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• if the synthesis and degradation occur in the same time, all what we get is just
loss of energy in the form of UTP ( UTP that have been converted to UDP in the
synthesis reaction, will not be reproduced in the degradation)
• so the process of glycogen synthesis and degradation must be regulated .
• glycogen synthesis and degradation do not occur in the same cell at the same
time , otherwise this will just represent waste of energy.
• Now , how regulation occurs?
• Regulation of synthesis and degradation is accomplished on two levels.
-First, glycogen synthase and glycogen phosphorylase are hormonally regulated (by
covalent phosphorylation/dephosphorylation) to meet the needs of the body as a
whole.
-Second, these same enzymes are allosterically regulated (by effector molecules) to
meet the needs of a particular tissue.
A. Covalent activation of glycogenolysis (degradation)
- a hormonal regulation
- occurs in response to the blood glucose level .
- The binding of glucagon hormone ( secreted from the pancreas) to plasma membrane
G protein–coupled receptors signals the need for glycogen to be degraded to elevate
blood glucose levels .

1. Protein kinase A activation:
- Binding of glucagon or to its specific hepatocyte GPCR, results in the G protein–
mediated activation of adenylyl cyclase. This enzyme catalyzes the synthesis of
cyclic adenosine monophosphate (cAMP), which activates cAMP-dependent
protein kinase A (when it is inactive it is a tetramer, two catalytic subunits and
two regulatory subunits)
- cAMP binds the two regulatory subunits of tetrameric PKA, separating the two
regulatory subunits from catalytic subunits, releasing two individual catalytic subunits
that are active .
-Note: When cAMP is removed, the inactive tetramer reforms.
2.Phosphorylase kinase activation:
-Phosphorylase kinase exists in two forms: an inactive “b” form and an active “a”
form. Active PKA phosphorylates the inactive “b” form of phosphorylase kinase,
producing the active “a” form.
3.Glycogen phosphorylase activation:
- Glycogen phosphorylase also exists in a dephosphorylated, inactive “b” form and
a phosphorylated, active “a” form.
- Phosphorylase kinase a is the only enzyme that phosphorylates glycogen
phosphorylase b to its active “a” form, which then begins glycogenolysis
Signal amplification:
-The cascade of reactions described above activates glycogenolysis.
-The large number of sequential steps serves to amplify the effect of the hormonal
signal (that is, a few hormone molecules binding to their GPCR result in a number of
PKA molecules being activated that can each activate many phosphorylase kinase
molecules).
-This causes the production of Large number of active glycogen phosphorylase
molecules that can degrade glycogen.

- The termination of glycogen degradation
1-by converting cAMP to 5’-AMP
- the enzyme phosphodiesterase catalyses the hydrolysis of one of the two ester
bonds in the cyclic AMP making it a 5’-AMP
2- by removing the phosphate group from phosphorylase kinase and glycogen
phosphorylase enzymes.
- this step is catalysed by protein phosphatase enzyme.
- these phosphatases are activated by insulin (high insulin means high blood
glucose so no need to glycogen degradation)
- so insulin acts mainly by activating protein phosphatases .
- The phosphate groups added to phosphorylase kinase and phosphorylase in
response to glucagon are removed by the enzyme that hydrolytically removes the
phosphate, protein phosphatase-1 , in response to insulin, so insulin opposes the
effects of glucagon .

Note: protein phosphatase is inhibited by glucagon
- glucagon activates an inhibitor protein that inhibits protein phosphatase.
B. Covalent inhibition of glycogenesis ( glycogen synthesis) by glucagon
• The regulated enzyme in glycogenesis, glycogen synthase, also exists
in two forms, the active “a” form and the inactive “b” form.
• However, in contrast to phosphorylase kinase
and phosphorylase, the active form of glycogen
synthase is dephosphorylated, whereas the
inactive form is phosphorylated at several sites
on the enzyme, with the level of inactivation
proportional to the degree of phosphorylation
• Phosphorylation is catalyzed by several
different protein kinases in response to cAMP
(for example, PKA and phosphorylase kinase)
• inactive Glycogen synthase can be
reconverted to the active form by Protein
phosphatase-1
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• Summary of the hormone-mediated covalent
regulation of glycogen metabolism.

