formed when an alcohol reacts with an
aldehyde, and can occur in linear or cyclic forms. In glucose,
the hydroxyl group on the CC-5 carbon can react
intramolecularly with the carbonyl group on CC-1 to form a
stable cyclic hemiacetal. The analogous reaction between a
ketone and an alcohol forms a hemiketal. Cyclic hemiketals
are formed by ketoses such as fructose.



Cyclic forms of sugar occur much
more frequently than do openopenchain sugar structures.

Cyclic forms of sugar occur much more frequently than do openopenchain sugar structures.
Ring structures of sugars can have a fivefive-membered ring called
a furanose or a sixsix-membered ring called a pyranose
pyranose..

Pyranose Formation. The openopen-chain form of glucose cyclizes when
the CC-5 hydroxyl group attacks the oxygen atom of the CC-1 aldehyde
group to form an intramolecular hemiacetal. Two anomeric forms,
designated α and β, can result.

Ring structures of sugars can have
a fivefive-membered ring called a
furanose or a sixsix-membered ring
called a pyranose

Furanose Formation. The openopen-chain form of fructose
cyclizes to a fivefive-membered ring when the CC-5 hydroxyl
group attacks the CC-2 ketone to form an intramolecular
hemiketal. Two anomers are possible, but only the α
anomer is shown.

Anomeric carbons


Mutarotation


Mutarotation is the process by which α and β
sugars, in solution, slowly change into an
equilibrated mixture of both.

Anomeric carbons are new asymmetric carbons (e.g.,
C-1 in glucose) that are created by cyclization during
hemiacetal and hemiketal formation.
 If the —OH on the anomeric carbon is below the
plane of the ring, the sugar is α.
 If the —OH on the anomeric carbon is above the
plane of the ring, the sugar is β.

GLYCOSIDIC LINKAGES




Glycosides. A sugar can react with an alcohol to form
a glycoside. If the sugar residue is glucose, the
glucoside.. If the residue is galactose, the
derivative is a glucoside
derivative is a galactoside
galactoside,, and so forth.
Disaccharides are glycosides formed by the reaction
of a sugar with an -OH of another sugar. Much of the
sugar in our diet is in the form of disaccharides. If a
disaccharide reacts with another sugar, the glycoside is a
trisaccharide,, and so forth.
trisaccharide

Physiologically Important
Disaccharides

Common Disaccharides. Sucrose, lactose, and maltose are
common dietary components.

Disaccharide Components
Lactose
Maltose
Sucrose

Galactose +
glucose
Glucose +
glucose
Glucose +
fructose

Sources
Components
Milk, dairy products
Hydrolysis of starch
Cane and beet
sugar

1. Starch


Polysaccharides

Starch is a mixture of amylose and amylopectin.
It is the storage form of glucose in plants (i.e.,
fruits and vegetables).

2. Glycogen


Glycogen is the major storage form of
carbohydrate in animals, found mostly in liver
and muscle. It is a more highly branched form
of amylopectin.

3. Cellulose


Cellulose is a structural component of plant
cells. It is not hydrolyzed or digested by human
enzymes, but it is an important source of bulk
fiber in the diet.

Branch Point in Glycogen. Two chains of glucose molecules joined
by α-1,4
1,4--glycosidic bonds are linked by an α-1,6
1,6--glycosidic bond to
create a branch point. Such an α-1,6
1,6--glycosidic bond forms at
approximately every 10 glucose units, making glycogen a highly
branched molecule.

Glycosidic Bonds Determine Polysaccharide Structure. The β-1,4
linkages favor straight chains, which are optimal for structural
purposes. The α-1,4 linkages favor bent structures, which are more
suitable for storage.

Physiologically Important Polysaccharides
Composed of Glucose
Polysaccharide Linkages
Amylose
α-1,4 linear

Importance
Component of dietary
starch

Amylopectin

Component of dietary
starch
Nondigestible component
of plants
Major storage form of
carbohydrate in animals

Cellulose
Glycogen

α-1,41,4-linear + α-1,6
branching*
β-1,4 linear
α-1,4 linear + α-1,6
branching*

CARBOHYDRATE DERIVATIVES


Phosphoric acid esters of monosaccharides
(phosphorylated sugars), such as DD-glucoseglucose-1phosphate, are metabolic intermediates.
Phosphorylation is the initial step in the
metabolism of sugars.

