INTRODUCTION TO METABOLISM:
Metabolism: The sum of all the chemical changes occurring in a cells , tissue , or the body    
In cells, the reactions are organized into multistep sequences called pathways such as glycolysis 
Most pathways can be classified as either catabolic (degradative) or anabolic (synthetic) 
 A) catabolic pathways [convergent process] :
Capture chemical energy in the form of ATP from the degradation of energy-rich fuel molecules .

Occurs in 3 stages :

1- Hydrolysis of complex molecules : complex molecules broken down into their component building blocks 

2- Conversion of building blocks to simple intermediates ( acetyl CoA ) : small energy is captured .
3- Oxidation of acetyl CoA : By TCA cycle ( The final common pathway in the oxidation ) , Large amonts of ATP are generated as electrons flow from NADH and FADH² to oxygen via oxidative phosphorylation or substrate level phosphorylation
B) Anabolic pathways [divergent process] :  
Combine small molecules(amino acid) to form complex molecules (protein).

Require energy( ATP to ADP ) 
REGULATION OF METABOLISM:
A) Signals from within the cell (intracellular) :
· Availability of substrates 
· Product inhibition 

· Allosteric activators or inhibitors 
B) Communication between cells (intercellular) :

· For long-range integration of metabolism .

· Slower than (intracellular) .

· Mediated by surface-to-surface contact , or gap junctions .

· The most important route of communication is chemical signaling between cells ( Hormones , Neurotransmitters).

C) Second messenger systems: 

1- calcium/phosphatidylinositol system 
2- adenylyl cyclase system 

D) adenylyl cyclase :
· It is membrane-bound enzyme that converts ATP to 3.5-adenosine monophosphate(cAMP) .
· Some membrane receptors for chemical signaling such as  β and α²-adrenergic receptors are characterized by an extracellular ligand-binding region, 7 transmembrane helices , and an intracellular domain that interacts with G-proteins . 
· G-protein is trimeric(α , β , γ) in the cell membrane , either binds with GTP (active form) or GDP (inactive form) .
· The  GTP-Bound makes[ α ] subunit moves from the receptor to the adenylyl cyclase which is become active .
·  The ability of hormone or neurotransmitter to stimulate or inhibit adenylyl cyclase depends on the type of G-protein ( Gs: for stimulation , Gi: for inhibition )

· The action of G-protein is short lived because GTPase activity .

· cAMP activates protein kinase A  by binding to its two regulatory subunits , causing release active catalytic subunits which catalyze the transfer of phosphate from ATP to protein . phosphorylated proteins may act directly on cells ion channels or may become activated or inhibited enzymes. 
· Dephosphorylation of proteins by protein phosphatases enzymes.
· Protein kinase C  is  NOT cAMP-dependent . 
· Hydrolysis of cAMP to 5-AMP by cAMP phosphodiesterase ( inhibited by theophylline and caffeine) .  
TRANSPORT OF GLUCOSE INTO CELLS :

Glucose cannot diffuse directly into cells , but enters by one of two transport mechanisms :
1- NA-independent facilitated diffusion transport

Follows a concentration gradient [ from high to lower ]

	Specialized Functions
	Site
	Glucose Transporter

	Glucose uptake from the blood 
	RBCs & Brain & low in adult muscle 
	GLUT-1

	Glucose uptake from the blood
	Neurons
	GLUT-3

	Glucose uptake from the blood , Increased by insulin
	Adipose Tissue & skeletal muscle 
	GLUT-4

	Glucose uptake from the blood (high) or transport glucose from cells to the blood (low)
	Liver & Kidney & β cells of pancreas 
	GLUT-2

	For Fructose 
	Small intestine & testes 
	GLUT-5

	Mediates Glucose flux across ER membrane 
	Liver 
	GLUT-7


2- Na- monosaccharide cotransporter system 
Energy-requiring process that against a concentration gradient [from low to higher]

The carrier of glucose is Na+ 

Occurs in epithelial cells of intestine, renal tubule , choroids plexus .
REACTIONS OF GLYCOLYSIS :
- Glycolysis occurs in the cytosol of all tissues and it is the hub of carbohydrate metabolism . 
- Aerobic glycolysis : in the cells with mitochondria[oxygen is required]  , pyruvate is the end product ,       2 NADH are formed , and this pathway produce 8 ATP . 
- Anaerobic glycolysis : in the cells that  lack mitochondria[ such as RBCs] or in intensive exercise muscle  , 2 lactate is the end product , NADH is reconverted to NAD , and this pathway produce 2 ATP .
- The reactions of Glycolysis  occur in two phases 
 A- Energy investment phase : the first 5 reactions ( 2 ATP to  2 ADP) . 
 B- Energy generation phase : substrate level phsphorylation ( 4 ATP produced & 2 NADH) . 
     Note : 1 NADH = 3  ATP .
1- phosphorylation of Glucose [ Irreversible ] :
· The phosphorylation of glucose to glucose 6-phosphate is irreversible and catalyze by hexokinase or glucokinase .

· Hexokinase in most tissues , has broad substrate specificity , has low Km therefore high affinity for glucose and has low Vmax , inhibits by glucose 6-phosphate . 
Note: the 3 regulatory Enzymes of glycolysis are : hexokinase & PFK-1 & pyruvate kinase .

