Glycolysis - The pathway by which 6-carbon sugars are split to yield a 3-carbon compound, pyruvate. 
· The potential energy stored in these 6-carbon sugars is used in the synthesis of ATP from ADP. 
· Can occur under aerobic or anaerobic conditions. 
· Mainly in the muscles and the brain.
· Happens in the cytoplasm.
	Phase
	Reaction #
	Description 
	Enzyme 
	ΔG°’
	Product 

	Energy investment phase 

(two ATP molecules are expended to convert one molecule of glucose into two molecules of GAP)
	1
	α-D-Glucose is phosphorylated to form α-D-Glucose-6-phosphate (G6P)

(investment of an ATP)
	Hexokinase
	- 18.4kj/mol
 (Irreversible) 
	       








	
	2
	G6P is isomerized into D-Fructose-6-phosphate (F6P)
	Phosphohexose isomerase
	+1.7kj/mol 
(reversible)
	








	
	3
	F6P is phosphorylated at C1 to generate D-fructose-1,6-biphosphate (FBP)

(consumes an ATP)
	phosphofructokinase 1
	-15.9kj/mol 
(irreversible)
	








	
	4
	FBP is cleaved to generate two 3-carbon molecules: 
Glyceraldehyde-3-phosphate (GAP) and Dihydroxyacetone phosphate (DHAP)
	Fructose-bisphosphate aldolase 
	+23.9kj/mol 
(reversible – strongly endergonic)
	














	
	5
	DHAP is isomerized to become glyceraldehyde-3-phosphate(GAP)
	Triose phosphate isomerase (TPI)
	+7.6kj/mol
(reversible – weakly endergonic)
	





	Energy generation phase

(Net result is 2 ATP, 2 NADH and 2 pyruvate)
	6
	Oxidation and phosphorylation of GAP to generate 1,3-biphosphoglycerate (BPG)
	Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) + coenzyme NAD+ (electron acceptor for oxidation reaction)
	+7.6kj/mol 
(reversible)
	


	
	7
	Synthesis of an ATP by the transfer of a phosphoryl group from BPG, result is 3-phosphoglycerate (3PG)
	Phosphoglycerate kinase (PGK)

(PGK keeps 3PG concentration high to drive forward reaction 8)
	-17.2kj/mol
(reversible)
	









	
	8
	Isomerization of 3PG to 2-phosphoglycerate (2PG)
	Phosphoglycerate mutase
	+4.4kj/mol
(reversible)
	









	
	9
	Dehydration of 2PG into phosphoenolpyruvate (PEP)

(PEP conc. Is kept low by the pyruvate kinase in the next step in order to push forward)
	Enolase 
	-3.2kj/mol (reversible)
	









	
	10
	Synthesis of an ATP by the transfer of a phosphoryl group from PEP, results in pyruvate.
	Pyruvate kinase
	-29.7kj/mol
(irreversible)
	














Gluconeogenesis from pyruvate (Carbohydrates anabolism) - biosynthesis of new glucose, reverse of glycolysis. 
· Can proceed w various substrates – pyruvate, lactate, fatty acids, amino acids. 
· Costs 4 ATP, 2 GTP and 2 NADH – when glycogen stores are depleted we need to get glucose from somewhere (during starvation and vigorous exercise).
· Brain, nervous system and red blood cells generate ATP ONLY from glucose. 
· Mainly in the liver. 
	Reaction #
	Description 
	Enzyme
	Location
	Product

	1a.
	Carboxylation of pyruvate into oxaloacetate 
	Pyruvate carboxylase 
	Mitochondrial matrix (pyruvate carboxylase can only be found here)
	

	1b. 
(Malate shuttle – no effective transporter for oxaloacetate)
	To exit mito, oxaloacetate must be reduced to malate by MDH2.

