
Overview:
· Glucose is a preferred source of energy .

· Glucose is provided by : the diet , from glycogen  and from gluconeogenesis .

· The diet is not always a reliable source of glucose .

· Gluconeogenesis is slow in responding to a falling blood glucose level .

· Glycogen  is a stored supply of glucose in a rapidly metabolized form .

· Glycogen is  rapidly released from the liver & kidney .

· Muscle glycogen is used ONLY to provide the muscle with energy .
Structure and function of glycogen:
· Main stores of glycogen are in the liver & muscle .
· Muscle glycogen serves as a fuel for the synthesis of ATP .

· Liver glycogen maintain the blood glucose level “during early stages of a fast”.
A. Amounts of liver and muscle glycogen :
· ~400g → 1-2% of the fresh weight of a resting muscle .

· ~100g → up to 10% of the fresh weight of an adult well-fed liver .

· In some glycogen storage diseases , these levels may get higher .

B. Structure of glycogen :

· Glycogen is a branched chain homopolysaccharide made from α-D-glucose ONLY . 
· The primary glycosidic bond is α(1→4) linkage .
· Every 8-10 glucosyl residues , there is a branch containing α(1→6) linkage .
· A single glycogen molecule can have a molecular mass of up to 108 daltons .
C. Functions of glycogen stores :

· Liver glycogen increases in a well-fed  state , and is decreased during fasting .

· Muscle glycogen is ONLY moderately affected during prolonged fasting (weeks) .

· Muscle glycogen is synthesized to replenish muscle stores after they have been depleted (after a strenuous exercise).
· Glycogen synthesis and degradation are continuous processes , but occur at different rates depending on the physiological state .

Synthesis of glycogen (glycogenesis) :

· Glycogen is synthesized from α-D-glucose  .
· Occurs at the cytosol .

· Requires ATP (for the phosphorylation of glucose) &  uridine triphosphate (UTP) .
A. Synthesis of UPD-glucose :

· α-D-glucose attached to UDP is the source of all glucosyl residues added to the glycogen molecule .
· UDP-glucose is synthesized from glucose 1-phosphate and UTP by UDP-glucose pyrophosphorylase .
· The high-energy bond in Pyrophosphate (PPi) the 2nd product in the reaction is hydrolyzed into 2 Pi by Pyrophosphatase (this high energy insures that the synthesis of UDP-glucose proceed in the forward direction) .
· Glucose 6-phosphate is converted to glucose 1-phosphate by phosphoglucomutase .
(Glucose 1,6 bisphosphate is an obligatory intermediate in this reaction) 
· Synthesis of a primer to initiate glycogen synthesis :
· Glycogen synthase makes the  α(1→4) linkages found in glycogen .

· Glycogen synthase CANNOT use free glucose as an acceptor of glucose molecules from UDP-glucose .
(It can only elongate an already existing chain of glucose and therefore, a fragment of glycogen must be present for the enzyme to act on) 
· If there is no glycogen fragments , a protein called glycogenin accepts glucose residues 

· A hydroxyl group of a specific tyrosine residue on glycogenin accepts the first glycosyl unit . 

· Transfer of the first few molecules is catalyzed by glycogenin itself .

· Transfer of more glucose molecules is catalyzed by  glycogen synthase .

· Glycogenin is found in the center of a completed glycogen molecule .

B. Elongation of glycogen chains by glycogen synthase  :
· It involves the transfer of a glucose from UDP-glucose to the nonreducing end of  growing chain .
(Forming a glycosidic bond between the hydroxyl of C1 of the activated glucose molecule and C4 of the accepting glucosyl residue )
· The enzyme responsible for this process is glycogen synthase  .

· The UPD released ,after the transfer of a glucose molecule to a growing glycogen molecule, can be reconverted to UTP by the action of nucleoside diphosphate kinase . 
D. Formation of branches in glycogen :

· Amylose  is a compound found in plant tissue and consists of a liner molecules of glucosyl residues attached by α(1→4) ONLY (i.e. no branches) .