C. Allosteric regulation of glycogenesis and glycogenolysis
- the covalent regulation occurs by adding phosphate group covalenty (by ester
bond formation between the phosphate group and the protein)
- this requires increased level of glucagon in the blood and activation of many
enzymes so it takes some time (minutes to hours)
- by contrast, allosteric regulation is a constant regulation at the level of the cell
- it is much more faster than the covalent (hormonal) regulation .
- glycogen synthase and glycogen phosphorylase respond to the levels of
metabolites and energy needs of the cell.
- Glycogenesis is stimulated when glucose and energy levels are high, whereas
glycogenolysis is increased when glucose and energy levels are low.
1. Regulation in the well-fed state: In the well-fed state:
- In the well-fed state, glycogen synthase b in both liver and muscle is
allosterically activated by glucose 6- phosphate, which is present in elevated
concentrations .
- In contrast, glycogen phosphorylase a is allosterically inhibited by glucose 6phosphate, as well as by ATP, a high-energy signal.
- Note: In liver, but not muscle, free glucose is also an allosteric inhibitor of
glycogen phosphorylase a.
2. Glycogenolysis activation by AMP:
- Muscle glycogen phosphorylase (myophosphorylase), but not the liver isozyme, is
active in the presence of the high AMP concentrations that occur under extreme
conditions of anoxia and ATP depletion.
- AMP binds to glycogen phosphorylase b, causing its activation without
phosphorylation

3. Glycogenolysis activation by calcium:
- what is the significance of calcium being activator of glycogen phosphorylase
in the muscle ?
• high levels of calcium could activate glycogen degradation for two reasons.
-The first is that calcium could bind to calmodulin and activate Phosphorylase
Kinase.
- The second is that high levels of calcium as we all know, indicate powerful
contractions. So, energy must be made to accommodate these powerful
contractions.
- Calcium (Ca2+) is released into the sarcoplasm in muscle cells (myocytes) in
response to neural stimulation and in the liver in response to epinephrine binding
to α1-adrenergic receptors.
- The Ca2+ binds to calmodulin (CaM), which activates the tetrameric
phosphorylase kinase
- phosphorylase kinase phosphorylases glycogen phosphorylase activating it.

Liver phosphorylase kinase activation:
-During physiologic stress, epinephrine is released from the adrenal medulla and signals
the need for blood glucose.
-Binding of epinephrine to hepatocyte α receptor ,activates phospholipase C molecule
- phospholipase C cleave of PIP2 ( phosphatidylinositol 4,5-bisphosphate )
- The products of this cleavage, inositol 1,4,5-trisphosphate (IP3) and DAG
- IP3 binds to the calcium channels in the endoplasmic reticulum and act to increase the
calcium concentration which then bind to calmodulin .
- A Ca2+– CaM complex forms and activates hepatic phosphorylase kinase.

Calmodulin
- is a small protein that can bind 4 calcium
ions.
- when calcium level is increased it binds
reversibly to calmodulin forming a complex
(Ca2+– CaM complex)
- it can activate many enzymes
- one of them is phosphorylase kinase .

Metabolism of monosaccharides and disaccharides
* fructose metabolism
- About 10% of the calories in our daily diet are supplied by fructose.
- The major source of fructose is the disaccharide sucrose.
- Fructose is also found as a free monosaccharide in many fruits, in honey, and
in high-fructose corn syrup .
- Fructose transport into cells is not insulin dependent.
- fructose does not promote the secretion of insulin.
- fructose is not found in high concentration in the blood because it is rapidly
removed from the blood into liver .
1- Phosphorylation
- For fructose to enter the pathways
of intermediary metabolism, it must
first be phosphorylated .
- This can be accomplished by either
hexokinase or fructokinase.
- Hexokinase phosphorylates
glucose in most cells of the
body ,However, it has a low affinity
for fructose Therefore, little fructose
is phosphorylated by hexokinase .
- Fructokinase provides the primary
mechanism for fructose
phosphorylation.
- Fructokinase is found in the liver
(which processes most of the dietary
fructose), kidneys, and the small
intestine and converts fructose to
fructose 1-phosphate, using ATP as
the phosphate donor.

