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Glycogen Metabolism 



Glycogen 

• available, storage form of glucose ([Glc]↓- degradation, [Glc]↑- synthesis) 

• large, branched  polysaccharide 

FUNCTIONS: 

 LIVER (5% = 90g) → blood glucose conc. maintenance 

 MUSCLE (0,7% = 245g) → source of ATP  

• small amount present in kidneys and intestine 

glycogen granules 

(hepatocytes cytoplasm, EM) 

 

   - enzymes for glycogen  

biosynthesis and degradation are  

permanently and firmly bound in 

glycogen granules 



Two basic types of glycosidic bonds in 

glycogen 

α -1,4 - glycosidic bond α -1,6 - glycosidic bond 



GLYCOGEN STRUCTRE 
 

- glucose units linked by α(1,4) glycosidic 
bonds (linear molecule), while in 
branching points α(1,6) bonds (~10:1) 

 

 -  nonreducing ends - DEGRADATION!!! 

  

 -  ONLY 1 reducing end, but permanently 

bound to GLYCOGENIN - self-glucosylating 

 enzyme 



Glycogen structure 

• GLYCOGEN - more branched structure than amylopectin 

– more soluble and more easy to degrade (nonreducing ends!!!) 

 

 

• starch - amylose  - linear molecule, α(1,4)-glycosidic bonds 

       amylopectin - α(1,4) i α(1,6)- glycosidic bonds 

• cellulose - β(1,4)- glycosidic bonds 

humans lack β-glucosidase for cellulose degradation 

AMYLOPECTIN       GLYCOGEN  



GLYCOGENOLYSIS 



Biosynthesis and Degradation of Glycogen -  

GLYCOGENESIS AND GLYCOGENOLYSIS 

• different reaction pathways 

 

• hormonal regulation 

 

• regulate glucose blood concentration (liver) 

 

 

• provide glucose reserve for muscle work 



Glycogenolysis 

- 3 enzymes involved:  

 

1. glycogen-phosphorylase*  hydrolyses (1,4) bonds forming 

glucose-1-phosphate 

  
   (glucose)n+ Pi → (glucose)n-1 + glucose-1-P 
 
*co-enzyme is pyridoxal phosphate (PLP) – pyridoxine (vitamine B6) derivative 

 

2. debranching enzyme 

 -  2 activities: a) transferase - transfer of 3 glucose residues 

      b) glucosidase - hydrolysis of α(1,6)- glycosidic bond 

 

3. phosphoglucomutase transfers glucose-1-phosphate into glucose-

6-phosphate 

PHOSPHOROLYSIS 



1) PHOSPHOROLYSIS 

Glycogenolysis 



- hydrolysis of α-(1,6)-glycosidic bond 

with  glucose formation 

- phosphorolytic breaking of α-(1,4)-glycosidic    

bond, except for 4 glucose residues away from  

the branching site 

- formation of glucose 1-phosphate 

- transfere of 3 glucose residues from one 

branch and formation of α-(1,4)-glycosidic 

 bond on the other branch 

Glycogenolysis 

- products: 
glucose 1-phosphate  and glucose 

                 in ratio  10  :  1 

1. 

2.a) 

2.b) 



2.b) HYDROLYSIS 



 3. phosphoglucomutase  

- isomerisation of glucose 1-P into glucose 6-P 

- phosphoglucomutase (phosphoenzyme!) catalyses the reaction in the 

direction of glucose 6-P formation, since the glucose 1-P concentration in the 

cell is much higher than of glucose 6-P 

Glycogenolysis 



!!! 

Glucose 6-phosphate 

- different roles: 

 

1. Muscle, brain- fuel 

for aerobic and 

anaerobic 

metabolism  

(pyruvate, 

lactate) 

 

2. Liver, kidneys - 

tranformation of      

G 6-P into glucose 

for other tissues by 

glucose                       

6-phosphatase 

(other tissues do 

not have glucose 

6-phosphatase!) 



Glucose 6-phosphatase hydrolysis glucose 6-phosphate 

 

- liver, kidneys - elevation of glucose blood concentration 

- occurs in the lumen of endoplasmatic reticulum (ER) - separated from 

cytosol (glycolysis!) 