· Glycogen contains branches located ,on an average, 8 glucosyl residues apart .

· Branching makes glycogen :
a-Highly soluble (more than the unbranched amylose) .
b-Have more nonreducing ends (accelerates the rate of synthesis and degradation ) .

1. Synthesis of branches :

· Branches are made by the “branching enzyme” amylo-α(1→4) → α(1→6)-transglucosidase .
· This enzyme transfers a chain of 5-8 glucosyl residues from the nonreducing end to another residue and attaches it by an α(1→6) linkage producing 2 nonreducing ends which can be further elongated by glycogen synthase  .
2. Synthesis of additional branches :

· After the elongation of the 2 ends by  glycogen synthase  ,their 5-8 terminal glycosyl residues can be removed by the branching enzyme producing more branches .

Degradation of glycogen (glycogenolysis) :

· It occurs in the CYTOSOL .
· It is NOT a reversal of the synthetic reactions .
· The primary product is glucose 1-phosphate   obtained from breaking an α(1→4) linkage .

· Free glucose is obtained from breaking an α(1→6) linkage .
A. Shortening of chains :
· Glycogen phosphorylase cleaves the α(1→4) bonds by simple phosphorolysis  until 4 glucosyl units remain on each chain before a branching point  (the resulting structure is called limit dextrin , and phosphorylase cannot degrade it anymore) .
· Glycogen phosphorylase requires pyridoxal phosphate (PLP) as a coenzyme .
B. Removal of branches :
· Branches are removed by 2 enzymic activities :
1.Oligo-α(1→4)→α(1→4)-glucan transferase removes the outer 3 of the 4 glucosyl residues and transfers them to another nonreducing end (making it longer) .
2.The remaining single glucosyl residue (attached by an α(1→6) linkage) is removed hydrolytically by amylo-α(1→6)-glucosidase activity releasing free glucose. 
· Both the transferase & glucosidase are 2 domains on a SINGLE polypeptide molecule “the debranching enzyme” .
· Glycogen phosphorylase is now able to work on this chain until it reaches 4 glucosyl residues before a branching point again.

C. Conversion of glucose 1-phosphate into glucose 6-phosphate :
· Glucose 1-phosphate in converted in the cytosol to glucose 6-phosphate by phosphoglucomutase 
(produces glucose 1,6-bisphosphate as a temporary but essential intermediate ) .

· In the LIVER : 
1.glucose is transported into the ER by glucose-6phosphate translocase , where it is converted to glucose by glucose 6-phosphatase .
2.The resulting glucose is transported from the ER into the cytosol and then released into the blood to help maintain blood glucose level (until gluconeogenesis is actively producing glucose) .

· In the muscle , glucose 6-phosphate cannot be dephosphorylated (because muscle lack glucose 6-phosphatase) 
but instead , glucose 6-phosphat enters glycolysis (to provide the muscle with energy) .
D. Lysosomal degradation of  glycogen :
· A small amount of glycogen is continuously degraded by the lysosomal enzyme α-(1→4) glucosidase (acid maltase).

·  A deficiency of this enzyme result in the accumulation of glycogen in vacuoles in the cytosol resulting in the serious glycogen storage disease type II (Pompe disease) . 
Regulation of glycogen synthesis and degradation :

· In the liver : 
  synthesis increases during a well-fed state .
  degradation increases during fasting  .

· In the muscle :
  degradation occurs during active exercise .
  synthesis begins as soon as the muscle becomes at rest .
A. Regulation of glycogen synthesis and degradation in the well-fed state :

· Glycogen synthase is allosterically activated by glucose 6-phosphate . 
· Glycogen phosphorylase is allosterically inhibited by glucose 6-phosphate and ATP
 (in the liver glucose also inhibits this enzyme)
· In the muscle : 
1.Ca2+  binds to calmodulin subunit of  glycogen phosphorylase kinase  and activates it without it being phosphorylated (this enzyme phosphorylate glycogen phosphorylase making it active) .
2.AMP activates glycogen phosphorylase without it being phosphorylated .