*ln amylopectin, branching points occur every 2525-30 glucose
residues.. In glycogen, they occur every 8-10 residues
residues
residues..

Amino sugars


Amino sugars have a hydroxyl group replaced
by an amino or an acetylamino group.
Glucosamine is the product of the hydrolysis of
chitin, the major polysaccharide of the shells of
insects and crustaceans.
 Galactosamine is found in the polysaccharide of
cartilage, chondroitin sulfate.


Modified Monosaccharides. Carbohydrates can be modified by the
addition of substituents (shown in red) other than hydroxyl groups.
Such modified carbohydrates are often expressed on cell surfaces.

Sugar acids


Sugar acids are produced by oxidation of the
aidehydic carbon, the terminal hydroxyl carbon,
or both.

Deoxy sugars


Deoxy sugars possess a hydrogen atom in place
of one of their hydroxyl groups. These include
2-deoxyribose, which is found in DMA.

Ascorbic acid (vitamin C) is a sugar acid.
 Glucuronic acid is a component of proteoglycans and is
involved in the metabolism of bilirubin.


Sugar alcohols



Aldoses yield the corresponding alcohols.







GLYCOPROTEINS

Structure. Aldoses and ketoses may be reduced at the
carbonyl carbon to the corresponding polyhydroxy alcohols
(sugar alcohols).



D-Glucose yields D-sorbitol
sorbitol..
D-Mannose yields D-mannitol
mannitol..

Ketoses form two alcohols because a new asymmetric carbon is
formed in the process. For example, DD-fructose, DD-ketose, yields DDmannitol and DD-sorbitol.

Function. The sugar alcohols function mainly as
intermediates in minor pathways. However, overproduction of
sorbitol is clinically important in patients with uncontrolled
diabetes.



GLYCOPROTEINS are proteins that possess
a covalently attached polysaccharide chain.

Physiologic functions of glycoproteins

Protein--carbohydrate linkages
Protein


Structural molecules (e.g., components of cell walls
and membranes)
 Lubricants (e.g., components of mucus)
 Cell attachment and recognition sites
 Certain hormones [e.g., human chorionic
gonadotropin (hCG), thyrotropin]
 Immunologic components (e.g., immunoglobulins,
complement, interferon)




O-linked glycoproteins. Sugars are attached via the
hydroxyl group of a serine (Ser) or threonine (Thr)
residue.
N-linked glycoproteins. Sugars are attached via the
amide NH2 group of an asparagine residue. There are
three major classes of NN-linked glycoproteins.




Glycosidic Bonds between Proteins and Carbohydrates. A
glycosidic bond links a carbohydrate to the side chain of asparagine
(N-linked) or to the side chain of serine or threonine (O
(O-linked).
The glycosidic bonds are shown in red.

Each class contains a common pentasaccharide core (core
oligosaccharide), which is linked to asparagine via NNacetylglucosamine.
Depending on which other sugars are attached to this core, it is
termed high mannose, complex, or hybrid

Proteoglycans (mucopolysaccharides)



Proteoglycans (mucopolysaccharides) are
distinguished from other glycoproteins by the
nature of the attached polysaccharide.

Glycosaminoglycan

Glycosaminoglycans

Structure. Glycosaminoglycans consist of repeating
disaccharide units in which DD-glucosamine or oo-galactosamine,
or a derivative, is always present.
Heparin,, a free glycosaminoglycan and an anticoagulant, is an
Heparin
intracellular component of mast cells, found near the walls
of blood vessels and on the surface of endothelial cells.





Glycosaminoglycans are the polysaccharide
portions of proteoglycans.











N -linked oligosaccharides. A pentasaccharide core (shaded yellow)
is common to all N-linked oligosaccharides and serves as the
foundation for a wide variety of N-linked oligosaccharides, two of
which are illustrated: (A) highhigh-mannose type; (B) complex type.