Transported into cytoplasm by Malate-Aspartate shuttle (mainly malate carrier protein SLC25A11)

Once in cytosol, malate is reoxidized to oxaloacetate by MDH1.
	Mitochondrial malate dehydrogenase (MDH2) 

Cytosolic malate dehydrogenase (MDH1)
	Cytosol 
	

	2
	Phosphorylation and decarboxylation of oxaloacetate into phosphoenolpyruvate. 
	Phosphoenolpyruvate carboxykinase (PEPCK)
	Cytosol 
	







	3
	Phosphoenolpyruvate to 2-phosphoglycerate (2PG) 
	Enolase
	Cytosol 
	







	4
	2PG to 3-phosphoglycerate (3PG
	Phosphoglycerate mutase
	Cytosol 
	






	5
	3PG to 1,3-biphosphoglycerate (BPG)
	Phosphoglycerate kinase (PGK)
	Cytosol 
	







	6
	BPG to glyceraldehyde-3-phosphate(GAP)
	Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
	Cytosol 
	







	7
	GAP to D-fructose-1,6-biphosphate (FBP)

	Triose phosphate isomerase (TPI)
	Cytosol 
	







	8
	Dihydroxyacetone phosphate (DHAP) to D-fructose-1,6-biphosphate (FBP)
	Aldose
	Cytosol 
	







	9
	Hydrolysis of FBP into Fructose-6-phosphate (F6P) 
	Fructose-1,6-biphosphatase (FBPase)
	Cytosol 
	







	10
	F6P into Glucose-6-phosphate (G6P)
	Glucose-6-phosphate isomerase 
	Cytosol 
	






	11
	Hydrolysis of G6P into glucose.
	Glucose-6-phosphatase 
	Cytosol 
	





Glycogenesis (glycogen anabolism) – storage of glucose in cells.
· Occurs in liver (stored for public usage), and in muscles (stored for private usage).
· Stored in glycogen granules within the cells.
	Reaction #
	Description
	Enzyme
	Product
	Other

	1
	Glucose is phosphorylated to form glucose-6-phosphate  (G6P)

(investment of ATP)
	Hexokinase (in muscle) or glucokinase (in liver)
	
	

	2
	G6P is isomerized to Glucose-1-phosphate (G1P)
	Phosphoglucomutase 
	







	

	3
(coupled reaction, one unfavourable that is pushed by a favourable)
	G1P is activated in UDP-glucose

This reaction is driven by the hydrolysis of pyrophosphate from the uridine triphosphate (UTP)
	UDP-glucose pyrophosphorylase 
	
	The activated intermediate, UDP-glucose, will be used as building blocks in the growing glycogen chain.

UDP-glucose is a high energy compound.

	4
Synthesis of linear chains 
(α1->4):
	Glucose from UDP-glucose is transferred to the nonreducing end of a glycogen primer or a linear chain undergoing elongation.
	Glycogen synthase

(endergonic reaction because of high energy of UDP-glucose) 
	














	Glycogen primer – short chain of glucose residues assembled by a small protein named glycogenin. 

Glycogen synthase is the rate-limiting enzyme.

	5
Building side chains (α1->6) bonds:
	After a linear chain of ~11 molecules of glucose, the last 6-7 glucoses of the nonreducing end are transferred onto a glucose closer to the reducing end.
	Amylo-(1,4->1,6)-transglycosylase

(The branching enzyme)
	
	Formation of an O-glycosidic 
(α1->6) bond to tie the side branch to the liner branch.

	6
	Extension of the new glycogen molecule by elongation of the branches and addition of new (α1->4) bonds and (α1->6) side branches.
	Glycogen synthase for the (α1->4) bonds 

Amylo-(1,4->1,6)-transglycosylase
(branching enzyme) for the (α1->6) side branches.
	
	Energy cost is HIGH – each new glucose unit added costs 2 ATP.

Glycogen synthase is the rate-limiting enzyme. 


















Glycogenolysis – Food glycogen/starch catabolism (break down)
	Step
	Description
	Enzyme

	1
	O-glycosidic (α1->4) bonds are hydrolysed by the α-amylase from the saliva and pancreas  digestive fluids.

Hydrolysis of intra-chain bonds results in the formation of maltose and α-dextrin. 

Maltose: two molecules of glucose linked by an O-glycosidic bond (α1->4).