B. Activation of glycogen degradation cAMP-direct pathway :
· Binding of glucagon or epinephrine  to their receptors result in the activation of cAMP dependant protein kinase .
·  cAMP dependant protein kinase phosphorylate glycogen phosphorylase kinase making it active .

· The active glycogen phosphorylase kinase phosphorylate Glycogen phosphorylase making it active .

· Protein kinase A and protein kinase C  DOES NOT phosphorylate glycogen phosphorylase directly .

· Glycogen phosphorylase become a better substrate for protein phosphatase 1 when it is bound to glucose .

· When muscle glycogen phosphorylase is bound to glucose , AMP CANNOT activate it .
· Glycogen phosphorylase is allosterically inhibited by glucose 6-phosphate 
(insulin indirectly inhibits muscle glycogen synthase by increasing the uptake of glucose which increases glucose 6-phosphate) .

· The large number of sequential steps is to amplify the hormonal signal
 (make it strong even if there is few hormone molecules bound to their receptors) .

C. Inhibition of glycogen synthesis by a cAMP-direct pathway  :
· Glycogen synthase is activated when dephosphorylated .

· Glycogen synthase is inactivated by phosphorylation .

· Glycogen synthase can be phosphorylated at different sites by protein kinase A or protein kinase C .
(the level of inactivation is proportional to the degree of phosphorylation) . 

· Binding of a molecule of epinephrine or glucagon activates cAMP dependant protein kinase A 
→ inactivates glycogen synthase .

· Insulin activates protein phosphatase 1 which hydrolytically removes the phosphate group of glycogen phosphorylase kinase  and glycogen phosphorylase making them inactive .

· Protein phosphatase 1 removes the phosphate group hydrolytically → activates glycogen synthase .
Glycogen storage diseases :

· Genetic diseases that result from a defect in an enzyme required for glycogen synthesis or degradation .

· They result in :
   1.Formation of an abnormal glycogen .
                                       OR   
   2.Accumelation of normal glycogen in a specific tissue .

· A particular enzyme may be defective in a single tissue , or the defect may be more generalized affecting 
liver , kidney , intestine , and myocardium .

· The severity of the diseases range from fatal in infancy to mild non-threatening disorders .
1- TYPE V - McARLDE SYNDROME  :

· Affects SKELETAL MUSCLE .

· High levels of normal glycogen in muscle .

· Glycogen phosphorylase is deficient (in muscle only , but the liver’s enzyme is normal).

· Temporary weakness and cramping after exercise .

· No rise in blood lactate after strenuous exercise .

· Normal mental development .

· Myoglobinemia and myoglobinuria .  

2- TYPE II – POMPE DISEASE :

· Inborn lysosomal defect resulting in deficiency of lysosomal  α-(1→4) glucosidase .
· Generalized .

· Excessive NORMAL glycogen concentrations in abnormal vacuoles in the cytosol .

· Normal blood sugar level .

· Massive cardiomegaly (resulting in early death from heart failure) .
3- TYPE la – VON GIERKE DISEASE (glucose 6-phosphatase) DEFICIENCY 
TYPE lb - (glucose 6-phosphate translocase) DEFICIENCY

· Affects : liver , kidney , intestine .

· Sever fasting hypoglycemia .

· Hepatomegaly (fatty liver) . 

· Progressive renal disease .
· Increased glycogen stores  but with NORMAL  glycogen structure .

· Growth retardation and delayed puberty .

· Hyperlacticacidemia and hyperuricemia . 

· Treatment : nocturnal gastric infusion of glucose or regular administration of uncooked corn starch .
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