- genetic defects in either glucose 6-phosphatase or T1 transporter lead to serious derangement of 

glycogen metabolism, resulting in type Ia glycogen storage disease 



• phosphorolytic cleavage of glycogen from the non-reducing end 

 

• released glucose is phosphorylated and thus ready to join the 

metabolism without ATP cost 

 

• glucose 1-phosphate cannot difuse out of the cell  

 

• tissues which primarily use Glu as the energy source, do not 

contain glucose 6-phosphatase, but use G-6-P as fuel for glycolysis 

    

Glycogenolysis - Summary 



• takes place in virtually all animal tissues, but especially prominent 

in the liver and skeletal muscles 

 

• 3 enzymes: 

1. GLYCOGENIN – self-glucosylating enzyme 

- synthesis of „primer” - first 8 glucose molecules 

 

2. glycogen-synthase 

- further extension the „primer” by adding Glc molecules  

- formation of (1→4) glycosidic bonds 

- substrate for the syntesis is UDP-glucose 

   

3.  branching enzyme (glycosyl(4→6)-transferase) 

- formation of (1→6) glycosidic bonds 

Glycogen Synthesis - Glycogenesis 



- after entering the cell, glucose is phosphorylated by the activity 

of hexokinase*  forming glucose 6-phosphate 

* 

* hexokinase I and II - muscle; hexokinase IV (glucokinase) - liver 

* 

Glycogen Synthesis 



- glucose 6-phosphate isomerisation (reversible reaction) into  

glucose 1-P by the activity of phosphoglucomutase  

-    when higher amount of glucose 6-phosphate is present in the cell, the 
equilibrium of the reactions is shifted to the left, towards the formation of 
glucose 1-phosphate 

Glycogen Synthesis 



• sugar nucleotides are the substrates for polymerization of 

monosaccharides into disaccharides, glycogen, starch, cellulose, and 

more complex extracellular   polysaccharides 

 

 

 

 Sucrose: UDP-Glc i Fru-6-P 

 Lactose: UDP-Glc i UDP-Gal 

 Glucuronides: UDP-Glc  UDP-GA (UDP-glucuronate) 

  UDP-glucose  is activated form of 

glucose - anomeric carbon of a 

sugar is activated by attachment to 

a nucleotide through a phosphate 

ester linkage 



The mechanism of NDP-sugar formation 



 -  UDP-glucose (uridine diphosphate-glucose) formed by the 
activity of UDP-glucose pyrophosphorylase 

 

 

 

 

 
 

• the synthesis of UDP-glucose is driven by the essentially irreversible hydrolysis of 

pyrophosphate catalyzed by pyrophosphatase  

 

   UDP glucose formation 

Glycogen Synthesis 

The synthesis of UDP-glucose exemplifies another recurring theme in biochemistry:  

many biosynthetic reactions are driven by the hydrolysis of pyrophosphate. 

DGº’ = ~ -19 kJmol-1 



• glycogen synthase cannot synthetise glycogen de novo 

• GLYCOGENIN - self-glucosylating enzyme - starts glycogen synthesis 
   

     - functions:  bonding of  1st molecule UDP-glucose (with UDP release), 

and oligomerisation of following 7 molecules od glucose     

• glycogen synthase can act (by adding Glu units) only upon existing 

oligosaccharride chain containing at least 8 glucose residues  

 

         reducing end of glycogen is permanently bond to glycogenin 

“PRIMER” (starter)  

 for glycogen synthase activity 

! 

Glycogen Synthesis 



De novo 

glycogen synthesis 

Glycogenin 
- self-glucosylating 

 enzyme! 



Sinteza glikogena 

”PRIMER’’ 

glycogenin 

glycogen 
synthase (1,4)  

 

branching 
enzyme          
(1,6) or 

glucano-1,6 
transferase 

 

Glycogen Synthesis 



• glycogen synthase transfers the glucose residue of UDP-glucose 

to the glycogen nonreducing end to make a new (1,4) linkage 

Glycogen Synthesis 



 GLYCOGEN BRANCHING - formation of α(1→ 6) bond  

 

• branching enzyme (glycosyl-(4→6) transferase)  

– transfer of an oligosaccharide chain and formation of a new α(1→6) 
glycosidic bond, forming a new branch point 

- some athletes consume large amounts of carbohydrates after training 

(carbohydrate loading)→ rapid glycogen synthesis and faster recovery 

 

- „The consumption of high-glycemic carbohydrates soon after exercise can 

maximize and sustain the rate of glycogen synthesis to help speed glycogen 

restoration.” (Murray et al, Nutr Rew, 2018) 



- if the starting substrate is Glu 6-P, 1 ATP is spent to store 1 Glu 

molecule (for UTP regeneration)  

 

- if the starting substrate is glucose, 2 ATPs are needed (for Glu 

phosphorylation and UTP regeneration) 

                         glucose 6-P           glucose 1-P 

             glucose 1-P  + UTP             UDP-glucose  +  PPi 

                            PPi  +  H2O                    2 Pi  

  UDP-glucose  +  glycogen n       glycogen n+1  +  UDP 

                   UDP  +  ATP         UTP  +  ADP  

_______________________________________________________________________ 

    glucose 6-P  +  ATP + glycogen n + H2O               glycogen n+1 +     ADP + 2 Pi  

What is the ”price” of glucose storage? 

