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In the previous lectures, we talked about glycolysis and we defined it as (the process of 

turning Glucose into pyruvate or lactate in order to obtain energy), this process is 

actually 10 steps (3 are irreversible and the remaining are reversible). 

QUICK RECAP: 

1- Metabolism is the sum of all biochemical reactions in living organisms. 

• It involves both (catabolism >> breaking down and degradation of biochemical 

molecules into their building blocks), and (anabolism >> synthesizing these 

macromolecules and the large biochemical molecules from their building blocks).  

2-The reaction can be exergonic or endergonic. 

• Exergonic rxns: all of them are spontaneous with negative delta G (the most 

important examples): 

✓ Hydrolysis (breaking bonds by adding water). 

✓ Decarboxylation (removal and release of carboxyl group in the form of CO2). 

✓ Oxidation. 

 

• Endergonic reactions are non-spontaneous with positive delta G and require energy 

to be procced, this energy can be captured from the exergonic rxn when they are 

coupled together, remember the coupling system (using energy from exergonic 

reactions to facilitate endergonic ones).  

 

3 - Any irreversible rxn must be regulated by certain mediators, whereas 

reversible reactions are governed by Le Chatelier’s principle (the concept of 

equilibrium >> the direction of the reaction can go back and forth based on 

changes in the concentration of reactants and products). 

 

4 - Glycolysis can occur aerobically or anaerobically depending on whether 

oxygen is available or not:  

 -Aerobic glycolysis takes place in cells with mitochondria and adequate supply of 

O2. Its end product is pyruvate (the ionized form of pyruvic acid). 

-Anaerobic glycolysis takes place in cells that lack mitochondria (like RBCs), or in cells 

deprived of sufficient O2 (hypoxia). Its end product in mammalian cells is lactate. 

Now let’s start our lecture: 
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As we discussed earlier that gluconeogenesis is the process in which we convert 

Lactate or Pyruvate to Glucose. This is the opposite of Glycolysis. (Gluco: glucose, 

neo: new, genesis: production of. Altogether, it’s the production of a new glucose 

molecule), and we said that the reactions in glycolysis can be used in 

gluconeogenesis (the reversible ones can be easily reversed, and the irreversible 

must be regulated by different mechanisms and different enzymes when we go from 

pyruvate into glucose). 

▪ Remember that hexokinase produces glucose-6-phosphate from glucose by 

consuming ATP (it phosphorylates glucose).  

▪ In the figure below we have the formation of glucose from glucose-6-phosphate. This 

reaction which appears to be the “reverse” of the reaction catalyzed by hexokinase is 

catalyzed by an enzyme called phosphatase. Phosphatase hydrolyzes G6P to produce 

glucose and phosphate.  

▪ Keep in mind that the reaction catalyzed by this enzyme is not the reverse reaction 

of hexokinase since hexokinase consumes ATP whereas here in phosphatase it’s just 

simple hydrolysis without any ATP being produced.  

❖ The reverse of a reaction involves reversing all reactants and products.  

 

• In conclusion, the hydrolysis of glucose-6-phosphate is carried out by G6P - 

phosphatase, and since it’s a hydrolysis reaction that means its exergonic, feasible 

and spontaneous with negative delta G. 

 

 This reaction occurs in the endoplasmic reticulum.  G6P enters the lumen of the ER, 

it gets hydrolyzed to glucose there and then glucose gets transported to the cytosol. 
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▪ The next reaction is Carboxylation of Pyruvate to produce Oxaloacetate. 

As we know, the reaction that converts phosphoenolpyruvate (PEP) to pyruvate is an 

irreversible reaction that’s highly exergonic, which means that it can’t be reversed 

directly.  

The formation of phosphoenolpyruvate from pyruvate can occur in an alternative 

pathway that involves two steps:  

1. Carboxylation of pyruvate to produce Oxaloacetate. 

2. Conversion of oxaloacetate into PEP. 

HOW?  

▪ Pyruvate is a keto acid* composed of 3 carbons, and Oxaloacetate is a di-carboxylic 

acid composed of 4 carbon atoms with a ketone group attached to the alpha carbon.  

▪ In order for this conversion to occur, we have to add CO2 in a process known as 

carboxylation. 

▪ We said in the recap that decarboxylation reactions are exergonic, here we have 

carboxylation which is the reverse so it’s an endergonic rxn with positive delta G, in 

order for it to proceed it should be coupled with an exergonic rxn.  

▪ In this case, carboxylation (endergonic) is coupled to the hydrolysis of ATP → ADP 

(exergonic).  

  

 

 

 

 

 

Addition of water>> 
breaking the bond >> 

.glucose + irelease of P 
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▪ In order for glucogenesis to continue, Oxaloacetate must be converted to PEP, but  

the reaction that produces Oxaloacetate takes place in mitochondria whereas 

gluconeogenesis occurs in cytoplasm, so oxaloacetate has to be transported to the 

cytosol.  