2- Fructose 1-phosphate cleavage
- Fructose 1-phosphate is not phosphorylated to fructose 1,6- bisphosphate as is
fructose 6-phosphate but is cleaved by aldolase B (also called fructose 1-phosphate
aldolase) to two trioses, dihydroxyacetone phosphate (DHAP) and glyceraldehyde.
- DHAP can be used in glycolysis or gluconeogenesis, whereas glyceraldehyde can
be metabolized by a number of pathways .
- Note: Humans express three aldolase isozymes (the products of three different
genes):
-aldolase A in most tissues
-aldolase B in the liver, kidneys, and small intestine
- and aldolase C in the brain.
All cleave fructose 1,6-bisphosphate produced during glycolysis to DHAP and
glyceraldehyde 3-phosphate but only aldolase B cleaves fructose 1-phosphate.

Summary of fructose metabolism

Disorders of fructose metabolism
1- fructokinase deficiency
- essential fructosuria
- a benign condition
- when fructokinase is deficient, there will be no phosphorylation of fructose »the
whole metabolism pathway is halted »accumulation of fructose »fructose will diffuse
through the cell membrane therefore it will be excreted in the urine»a condition called
Fructosuria.
- people with fructokinase deficiency are lucky, because half of the
amount of fructose they eat will excreted in the urine so they eat food containing
fructose without worrying of getting weight.
2- aldolase B deficiency
- hereditary fructose intolerance (fructose poisoning)
- The first symptoms of HFI appear when a baby is weaned from lactose-containing
milk and begins ingesting food containing sucrose or fructose.
- Fructose 1-phosphate accumulates, resulting in a drop in the level of inorganic
phosphate (Pi) and, therefore, of ATP production
- As ATP falls, adenosine monophosphate (AMP) rises.
- The AMP is degraded, causing hyperuricemia (and lactic acidemia).
- The decreased availability of hepatic ATP decreases gluconeogenesis (causing
hypoglycemia with vomiting) and protein synthesis (causing a decrease in bloodclotting factors and other essential proteins).
- Renal reabsorption of Pi is also decreased. (Note: The drop in Pi also inhibits
glycogenolysis)
-With HFI, sucrose, fructose ,as well as sorbitol , must be removed from the diet to
prevent liver failure and possible death .

Glucose conversion to fructose via sorbitol
- this figure represents a cell in the seminal vesicles :
• Sorbitol synthesis :
- the enzyme Aldose reductase reduces
the aldehyde group at C1 of glucose
gives us a hydroxyl group producing
sorbitol molecule.
• sorbitol is not a sugar, it is a
polyalchohol
- it is a sweatner. and it is usually used in
gum production.
- This enzyme (aldose reductase)
is found in many tissues, including
the retina, lens, kidneys, peripheral
nerves, ovaries, and seminal
vesicles.
- A second enzyme, sorbitol
dehydrogenase, can oxidize sorbitol to
fructose in cells of the liver, ovaries, and
seminal vesicles .
- The two-reaction pathway from
glucose to fructose in the seminal
vesicles benefits sperm cells, which
use fructose as a major carbohydrate
energy source.
- The pathway from sorbitol to fructose in the liver provides a mechanism by
which any available sorbitol is converted into a substrate that can enter glycolysis.

Hyperglycemia and sorbitol metabolism:
- Because insulin is not required for the entry
of glucose into cells of the retina, lens,
kidneys, and peripheral nerves, large
amounts of glucose may enter these cells
during times of hyperglycemia (for example,
in uncontrolled diabetes).
- Elevated intracellular glucose
concentrations causes aldose reductase to
produce a significant increase in the
amount of sorbitol, which cannot pass
efficiently through cell membranes and,
therefore, remains trapped inside the cell .
- This is exacerbated when sorbitol dehydrogenase is low or absent (for example, in
cells of the retina, lens, kidneys, and peripheral nerves).
- As a result, sorbitol accumulates in these cells, causing strong osmotic effects and
cell swelling due to water influx and retention.
- example of pathologic alterations associated with this case is cataract formation .
----------------------------------------

* Galactose metabolism
- The major dietary source of galactose is lactose (galactosyl β-1,4-glucose) obtained
from milk and milk products .
- Like fructose (and mannose), the transport of galactose into cells is not insulin
dependent.
1- Phosphorylation
- Like fructose, galactose must be phosphorylated before it can be further metabolized.
- There is a specific enzyme for this purpose, galactokinase, which produces
galactose 1-phosphate .
- As with other kinases, ATP is the phosphate donor.
2- Uridine diphosphate–galactose formation
- Galactose 1-phosphate cannot enter the glycolytic pathway unless it is first
converted to uridine diphosphate (UDP)-galactose .
- This occurs in an exchange reaction, in which UDP-glucose reacts with galactose 1phosphate, producing UDP-galactose and glucose 1-phosphate .

