FINAL STUDY GUIDE

I. GLYCOLYSIS AND SUGAR METABOLISM


A. Five principles of metabolism:

1.) Metabolic pathways are irreversible.

2.) Catabolism and anabolism are discrete pathways.

3.) Metabolic pathways have a committed step.

4.) All pathways are regulated.

5.) In eukaryotes, metabolic reactions take place in different areas of the cell.


B. How does glucose enter the cell? Glucose transporters.

1.) SGLUT-1 (Sodium Dependent Glucose Transporter) – intestinal, cotransports glucose with two sodium ions. Can handle galactose, but no fructose.

2.) GLUT-2 – found in the liver and pancreatic beta cells. Low affinity, high capacity 'glucose sensor'.

3.) Glut-4 – skeletal and cardiac muscle. Insulin-responsive glucose transporter that tells cells to take up glucose. 


C. The Glycolytic Pathway



Reactions:




1. Glucose + ATP → Glucose-6-Phosphate* + ADP (via Hexokinase)




     a. *Irreversible. Traps glucose within the cell.




     b. Hexokinase is inhibited by glucose-6-phosphate (PI – product inhibition).




     c. In the liver, glucokinase carries out this reaction.





ci. Glucokinase has a lower affinity for glucose than hexokinase, but is 




not inhibited by glucose-6-phosphate. Thus, it's useful to promote 





glycogen synthesis in situations of excess glucose. 





cii. Regulated by glucokinase regulatory protein, which binds to it and 




moves it to the nucleus when glucokinase is inactive.





ciii. Glucokinase is also activated by fructose-6-phosphate.




2. Glucose-6-Phosphate → Fructose-6-Phosphate (via Phosphoglucose 




isomerase)




3.  Fructose-6-Phosphate + ATP → Fructose-1,6-Bisphosphate* + ADP (via 



Phosphofructokinase)




      a. *Irreversible. This step commits cells to metabolizing glucose.




      b. Inhibited(-) by ATP, citrate, PEP (signs of high energy), activated(+) by 



      ADP, AMP, cAMP, fructose-2,6-bisphosphate.




      c. When there is only a 10% drop in ATP levels, flux through glycolysis 



      increases ninefold due to a rise in [AMP]. 




      d. In a steady state, PFK exists in equilibrium with fructose-1,6-




      bisphosphatase (FBPase), which carries out the reverse of the reaction. This 



      is an example of substrate cycling. 




            di. FBPase is inhibited by PFK's activators – AMP and fructose-2,6-




bisphosphate.





dii. During a drop in [ATP], FBPase's activity is also repressed, 





promoting PFK's activity and leading to an 89x increase in glycolytic 




flux.




4. Fructose-1-6-bisphosphate → Dihydroxyacetone phosphate (DHAP) + 



glyceraldehyde-3-phosphate (GAP) (via aldolase – class I). 




      a. [DHAP] >> [GAP], but GAP is the only metabolite that can continue.




      b. For this reason, triose phosphate isomerase converts DHAP to GAP, 



      splitting the glycolytic pathway in two.




5. GAP + NAD+ → 1,3-bisphosphoglycerate + NADH (via glyceraldehyde 



dehydrogenase). 1,3-bisphosphoglycerate is a high-energy intermediate.




6. 1,3-bisphosphoglycerate + ADP → 3-phosphoglycerate + ATP (via 




phosphoglycerate kinase)





a. Since 1,3-bisphosphoglycerate is so high-energy, it is immediately 




shuttled to phosphoglycerate kinase, an example of substrate shuttling.





7. 3-Phosphoglycerate → 2-phosphoglycerate (via phosphoglycerate mutase).




8. 2-phosphoglycerate → phosphoenolpyruvate (PEP) + H2O (via enolase).




9. PEP + ADP → Pyruvate + ATP* (via pyruvate kinase).




        a. *Irreversible. Regulated by both allosteric and hormonal substrates.




        b.  Regulation (muscle): fructose-1,6-bisphosphate (+), ATP (-)




        c.  Regulation (liver): glucagon causes release of cAMP, causing 




       phosphorylation of pyruvate kinase (-) by Protein Kinase A.




10. Overall reaction:



Glucose + 4ADP + 2NAD+ → 2Pyruvate + 4ATP + 2NADH + 2H2O



D. Fructose-2,6-bisphosphate and its regulation




1. Fructose-2,6-bisphosphate (F2,6BP) is a potent activator of PFK, and is 



regulated by another mechanism.




2. This mechanism is a balance between fructose-6-phosphate's phosphorylation 



by PFK-2 or dephosphorylation by FBPase-2. PFK-2 and FBPase-2 are ONE 



homodimeric protein with both capabilities. It is also different in the liver, 



skeletal muscle, and cardiac muscle.




3. In the liver:




         a. During a drop in blood glucose, glucagon is secrete from the pancreas. 



         By interactions with a G-coupled receptor, adenylate cyclase raises [cAMP] 


         levels inside the cell. 




         b. High [cAMP] turns on Protein Kinase A (PKA), which phosphorylates 



         PFK-2, inhibiting it and promoting FBPase-2's phosphatase activity. This is                 


         because we want MORE glucose in the bloodstream.




         c. PKA also turns off pyruvate kinase, ceasing glycolytic flux.




         d. If blood glucose is high, PKA's activity is hampered, and Protein 




         Phosphatase 1 removes the inhibitory phosphate on PFK-2, promoting 



         glycolytic flux.




4. In cardiac muscle:




         a. [epinephrine] increases in times of stress, increasing [cAMP] and 




   activating PKA.




          b. Unlike in the liver, however, phosphorylation of PFK-2 activates it, 




   increasing glycolytic flux.