Function. Proteoglycans are present in several tissues and fluids. In
many cases they form the ground substance (i.e., extracellular
medium) of connective tissues.
Mucopolysaccharidoses are genetic disorders of proteoglycan
metabolism. They are characterized by the excessive accumulation and
excretion of glycosaminoglycans.

Cause. Deficiencies of lysosomal enzymes that are responsible
for the degradation of mucopolysaccharides cause these
disorders.
Clinical manifestations include skeletal deformities, mental
retardation, and early death in severe cases.

Structure and Occurrence of
Glycosarninoglycans
Glycosaminoglycan

Repeating Unit

Hyaluronic acid

Glucuronic acidacid-Nacetylglucosamine

Chondroitin sultate

Glucuronic acidacid-NCartilage, bone
acetylgalactosamine*

Keratan sulfate

Galactose-NGalactoseCartilage
acetylgalactosamine*

Heparan sultate

Glucuronic acid*acid*-

Tissue Distribution
Joint fluid, eye fluid

Lung, muscle, liver

glucosamine*

Dermatan sulfate

Iduronic acid*acid*-NSkin, lung
acetylgalactosamine*

* Indicates that the sugar residue is sulfated.

Mucopolysaccharidoses
Type

Syndrome

Enzymatic Defect

Accumulated
Metabolite

I

Hurler or Scheie

α-L-lduronidase

Dermatan sulfate
Heparan sulfate

II

Hunter

Iduronate sulfatase

Dermatan sulfate
Heparan sulfate

IIIA

Sanfilippo A

Heparan N
N--sulfatase

Dermatan sulfate
Heparan sulfate

IIIB

Sanfilippo B

N-Acetylglucosaminidase

Dermatan sulfate
Heparan sulfate

IV

Morquio

N-Acetylgalactosamine
Acetylgalactosamine--6sulfatase

Dermatan sulfate
Heparan sulfate

VI

MaroteauxMaroteaux-Lamy

N-Acetylgalactosamine
Acetylgalactosamine--4sulfatase

Dermatan sulfate
Heparan sulfate

VII

Sly

β-Glucuronidase

Dermatan sulfate
Heparan sulfate

BLOOD GROUP ANTIGENS


Antigen--antibody response. A like
Antigen
antigen

Clinical relevance


Clinical relevance. Before a patient can be
given a blood transfusion or a tissue transplant,
the blood or tissue types must be matched with
the donor. Use of mismatched blood or tissue
could be fatal to the patient. The specific blood
type corresponds to the presence of a specific
blood group antigen.

BLOOD GROUP ANTIGENS are specific
classes of oligosaccharides that may be bound
to proteins, lipids, or membranes. More than 20
different blood groups and more than 150
different antigens have been described.



Antigen-antibody response. A like antigen is
Antigennormally present in the host, and the host will
not produce antibodies against it. A foreign
antigen is not normally present in the host, and
the host will produce antibodies against it.

Blood Types

ABO blood group
1.



ABO blood group. This blood group is
comprised of the ABO antigens, which are
distinguished by a different singlesingle-sugar moiety
on an otherwise common oligosacchaoligosaccha-ride core.

2.

3.

4.

Structures of A, B, and O Oligosaccharide Antigens. Abbreviations:
Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine;
GlcNAc, N-acetylglucosamine.

Blood type O. People with type O blood make antibodies against
type A and type B antigens. They can only receive blood from
another type O individual but may donate blood to an individual
with any other blood type (i.e., type O individuals are universal
donors).
donors
).
Blood type A. People with type A blood make antibodies only to
type B antigens. They can receive blood from type O or type A
donors, but may donate blood to either type A or type AB
recipients.
Blood type B. People with type B blood make antibodies only to
type A antigens. They can receive blood from type O or type B
donors, but may donate blood to either type B or type AB
recipients.
Blood type AB. People with type AB blood make no antibodies to
type A or B antigens. They may receive blood from any donor (i.e.,
type AB individuals are universal recipients),
recipients), but may donate
blood only to other type AB individuals.