- The reaction is catalyzed by galactose 1-phosphate uridylyltransferase (GALT).

3-UDP-galactose conversion to UDP-glucose
- For UDP-galactose to enter the mainstream of glucose metabolism, it must first
be isomerized to its C-4 epimer, UDP-glucose, by UDP-hexose 4- epimerase.

Disorders of galactose metabolism
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1. Galactose1-phosphateuridyltransferase(GALT)deficiency:
- classic galactosemia; there will be no exchange reaction, therefore galactose 1phosphate will accumulate.
- Physiologic consequences are similar to those found in hereditary fructose
intolerance, but a broader spectrum of tissues is affected.
2. Galactokinase deficiency:
- accumulation of galactose causing less severe galactosemia.
- The accumulated galactose is moved into side pathways such as that of galactitol
production.

- Accumulation of galactitol »» cataract.
- Treatment requires removal of galactose and lactose from the diet.
- Unlike fructose intolerance, galactose enzyme deficiency’s symptoms will appear early
in newborns; because it’s the building block for the main sugar in milk.

Metabolism of galactose
----------------------------------------

* Lactose synthesis
- Lactose is a disaccharide that consists of a molecule of β-galactose attached by a
β(1→4) linkage to glucose. Therefore, lactose is galactosyl β(1→4)-glucose.
- lactose (milk sugar) is made by lactating (milk-producing) mammary glands
- milk and other dairy products are the dietary sources of lactose.
-Lactose is synthesized in the Golgi by lactose synthase (UDP-galactose:glucose
galactosyltransferase), which transfers galactose from UDP-galactose to glucose,
releasing UDP .
UDP-galactose + glucose —» lactose + UDP
So, what is the structure of lactose synthase?
It’s a complex of two proteins:
Protein A: Galactosyl transferase, found in mammary glands and other tissues.
Protein B: α-lactalbumin, found only in mammary glands. Its synthesis is stimulated
by the hormone prolactin (prolactin stimulates production of milk).

- This enzyme is important in adding galactose to free glucose.
- In glycolipid and glycoprotein synthesis, only protein A is needed in tissues other
than mammary glands.
protein A

UDP-galactose + N-acetylglucosamine ———» N-acetyllactosamine

* Mannose conversion to fructose,6-phosphate
- Mannose is a hexose sugar, not abundant in diets, but is found primarily in
glycoproteins.
- It’s another epimer of glucose at carbon 2.
- Hexokinase phosphorylates mannose, producing mannose 6- phosphate, which in turn,
is isomerized to fructose 6-phosphate by phosphomannose isomerase.

Metabolism of alcohol
• How do we prepare a carboxylic acid from a primary alcohol?
- Simply by oxidation in two steps; the first produces aldehyde and the second
produces carboxylic acid.
This is exactly what happens in the body:
1. Ethanol is oxidized to acetaldehyde byalcohol dehydrogenase.
2. Acetaldehyde is oxidized to acetate by acetaldehyde dehydrogenase.
- Acetate is then released to the blood, reaching the muscles -for example-, there it
reacts with CoA to produce acetylCoA (by the enzyme acetylCoA synthetase), after
that it can enter different pathways of metabolism.
- In the case of excessive alcohol intake, frequent oxidation of ethanol and
acetaldehyde produces large amounts of NADH. This in turn will inhibit fatty acid
oxidation, gluconeogenesis and leads to lactic acidosis.
Note: The difference between a synthase and a synthetase is the need for ATP;
synthase is an ATP independent enzyme, whereas synthetase is ATP dependent.
E.g. AcetylCoA synthetase forms a thioester bond between acetate and CoA, which is
a high energy bond, so we need ATP.