· Glucokinase in liver parenchymal cells [during hyperglycemia] and in islet cells of pancreas[ in β cells as glucose sensor for secretion of insulin] , has high Km and less affinity therefore Glucokinase functions only when the intracellular concentration of glucose in hepatocyte is elevated , has high Vmax .
· Glucokinase is indirectly inhibited by fructose 6-phosphate and stimulated indirectly by glucose via the gloucokinase regulatory protein exists in the nucleus of hepatocytes . 
· Insulin increases the formation and activity of Glucokinase in hepatocytes . 

2- Isomerization of glucose 6-phosphate : 
      - To fructose 6-phosphate by phosphoglucose isomerase . 

3- Phosphorylation of fructose 6-phosphate [ Irreversible ]:

· To fructose 1,6-bisphosphate by phosphofructokinase-1 (PFK-1) which is the most important control point and the rate-limiting step of glycolysis , which activated by AMP & inhibited by ATP & citrate
· PFK-1 also activated by fructose 2,6-bisphosphate [ this compound is affected by bifunctional enzyme which has two different domains , one is PFK-2 ,and another is fructosebisphosphatase-2] 
· During well-fed state : decreased levels of glucagon and elevated levels of insulin cause an increase of fructose 2,6-bisphosphate and thus the rate of glycolysis . 
· During starvation : increased levels of glucagons and decreased levels of insulin cause a decrease of fructose 2,6-bisphosphate and thus increase in gluconeogenesis . 
4- Cleavage of fructose 1,6-bisphosphate :

- To dihydroxyacetonephosphate and glyceraldehyde 3-phosphate By Aldolase A 
- Aldolase B  has the same function but only in the liver and kidney .    
5- Isomerization of dihydroxyacetone phosphate:
- To glyceraldehyde 3-phosphate By Triose phosphate isomerase 

- The net production from the cleavage fructose 1,6-bisphosphate are 2 molecules of  glyceraldehyde 3-phosphate .

6- Oxidation of glyceraldehyde 3-phosphate: 
· To 1,3 bisphosphoglycerate By glyceraldehyde 3-phosphate dehydrogenase ( required NAD)

· Is the first oxidation-reduction reaction of glycolysis . 

·  NADH formation by this reaction must be reoxidized to NAD by either conversion of pyruvate to lactate or by oxidation of NADH via respiratory chain . 

· Arsenic poisoning inhibit pyruvate dehydrogenase and prevents net ATP and NADH production without inhibit the pathway itself . 
· some of 1,3 bisphosphoglycerate is converted to 2,3-BPG in RBCs  By bisphosphoglycerate mutase .

7- synthesis of 3-phosphoglycerate producing ATP :

- 1,3 BPG is converted to 3-phosphoglycerate by phosphoglycerate kinase (reversible)
- producing 2 ATP (because there are 2 molecules of 1,3 BPG) 
- Example for substrate level phosphorylation 
8- Shift of the phosphate group from carbon 3 to carbon 2 : 

- By phosphoglycerate mutase 

9- Dehydration of 2-phosphoglycerate:
- To phosphoenolpyruvate (PEP) By enolase 
10- Formation of pyruvate producing ATP [ Irreversible ]: 

· The conversion of PEP to Pyruvate is By Pyruvate Kinase 
· Feed-Forward regulation : in the liver  Pyruvate Kinase is activated by fructose 1,6-bisphosphate 
· Phosphorylation by cAMP-dependent protein kinase  leads to inhibit Pyruvate Kinase by the affect of the glucagon 

· Among patients with genetic defects about 95% show deficiency in Pyruvate Kinase 
· Pyruvate Kinase deficiency is the second most common cause of hemolytic anemia and produces chronic hemolytic anemia (erythrocyte destruction ) . 
· The most common cause of enzymatic related hemolytic anemia is glucose-6-phosphate dehydrogenase deficiency.
* REDUCTION OF PYRUVATE TO LACTATE *

· By lactate dehydrogenase 
· the formation of lactate is the major fate for pyruvate in RBCs, lens and cornea , kidney medulla , testes and leukocytes .

· In exercising skeletal muscle elevated NADH/NAD ratio, favoring reduction of pyruvate to lactate , then lactate will accumulates in muscle causing a drop of intracellular PH and results cramps .
· In the liver and heart NADH/NAD ratio  is lower than in exercising skeletal muscle .

· Heart muscle exclusively oxidizes lactate to CO2 and H2O via TCA .

· Elevated concentrations of lactate in plasma termed lactic acidosis occur when there is a collapse of the circulatory system or when shock conditions .
·  the excess oxygen required to recover the inadequate oxygen is termed the oxygen debt which detected by measuring the blood levels of lactic  . 
ALTERNATE FATES OF PYRUVATE : 
1- oxidative decarboxylation of pyruvate by pyruvate dehydrogenase complex  to  acetyl CoA (irreversible reaction ) 

2-Carboxylation of pyruvate to oxaloacetate by pyruvate carboxylase is a biotin-dependen (irreversible reaction ) 
3- Reduction of pyruvate to ethanol (microorganisms) by pyruvate decarboxylase

8 :  Glycolysis
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