GLYCOGEN
• GLYCOGEN is the storage form of
glucose. Glycogen stores allow humans
to eat intermittently by providing an
immediate source of blood glucose for use
as a metabolic fuel

Glycogen Structure. In this structure of two outer branches of a glycogen
molecule, the residues at the nonreducing ends are shown in red and
residue that starts a branch is shown in green. The rest of the glycogen
molecule is represented by R

•

Structure

Glycogen is a large
branched polymer
of glucose
molecules linked by
α-1 4-glycosidic
linkages, branches
arise by α-1,6glycosidic bonds at
approximately every
tenth residue

Storage.
• Storage. The polymeric nature of glycogen allows
energy to be sequestered without the problems from
osmotic effects that glucose would cause
• Sites of glycogen storage are primarily the muscle
and liver.
– Although the concentration of glycogen is higher in the liver, the
much greater mass of skeletal muscle stores a greater total
amount of glycogen
– Liver can mobilize its glycogen for the release of glucose to the
rest of the body, but muscle can only use its glycogen for its own
energy needs

• Duration of glycogen storage. In humans, liver
glycogen stores are typically adequate for up to 12 hours
without support from gluconeogenesis

Electron Micrograph of a Liver Cell. The dense particles in the cytoplasm
are glycogen granules.

•

Glycogen exists in
the cytosol as
granules, which
also contain the
enzymes that
catalyze its
formation and use

UDP-glucose

GLYCOGENESIS (glycogen
synthesis)

Synthesis of uridine diphosphate glucose
(UDP-glucose), the precursor of glycogen
• 1. UDP-glucose, an activated form
of glucose, is formed from uridine
triphosphate (UTP) and glucose-1phosphate (G1P)
G1P + UDP → UDP-glucose + PPi
• 2. UDP-glucose
pyrophosphorylase catalyzes this
reaction. Although this is a
reversible reaction, the hydrolysis
of inorganic pyrophosphate (PPi)
by cellular pyrophosphatases
renders it essentially irreversible
under cellular conditions.

Glycogen synthase
catalyzes reaction, which is the
rate-limiting step in glycogen
synthesis

Formation of the amylose chains
• 1. The synthesis of new
glycogen requires the
presence of existing
glycogen chains and
glucosyl residues from
UDP-glucose. The
residues are successively
transferred to the C-4
terminus of an existing
glycogen chain in α-1,4glycosidic linkages.
UDP-glucose + glycogen(n residues) → UDP + glycogen (n+1 residues)

Formation of branch chains and
further growth
• 1. In branch formation, seven-residue segments of the
amylose terminal chains are transferred to a C-6
hydroxyl group of a glucosyl residue that is four residues
away from an existing branch. A terminal branch must be
at least eleven residues in length before a segment is
transferred from it.
• 2. Glycosyl-4:6-transferase (branching enzyme)
catalyzes this reaction.
• 3. A genetic defect in the branching enzyme causes
type IV glycogen storage disease
• (Andersen's disease). Infants born with this disease
suffer cirrhosis and failure of the liver as well as
hepatosplenomegaly. Most affected infants die by the
age of 2 years.

Formation of branch chains and
further growth
• Segments of the amylose chain are
transferred onto the C-6 hydroxyl of
neighboring chains, forming α-1,6
linkages.

GLYCOGENOLYSIS. OVERVIEW

GLYCOGENOLYSIS
(glycogen utilization)

Phosphorolytic cleavage of the
terminal α-1,4-glycosidic bond

Phosphorolytic cleavage of the
terminal α-1,4-glycosidic bond
• 1. This cleavage reaction
yields G1P and a glycogen
chain that is smaller by one
glucose unit.
GIycogen (n residues) + Pi → Glycogen(n-1 residues) + G1P

Glycogen phosphorylase catalyzes this reaction. It is a dimeric enzyme that
utilizes pyridoxal phosphate as a prosthetic group. Different isozymes of
glycogen phosphorylase are present in different tissues.

• Structure of Glycogen
Phosphorylase. This enzyme
forms a homodimer: one
subunit is shown in white
and the other in yellow. Each
catalytic site includes a
pyridoxal-phosphate (PLP)
group, linked to lysine 680 of
the enzyme. The binding site
for the phosphate (Pi)
substrate is shown.