α-dextrin: mixtures of polymers and D-glucose units linked by linear and branching glycosidic bonds.
	α-amylase

	2
	Α-dextrin is further hydrolysed by α-dextrinase which cleaves (α1->6) bonds (branching bonds).
	α-dextrinase

	3
	Removal of the branching point will be followed by another round of α-amylase digestion.
	α-amylase

	4
	Maltose is then hydrolysed by maltase. 

Product is glucose, which then enters the blood stream.
	Maltase 












Glycogenolysis – Tissue glycogen catabolism 
· In the liver/muscles 
	Step 
	Description 
	Enzyme
	Other:

	1
	O-glycosidic (α1->4) bonds are broken by phosphorolysis from the non-reducing end.

	Glycogen phosphorylase (in liver and muscles)
	Reaction stops 4 glucose molecules before a (α1->6) branch.

Generates glucose-1-phosphate.

Glycogen phosphorylase is the rate-limiting enzyme.

	2
	Transfer of 3 molecules of glucose (trisaccharide) of the lateral chain to the nonreducing end of another chain.
	Glycosyltransferase (debranching enzyme)
	(α1,4->1,4) transferase activity

	3
	Hydrolysis of the 
(α1->6) bond.
	Glycosyltransferase 
(debranching enzyme)
	(α1->6) glucosidase activity 

Produces one molecule of glucose per (α1->6) bond.

	4
	Phosphorolysis of the remaining (α1->4) bonds.
	Glycogen phosphorylase 
(the rate-limiting enzyme)
	Produces multiple molecules of glucose-1-phosphate.


	5
	Isomerization of glucose-1-phoshate to glucose-6-phosphate 
	Phosphoglucomutase
	In the muscle, glucose-6-phosphate directly enters glycolysis. 

	6 (ONLY IN LIVER)
	Hydrolysis of glucose-6-phosphate to glucose
	Glucose-6-phosphotase 
	Glucose-6-phosphotase is absent from the muscles. 

Glucose is then exported to the blood circulation.






Pentose phosphate pathway 
· Not designed to produce energy (thought does generate energy), allows for the production of NADPH and ribose-5-phosphate. 
· Mainly in liver, adipose tissue, mammary gland, steroidogenic tissues, red blood cells. 
· Starting substrate is G6P (generated by glucokinase in the liver).
· Two phases: oxidative and non-oxidative 
	Phase
	Step
	Description
	Product 

	Oxidative


(Generates 2 NADPH and 1 D-ribose 5 phosphate from one G6P)
	1a.
	Dehydration of G6P by glucose-6-phosphate dehydrogenase to give 6-phosphoglucono-6-lactone.
	

	
	1b.
	6-phosphoglucono-6-lactone is transformed into 6-phosphogluconate(6PG) through the catalysis of lactonase. 
	






	
	2a.
	6PG transformed into D-Ribulose-5-phosphate(Ru5P) by 6-phosphogluconate dehydrogenase. 
	






	
	2b.
	R5P transformed into d-ribose 5-phosphate by phosphopentose isomerase.
	






	Non-oxidative 
	3.
	Ru5P can be turned back into G6P.

Can perform gluconeogenesis using GAP and F6P to go back to G6P.

6 Ru5P will generate 5 G6P, a lot of NADPH can be harvest throughout these reactions.
	




Cellular respiration 
	Stage 
	Description 
	Structure     
	Other:

	Stage 1. 
(Origins of acetyl-CoA)
	Pyruvate needs to enter the mitochondrial matrix via pyruvate translocase. 
th
Pyruvate then converted to acetyl-CoA by pyruvate dehydrogenase (irreversible). 

Acetyl-CoA formation: 
· C1 of pyruvate is released, CO2 is formed and a bond is formed between C2 and TPP.
· Hydroxyethyl group is transferred to the lipoid acid portion of the lipoyl domain (LD), catalyzed by E2. 
· Transesterification resulting in the production of an acetyl-CoA, reduction of the LD.
· LD reoxidizes, FAD is converted to FADH2. 
· E3 catalyzes the reduction of FAD to FADH2.,and then the reduction of NAD+ to form NADH + H+.
	
	Pyruvate dehydrogenase complex: multienzyme complex, 3 enzymes (E1, E2, E3) and 5 cofactors. 



	Stage 2 
(Citric Acid Cycle)
	In separate table
	
	

	Stage 3
(big payoff) 
	Reduced electron carriers (NADH, FADH2) are reoxidized, providing energy for the synthesis of additional ATP. 
	