▪ There’s no transporter for oxaloacetate in the mitochondrial membrane, but there’s 

one for malate. In another words, Malate can be transported from the mitochondria 

into the cytosol, while oxaloacetate cannot. That’s why oxaloacetate must be 

converted to malate.   

▪ Remember that the conversion of malate to oxaloacetate is the last reaction in TCA 

cycle in which malate is oxidized into oxaloacetate, and  NAD+  is reduced into 

NADH. Here we want to reverse that step (we want to reduce oxaloacetate into 

malate and oxidize NADH into NAD+).  

▪ Once Malate is transported to the cytosol, it gets re-oxidized to OAA, Oxaloacetate is 

then phosphorylated (a phosphate group is transferred from GTP to oxaloacetate) 

and decarboxylated to produce PEP. The conversion of oxaloacetate to PEP is 

catalyzed by PEP carboxykinase.  

▪ This action is pushed in the forward direction by decarboxylation. 

 

▪ Addition of CO2 to pyruvate is catalyzed by an enzyme known as pyruvate 

carboxylase (PC). This enzyme catalyzes carboxylation by the help of the co-enzyme 

BIOTIN.  
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✓ Qiuck Recap 2 

✓ Biotin>> is the cofactor needed for the PC enzyme in the carboxylation process. 

✓ The functional group in Biotin is: NH in the ring; the nitrogen atom covalently binds 

to CO2 in an energy-requiring reaction. 

✓ Biotin is covalently bound to a lysine residue in enzymes.  

 

Now in order to add carboxyl group to Pyruvate, you need to add it in its activated form 

(it can’t be added directly). 

The activated form is first carried by the coenzyme (biotin), the carboxyl group is added 

to biotin to form carboxylated biotin. 

This step requires energy in the form of ATP (hydrolysis of ATP to ADP) and also 

requires acetyl COA.  

So we can say that the PC enzyme and its cofactor have two activities, first biotin is 

carboxylated and then the carboxyl group carried by the carboxylated biotin is 

transferred to pyruvate to form oxaloacetate.  

To sum it up, 
ATP hydrolysis drives the formation of an enzyme – biotin – carbon dioxide 
intermediate (aka carboxylated biotin), which then carboxylates pyruvate to form 
OAA. 
 The PC reaction occurs in the mitochondria of the liver and kidney cells, and has 
two purposes:  
1.To allow production of PEP, an important substrate for gluconeogenesis. 
2.To provide OAA that can replenish the TCA cycle intermediates that may 
become depleted. 
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Back to the pathway of glucogenesis: 

✓ pyruvate is converted to OAA then to 

PEP. 

✓ 2 PEP molecules are converted to 

Fructose 1,6-bisphosphate in a 

reversible reaction consuming 2ATP. 

✓ Fructose 1,6-bisphosphate is then 

hydrolyzed by phosphatase to Fructose 

6-phosphate.  

✓ Fructose 6-phosphate is converted to 

Glucose-6-phosphate. 

✓ Glucose-6-phosphate is hydrolyzed by phosphatase to glucose.  

steps:  in these ATP/GTP molecules consumed 

2 ATP >> in the conversion of pyruvate to OAA. 

2 GTP>> (which is equivalent to 2 ATP)  in the conversion of OAA into PEP . 

1,3 BisphosphoglycerateAnd 2 ATP in the reversible reaction that produces  

So , the net is>> 6 ATP molecules are being consumed in the conversion pyruvate to 

glucose , whereas in glycolysis from ( glucose to pyruvate ) 2 ATP are produced, and this 

makes sense because the overall rxns from glucose to pyruvate is exergonic , but here to 

go from pyruvate into glucose ,we have to overcome the irreversible rxns by spending 

more energy . 

REGULATION OF GLYCOLYSIS AND GLUCOGENESIS : 

These two processes must be regulated , because if they occur at the same rate and in 

the same time , the net effect will be hydrolysis of 4 ATP ( loss of ATP)>>( 6-2=4). 
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The following figure shows that the two 

reactions can occur at the same time but NOT in 

the same tissue, the muscle during severe 

exercise converts glucose to lactate then lactate 

gets released into the blood stream, because it’s 

like a waste or by-product that’s not needed by 

the muscle, lactate goes to the liver where it’s 

converted back to glucose, glucose is then 

released to the blood stream to return back to 

the muscle. 

 

Regulation of Gluconeogenesis: 

Gluconeogenesis can also be regulated by AMP/ATP ratio. 

❖ High ratio means that we need to form ATP, so it inhibits Fructose 1,6-

bisphosphatase, thus inhibiting Gluconeogenesis. 