This reaction is the rate-limiting step in glycogenolysis

The debranching enzyme
• The debranching enzyme
catalyzes this reaction. This
enzyme is a single polypeptide
that possesses two enzymatic
activities necessary for the
removal of branches.
– 1,4 → 1,4-glucan transferase
(glucosyl transferase). In this
step, three glucosyl residues
from a branch are transferred
onto a chain terminus, leaving
a single residue on C-6.
– α-1,6-Glucosidase (amylo-6glucosidase). In this step, a
single residue on C-6 is
removed to yield a free
glucose molecule.

Removal of branch chains

Glycogen Remodeling. First, α-1,4-glycosidic bonds on each branch are
cleaved by phosphorylase, leaving four residues along each branch. The
transferase shifts a block of three glycosyl residues from one outer
branch to the other. In this reaction, the α-1,4-glycosidic link between the
blue and the green residues is broken and a new α-1,4 link between the
blue and the yellow residues is formed. The green residue is then removed
by α-1,6-glucosidase, leaving a linear chain with all α-1,4 linkages, suitable
for further cleavage by phosphorylase.

In lysosomes

•

In lysosomes, a different enzyme, α-1,4
glucosidase, is involved in debranching.

Disorders due to genetic defects
in debranching enzymes
•

•

Type II glycogen storage disease (Pompe's
disease) is due to a defect in the ly-sosomal
a-1,4-glucosidase. Glycogen accumulates
and causes problems in the central nervous
system (CNS), which leads to psychomotor
retardation, an enlarged heart, and
eventually failure of the heart and lungs.
Type III glycogen storage disease (Cori's
disease, Forbes' disease) is due to a defect
in the debranching enzyme. This disease
also causes heart and lung problems,
stunted growth, an enlarged liver,
hypoglycemia, and acidosis.

REGULATION OF GLYCOGEN
METABOLISM

PHOSPHORYLATION
CASCADES
• PHOSPHORYLATION CASCADES. The
enzymes of glycogen metabolism undergo
a sequential covalent modification by
means of phosphorylation. This process
provides a very large amplification of the
initial stimulus.

Cascade regulation of glycogen
synthase activity
•

Glycogen synthase exists in two forms.
– The inactive form is designated D because it is dependent.
• (1) The D form is the phosphorylated form of the enzyme.
• (2) The D form is an allosteric enzyme form that may be activated by high concentrations
of glucose-6-phosphate (G6P).

– b. The active form is designated I because it is independent.
• (1) The I form of glycogen synthase is the dephosphorylated form of the enzyme.
• (2) The I form does not require G6P for activity.

•

The interconversion of the D and I forms of glycogen synthase is catalyzed
by a cyclic adenosine monophosphate (cAMP)-dependent protein kinase.

Coordinate Control of Glycogen Metabolism
• Glycogen metabolism is
regulated,
in
part,
by
hormone-triggered
cyclic
AMP cascades:
– glycogen degradation;
– glycogen synthesis.

•

Inactive forms are shown in
red, and active ones in
green.
• The sequence of reactions
leading to the activation of
protein kinase A is the same
in the regulation of glycogen
degradation and synthesis.
• Phosphorylase kinase also
inactivates
glycogen
synthase.

Regulatory cascade
• Adenylate cyclase regulates the activity of the kinase
by regulating the level of cAMP.
• Adenylate cyclase is activated by the hormones
epinephrine and glucagon, depending on the tissue.
• Only a few molecules of hormone are needed to activate
adenylate cyclase, which then produces a large number
of cAMP molecules, each of which can activate a cAMPdependent protein kinase enzyme molecule.
• This active enzyme in turn phosphorylates a large
number of glycogen synthase molecules, converting
each of them to the D form.

Insulin Activates Protein Phosphatase 1. Insulin triggers a cascade leading
to the activation of protein phosphatase 1, which results in the stimulation
of glycogen synthesis and inhibition of its breakdown. The activated
receptor tyrosine kinase switches on a putative master kinase that
phosphorylates the insulin-sensitive protein kinase. In turn, the glycogentargeting subunit (RGl subunit) of the phosphatase is phosphorylated,
which activates the enzyme.