	Reoxidized by the electron transport chain coupled to the oxidative phosphorylation.




Tricarboxylic acid (TCA) Cycle 
· Catabolic pathway used for oxidizing all metabolic fuels 
· For each acetyl-CoA we get 1 GTP, 3 NADH, 1 FADH2 and 2 CO2nthe
· Stage 2 of cellular respiration.
	Step 
	Description
	Enzyme
	Product
	Other

	1
	Condensation reaction of one acetyl-CoA and one oxaloacetate in to citric acid (Citrate).
	Citrate synthase
	
	Irreversible

Consumes one H2O

Liberates CoA, which is reused to make acetyl-CoA

	2
	Isomerization of citrate into isocitrate.
	Aconitase
	






	Done in two steps. 

	3		
	Decarboxylation of isocitrate into α-ketoglutarate. 
	Isocitrate dehydrogenase + coenzyme NAD+
	






	Irreversible
Done in 2 steps. 

Produces one CO2 and one NADH + H+.

	4
	Oxidative decarboxylation of α-ketoglutarate into succinyl-CoA
	α-ketoglutarate dehydrogenase
(multi-enzyme complex)
	
	Irreversible

Consumes one CoA. 

Produces one CO2 and one NADH.

	5
	Phosphorylation of a GDP by the transformation of succinyl-CoA into succinate.
	Succinyl-CoA synthetase 
	







	Produces one GTP (will be converted to ATP).

	6
	Dehydrogenation of succinate into fumarate. 
	Succinate dehydrogenase using FAD as cofactor.
	






	Produces FADH2.

	7
	Rehydration of fumarate into L-malate. 
	Fumarase
	






	Consumes one H2O. 

	8
	Dehydrogenation of L-malate into oxaloacetate.
	Malate dehydrogenase with coenzyme NAD+
	






	Produces one NADH + H+.


















Electron Transport Chain 
· Located in the mitochondrial inner membrane (MIM)
· Oxidation step of oxidative phosphorylation.
· The phosphorylation step of oxidative phosphorylation is ATP synthesis with complex V. 
· Oxidative phosphorylation is a 2-step process.
· Stepwise series of catalytic redox carriers that are also integral membrane proteins 
· Standard reduction potential values (E°’) of the carriers increase in sequence. 	
· E°’ is the tendency of a molecule to be reduced. More positive = more likely. 
	Complex #
	Name
	Description
	Role(s)

	1
	NADH-dehydrogenase
	Composed of the coenzyme flavin mononucleotide (FMN) and 8 iron-sulfur clusters (Fe-S) which transfer e- to coenzyme Q.

Can accept 1 to 2 electrons.
	Receives reducing equivalents (2e-) from NADH.

Transfer 2e- to coenzyme Q via the FMN and Fe-S proteins. 

Pump 4H+ from the mitochondrial matrix to the intermembrane space, by using energy generated by e- transfers from NADH to ubiquinone.

	2
	Succinate dehydrogenase (same one from krebs) 
	Composed of multiple proteins with Fe-S clusters which transfer e- to coenzyme Q.
	Establishes a direct link between the Krebs cycle and the electron transfer chain. 

Receives reducing equivalents (e-) from FADH2.

Transfer e- to coenzyme Q via the Fe-S proteins. 

	3
	
	Composed of 2 cytochromes b, 2 proteins with Fe-S clusters, and 2 cytochromes c1. 

Cytochrome C can only accommodate 1 e-

Therefore, 2 reduced cytochrome C will be produced for each QH2 molecule. (Q cycle) 
	Receives reducing equivalents (2e-) from coenzyme QH2.

Transfer e- to cytochrome C via the cytochromes Fe-S proteins. 

Pump protons (4H+, 2H+ for each e-) from the mitochondrial matrix to the intermembrane space, by using energy generated from reducing cytochrome C.

	4
	Cytochrome C oxydase 
	Final stage of the electron transport chain. 

Homodimer composed of 3 subunits. 
	Receives reducing equivalents from cytochrome c. 

Transfers e- to molecular oxygen (reduces oxygen in matrix, makes water).

Pumps protons (2H+, 1 H+ for each e-) into intermembrane space via a proton channel.