 ❖ Low ratio means that there is high ATP so no need to glycolysis thus activating 

Gluconeogenesis. 

❖ Citrate inhibits glycolysis and stimulates gluconeogenesis because citrate is 

indicative of high level of building blocks. 

❖ First let’s have a quick recap (recap 3): 

 Fructose 2,6-bisphosphate is the most potent activator of PKF 

(Phosphofructokinase 1). 

 Fructose 2,6-bisphosphate is formed from fructose 6-phospate by the addition of 

a phosphate group at carbon # 2 , by the enzyme PFK2. 

To sum up, 
Yes, we said before that if these two processes occur together, we lose 4 ATP, but 
here the two reactions occur in two different tissues and this is necessary to keep the 
muscle function in order to keep it contracting.   
To better understanding, assume that you are running from a wild animal and there is  
insufficient supply of oxygen to the muscle which means that anaerobic glycolysis will 
occur, it will produce 2 ATP and lactate, the liver will take the lactate to  convert it 
back to glucose to be used again by the muscle. That’s the Cori Cycle. 

 

The cori cycle 
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 F2,6BP is affected by insulin to glucagon ratio >> remember when we talked about 

glucagon which is a peptide hormone used to raise blood sugar levels by promoting 

certain processes, high level of glucagon gives an indication of low blood glucose, 

thus the production of F26BP by PKF2 

decreases and there’ll be activation of 

phosphotase. 

 Always remember that gluconeogenesis 

has the opposite effect of glycolysis . 

 

In the last page of thise sheet, there is a summary I have made summerizing the role 

of F26BP.  

 Allosteric activation by acetyl CoA: 

 ❖ Pyruvate carboxylase (gluconeogenesis) is activated by acetyl CoA, Pyruvate 

dehydrogenase (glycolysis) is inhibited by acetyl CoA. 

 ❖ During fasting, fatty acids are 

converted to acetyl CoA in muscles so 

there is no need to dehydrate pyruvate, 

instead we need glucose for the brain and 

RBCs.  

   ❖ High level of ADP indicates that this is 

not the time for glucose formation, it’s 

time for its degradation.    

Great Summaries for gluconeogenesis (shown in the video during the lecture but are 

not in the slides):  
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Glycogen Metabolism 

What are the sources of blood glucose? 

First: DIET 

✓ It contains starch, mono and disaccharides and glucose. 

✓ The problem: its sporadic >> digestion and absorption occur in 3-4 hours, and there 

might not be any glucose in the diet so it depends on the type of diet.  

 

Second source: Gluconeogenesis 

✓ It can provide sustain levels of glucose. 

✓ Slow in responding to the falling of blood glucose level: meaning that although it acts 

to produce glucose into the blood stream, but its slow in responding to that >> (if the 

blood glucose level goes down, gluconeogenesis is not that fast in responding to 

produce glucose).  

Third source: Glycogen 
✓ Storage form of glucose 
✓ Rapid response and mobilization. 
✓ Limited amount 
✓ Important energy source for exercising muscle. 

 Glycogen is first converted to glucose 1-phosphate 

then to G6P and eventually to glucose. 

 

 Glycogen is stored in both the liver and the muscles. 

Even though the mechanisms appear to be very similar, in the liver glycogen is 

converted to glucose which eventually 

goes to the blood stream to supply the 

organ in need. On the other hand, the 

muscle converts glycogen to glucose 

to supply itself (for its own needs), it 

doesn’t produce glucose so that other 

organs can used it.  

 G6P is converted to glucose in the 

liver but in the muscle it’s used for 

energy production. 
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Glycogen structure: 
▪ This figure represents Glycogen, it 

consists of large number of glucose 

units and is an extensively branched 

homopolysaccharide.  

▪ These sugar residues are connected to 

each other by a glycosidic bond (alpha 

1-4) linkage, after 8-14 glucose 

residues there is a branching point in which two sugar residues are connected by an 

(alpha 1-6) linkage.  

▪ The first glucose residue in the linear chain forms a reducing end (the only reducing 

end in glycogen), while glucose residues at the end of branches forms non-reducing 

ends which means that the anomeric carbon isn't free (in fully acetal form). 

 

A reducing sugar is a sugar that has a free Anomeric carbon so  ->>   Quick Recap 4

it has the ability to reduce other molecules and get oxidized.  

▪ Branches have great importance; they greatly decrease viscosity of the glycogen 

solution. 

 The non-reducing ends are the locations of all glucose addition and removal>> 

meaning that the enzymes that work on degradation and synthesis of glycogen act 

on the non-reducing ends and since there 

are huge numbers of branching which 

means more non-reducing ends →  There 

are many ends available for the enzyme, 

thus more efficient degradation and 

synthesis. 

 

QUESTION YOU MAY ASK>>>> 
Why  store glycogen as one compound? why not store it as multiple of glucose 

residues? 