phosphoglucomutase 

UDP-Glu pyrophosphorylase 

      pyrophosphatase 

           glycogen synthase 

    nucleoside 

diphosphokinase 

            glucose + ATP                                   glucose 6-P + ADP hexokinase 

      glucose  +   2ATP 2 

glucose 6-P 



* ALLOSTERIC EFFECTORS 

* COVALENT MODIFICATION 

REGULATION OF  

GLYCOGEN METABOLISM: 

GLYCOGEN-PHOSPHORYLASE 

GLYCOGEN-SYNTHASE 



• synthesis and breakdown of glycogen - different pathways 

• glycogen synthase and glycogen phosphorylase                                     

are regulated by: 

 
 

1. covalent modification (enzyme interconversion) (seconds, min) 

   

  - hormonal regulation - the same enzymes are regulated by cells   

      respond to hormone activity:                             

                 

     epinephrine - muscle , liver 

    glucagon - liver 

    
     insuline   → induce glycogen synthesis 

 

 2. allosteric control (miliseconds) 

 - ATP, AMP, Glu 6-P and Glu are allosteric effectors of glycogen 

synthase and glycogen phosphorylase 

Regulation of Glycogen Metabolism 

→ induce glycogen 

breakdown 



Covalent modification 

• enzyme interconversion   

• one of the most often type is phosphorylation/dephosphorylation 

glycogen synthase 

active dephosphorylated 

glycogen phosphorylase 

active phosphorylated 



Glycogen phosphorylase  

  -  major regulatory enzyme of glycogen breakdown 

  -  active in phosphorylated form – phosphorylase a 

 

phosphorylase a - active = phosphorylation - glycogen breakdown 

phosphorylase b - inactive/less active = breakdown does not occur 



Glycogen phosphorylase (liver) - allosteric control 

 - glycogen phosphorylase in the liver acts as a glucose sensor 

- when blood glucose concentration is high, glucose binds to an inhibitory 

allosteric site of the phosphorylase a isozyme  

- glucose binding induces a conformational change that exposes its 

phosphorylated residues to phosphorylase a phosphatase 1 (PP1) 

- phosphatase converts phosphorylase a to phosphorylase b, sharply 

reducing the activity of phosphorylase and slowing glycogen breakdown  

- insulin also acts indirectly to stimulate PP1 and slow glycogen breakdown 



Glycogen synthase and glycogen phosphorylase 

allosteric regulation  

Effector 
Glycogen 
synthase  

Glycogen 
phosphorylase 

ATP activator _ 

AMP _ activator 

G 6-P activator inhibitor 

Glucose _ inhibitor 



Glycogen phosphorylase covalent modification 

rest muscle activity 

* muscle and liver phosphorylase 

are isoenzymes, coded by 
different genes and differently 

regulated  



(A) glycogen degradation     (B)  glycogen synthesis 
 
- 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 activates glycogen phosphorylase 

and inactivates glycogen synthase 

inactive forms, active forms  



Phosphorylase b kinase 

• double control: 

  - activated by phosphorylation (protein kinase A) 

  

 - activated by Ca2+ binding to calmodulin (d subunit), which acts like a 
sensor for Ca2+ 





EPINEPHRINE 
(MUSCLES) 



GLUCAGON, EPINEPHRINE (LIVER) 



INSULIN:  

 

+ + 

GLYCOGENESIS 

- activates glycogen 

synthesis and inactivates 

glycogen degradation 



Insulin activates protein phosphatase 1 (PP1)  

and stimulates glycogen synthesis 

 

- when blood Glu level is high, insulin stimulates Glu entrance into 
tissues and glycogen synthesis - PP1 activation 

- phosphorylation of R subunit → dephosphorylation of  synthase 

and phosphorylase → synthesis activation and inactivation od 

glycogen degradation 



Glycogen metabolism in the liver regulates glucose blood 

concentration 

1. glucose sensor in the liver is phosphorylase a 

 

2.,3.  glucose binds to allosteric sites on 
phosphorylase a → conformational 
change - phosphorylated residues are 
more exposed for action of PP1 

  

4. PP1 → dephosphorylation and inactivation 

of phosphorylase (a → b) 

 

5.  PP1 dephosphorylates and activates 

glycogen synthase 

1. 2. and 3. 4. 



Liver glycogen concentration changes 

 450 mmol/L 

 200 mmol/L 



Glycocen granules in rat liver 

           After heavy meal                         After 24h fasting 



In hepatocytes 



In hepatocytes 



glycogen synthase 

active dephosphorylated 

glycogen phosphorylase 

active phosphorylated 



Edgar von Gierke  

- 1929. described the first 

glycogen storage disease - 

type I (von Gierke’s disease) 

Gerty i Carl Cori  

- 1947. Nobel prize for glycogen 

metabolism 

- 1952. explained enzymatic defect in 

von Gierke’s disease 







1. REGULATION OF GLYCOLISIS AND GLUCONEOGENESIS 







HORMONE REGULATION OF GLYCOGEN METABOLISM AND GLYCOLYSIS  
- hepatocytes  
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