Regulatory Cascade for Glycogen Breakdown.
•
•

Glycogen degradation is stimulated by hormone binding to βreceptors.
Hormone binding initiates a G-protein-dependent signal-transduction
pathway that results in the phosphorylation and activation of glycogen
phosphorylase.

Cascade regulation of glycogen
phosphorylase activity

Glycogen phosphorylase exists
in two forms.

• Phosphorylase a is the phosphorylated
active form of the enzyme.
• Phosphorylase b is the
dephosphorylated inactive form of the
enzyme.

The interconversion of phosphorylases a
and b is catalyzed by two enzymes

• Phosphorylase kinase
phosphorylates a specific
serine residue on each subunit
of phosphorylase b to convert
it to phosphorylase a. The
activity of this protein kinase is
regulated by adenylate
cyclase, which regulates the
level of cAMP and
consequently is regulated by
epinephrine and glucagon.
• A phosphatase
dephosphorylates that serine
residue of phosphorylase a to
regenerate the b form.

Phosphorylase Regulation. Both phosphorylase b and phosphorylase a
exist as equilibria between an active R state and a less-active T state.
Phosphorylase b is usually inactive because the equilibrium favors the T
state. Phosphorylase a is usually active because the equilibrium favors
the R state. Regulatory structures are shown in blue and green.

Structures of Phosphorylase A and Phosphorylase B . Phosphorylase a is
phosphorylated on serine 14 of each subunit. This modification favors the
structure of the more active R state. One subunit is shown in white, with
helices and loops important for regulation shown in blue and red. The
other subunit is shown in yellow, with the regulatory structures shown in
orange and green. Phosphorylase b is not phosphorylated and exists
predominantly in the T state.

Allosteric Regulation of Muscle Phosphorylase. A low energy charge,
represented by high concentrations of AMP, favors the transition to the R
state.

Activation of Phosphorylase Kinase. Phosphorylase kinase is activated
by hormones that lead to the phosphorylation of the β subunit and by
Ca2+ binding of the δ subunit. Both types of stimulation are required for
maximal enzyme activity.

Regulation of Protein Phosphatase 1 (PP1). Phosphorylation of RGl by
protein kinase A dissociates the catalytic subunit from the glycogen
particle and hence the PP1 substrates. Inhibition is complete when the
inhibitor subunit (I) is phosphorylated and binds to PP1 to inactivate it.

in muscle
• Epinephrine promotes glycogenolysis and
inhibits glycogenesis.
– (1) It stimulates the formation of cAMP by activating
adenylate cyclase.
– (2) When epinephrine is released and acts upon the
muscle cell membrane, glycogenolysis is activated via
the phosphorylation cascade, and simultaneously,
glycogenesis is retarded.

• Insulin increases glycogenesis and decreases
glycogenolysis.
– (1) It heightens the entry of glucose into the muscle
cells.
– (2) It reduces cAMP levels, probably by speeding up
the destruction of cAMP by phosphodiesterase.

Hormonal regulation

Signal cascades lead to the mobilization of glycogen to produce
glucose, an energy source for runners.

In the liver
•

Glucagon activates adenylate cyclase in the liver cell
membranes and thus turns on glycogenolysis and
reduces glycogenesis.
Insulin increases glycogenesis in the liver by
increasing the activity of glycogen synthase by a
mechanism that is not yet clear.
The glucagon:insulin ratio appears to be more
important than the absolute level of either hormone.

•

•
–
–

Insulin domination provides for the storage of glycogen after a
meal.
Glucagon domination favors mobilization of glycogen stores as
the blood glucose level declines.

Antithetic effects of covalent
modification
• With separate systems for the synthesis and
degradation of glycogen, and with GlP acting as
a common intermediate, the possibility of a futile
cycling of glycogen must be considered.
• The futile cycle is avoided because covalent
modification, by phosphorylation, has opposite
effects on the enzymes concerned with the
synthesis and degradation of glycogen.