Think of the concept of osmotic pressure, imagine we had 55 thousand free 

glucose molecules instead of having them in the form of glycogen, think of what 

would happen to the osmotic pressure! Osmotic pressure would greatly increase 

and the liver will absorb more water.  
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Degradation of glycogen : 

 

The degradation rxn occurs by the removal of one glucose 

unit at a time from the non-reducing ends. 

In the following figure, you can see the non-reducing ends 

being attacked by phosphorylase producing glucose 1-p 

and the remaining glycogen. 

This kind of degradation rxn is similar to hydrolysis, but its 

not hydrolysis, because as we said in the recap at the 

beginning of this sheet>>  hydrolysis= breaking bonds by 

adding water , but here we’re breaking the bonds by 

adding phosphate .  

This phosphorolysis is carried by the enzyme glycogen 

phosphorylase.  

 

• Glycogen phosphorylase sequentially cleaves the α-1,4- glycosidic bonds between 

glucose residues at the non-reducing ends of the glycogen chains producing glucose 

1-P (one at a time), when it’s 4 residues away form a branch point (α-1,6 bond) the 

enzyme stops (it can’t work anymore).  

• Branches are removed by the two enzymic activities of a single bifunctional protein 

(has 2 activities), the debranching enzyme ( de: remove)  >> so it removes the 

branch. This enzyme is known as Glucosidase. The two activities of glucosidase are: 

 

 a) Transferase activity: it removes the outer three of the four glucose residues 

attached at a branch. It next transfers them to the 

nonreducing end of another chain, lengthening it 

accordingly.  

 

 b) α-1,6-glucosidase activity: it releases the last residue 

as free glucose not glucose 1-P (non-phosphorylated 

glucose), now the glucose chain is available again for 

degradation by glycogen phosphorylase until it becomes 

4 residues away from another branching point.  

 

Glucose 1-phosphate, produced by glycogen 

phosphorylase, is converted in the cytosol to glucose 6-

phosphate by phosphoglucomutase.  
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Now G6P is produced and it’s an intermediate for glycolysis and gluconeogenesis, 

in the liver it is hydrolyzed to produce glucose, whereas in the muscle it will enter 

glycolysis because glucose 6-phosphatase is not found in the muscle, this enzyme 

is found only in the kidney and the liver, that’s why glycogen degradation in the 

muscle is not a source of glucose for other tissues. 

 

 

Question asked by the doctor: 

How many ATP can be produced from glucose in glycogen of the muscle? 

3 ATP.  
  :لتفسيرا

The glycogen in the muscle is degraded by the enzyme >> " glycogen phosphorylase" 
producing G1P , this molecule will be converted to G6P by simple isomerization rxn , 

 changing the location of phosphate group from the carbon # 1 to carbon # 6 , and there is
then to ,  no ATP being consumed in this rxn , then as we know the G6P is converted to F6P

consuming one ATP , and then continuing the pathway + generating 4 ATP , so the  ,6bispf1
net will be 3 ATP 

هو انو زي ما هو واضح بالصورة كان 2P , ATالي اخدناه من اول خطوة لالخر الي كان ينتج   glycolysisبال  ATPالفرق بين ال
  muscleبال  , 2ATPفكان يقلل من النتيجة النهائية و بالتالي الناتج ككل هو   G6Pل  Glucoseتستهلك اثناء تحويل  ATPفي

>> 
There is no ATP to be added to glucose to produce G6P , since its already released as G1P 

erted to G6P without ATP being consumed >> because as we said its just a then its conv
somerization rxni simple 

 

 

 

 

 

 

 

 

 

 

 

 

 تلخيص رسي    ع للي بصير هون: 
glycogen  سكر متفرع ، يعنيbranched   سكرة ، مشان نكسره بنحتاج انزيم اسمه ١٤-٨كل 

  glycogen phosphorylase هاد االنزيم بشتغل ع الnon reducing end   و بطلع سكرة
بعدين بس يقرب يوصل التفرع و تحديدا بينه و بين  osphate, G one phوحدة كل مرة ع شكل

هون ببطل قادر يشتغل و ببطل يقدر يكسر ، بهاي الحالة بنحتاج انزيم تاني   4residuesالتفرع 
 ٣يعني مزيل التفرع , هاد االنزيم بسوي شغلتين ، اول اشي بوخد   debranching enzymeاسمه

الي ضلت هاي بضيف  ٤تانية ، و السكرة رقم   chainو بنقلهم ع سكرات الي قبل التفرع ، ٤من ال 
 يعني مش زي الي قبل عليها فوسفات ، ال بتكون هاي  , free glucoseمي و بطلعها ع شكل

unphosphorylated , و بعدين بكمل عادي   
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This summary I made about  regulation :  

 
Please notice we reverse the direction of the arrows     