5. In skeletal muscle:




          a. The same thing happens in the heart, but high [cAMP] stimulates AMP-




Dependent Kinase (AMPK), which phosphorylates PFK-2 to activate it.



    E. How does pyruvate get to the mitochondria for the Krebs Cycle?




1. Malate-Aspartate Shuttle: Involves reduction of oxaloacetate to malate (via 



NADH), transport to malate into the mitochondria via the malate-





alphaketoglutarate carrier, re-reduction of NAD+ (converting malate back to 



oxaloacetate), and then conversion of oxaloacetate to aspartate and departure 



from the mitochondria. Using the malate-aspartate shuttle generates 3 ATP since 



it enters higher along the electron transport chain.





2. Glycerophosphate Shuttle: only occurs in the brain and skeletal muscle. 



NADH is converted to NAD+ via DHAP's reduction to glycerol-3-phosphate. 



NAD+ reenters glycolysis, while glycerol-3-phosphate gives the electrons to 



FADH, which enters the electron transport chain downstream of NADH and only 


generates 2 ATP.



       F. Fructose Metabolism




1. In muscle:




    a. Fructose + ATP → Fructose-6-phosphate + ADP (via hexokinase).




    b. Fructose-6-phosphate enters glycolysis before the PFK regulatory step.




2. In liver:




     a. Fructose + ATP → Fructose-1-phosphate + ADP (via fructokinase).




     b. Fructose-1-phosphate → Glyceraldehyde + DHAP (via aldolase type b)




     c. Glyceraldehyde + ATP → GAP + ADP (via glyceraldehyde kinase)




     d. DHAP → GAP (via triose phosphate isomerase).




     e. GAP enters glycolysis AFTER the PFK regulatory step.




3. In individuals with fructose intolerance, there is usually a deficiency of type b 



    aldolase.



        G. Galactose Metabolism – only occurs in the liver.




 1. Galactose + ATP → Galactose-1-phosphate + ADP (via galactokinase).




 2. Galactose-1-phosphate + UDP glucose → Glucose-1-phosphate + UDP-



galactose (via galactose-1-phosphate uridylyl transferase).




 3. Glucose-1-phosphate → Glucose-6-phosphate (via phosphoglucomutase). 



This enters glycolysis.




 4. UDP-galactose → UDP-glucose (via UDP-galactose-4-epimerase).





a. This reaction can be reversed by coupling it to the hydrolysis of 




inorganic phosphate by inorganic phosphorylase (PPi → 2Pi).




5. Galactosemia (inability to metabolize galactose) can be caused by deficiency 




in one of three enzymes.





a. Type I: deficiency of uridylyl transferase.





b. Type II: deficiency of galactokinase





c. Type III: deficiency of UDP-galactose-4-epimerase.



         H. Pentose Phosphate Pathway – absent in muscle cells.




 Purpose: to generate NADPH, glycolytic intermediates, pentose sugars, or 



  nucleic acid precursors. The pathway needs 3 molecules of glucose-6-phosphate 


  to run to completion, so there are coefficients of 3 next to each molecule.




  1. 3Glucose-6-phosphate + 3NADP → (3)6-phosphoglucono-delta-lactone + 


             (3)NADPH* (via glucose-6-phosphate dehydrogenase).





a. Irreversible.





b. (+) NADP, (-) NADPH (PI)




            c. Deficiency in glucose-6-phosphate dehydrogenase causes breakdown 




of ertythrocytes as they lose the ability to reduce glutathione disulfide 




(GSSG) to glutathione via NADPH oxidation.




  2. (3)6-phosphoglucono-delta-lactone + 3H2O → 6H+ + (3)6-phosphogluconate 


              (via 6-phosphogluconolactonase)




  3. (3)6-phosphogluconate + 3NADP → (3)Ribulose-5-Phosphate + 3NADPH + 


  3 CO2 (via 6-phosphogluconate dehydrogenase)




This is the end of the oxidative steps and the beginning of the isomerization and epimerization steps.




  4. (3)Ribulose-5-phosphate → Ribose-5-phosphate (via ribulose-5-phosphate 



   isomerase) + (2)Xylulose-5-phosphate (via ribulose-5-phosphate epimerase) 





  a. Ribose-5-phosphate is a precursor to nucleotides. 





  b. If there is too much Ribose-5-phosphate, it's converted to glycolyitc 




  intermediates.




  This is the end of the isomerization and epimerization steps and the beginning of the bond cleavage and formation steps.




  5.  Ribose-5-phosphate + Xylulose-5-phosphate → Sedoheptulose-7-phosphate 



  + GAP (via transketolase).




   6. Sedoheptulose-7-phosphate + GAP → Fructose-6-phosphate + Erythrose-4-



   phosphate (via transaldolase).




   7. Erythrose-4-phosphate + Xylulose-5-phosphate → Fructose-6-phosphate + 



    GAP (via transketolase again).




   8. The overall reaction for the entire pathway is thus:



3G6P + 6NADP + 3H2O ↔ 6NADPH + 6H+ + 3CO2 + 2F6P + GAP




  9. Since only the oxidative steps are irreversible, different parts of the pathway 



  can be used to generate different metabolites.

	Need
	Oxidative Steps
	Isomerization + Epimerization
	Bond Cleavage and formation

	NADPH + Pentose
	Yes
	Yes
	Yes

	Pentose
	No
	Yes
	Yes

	Nucleotides
	Yes
	Yes (Ru-5P is ONLY converted to ribose)
	Yes (glycolytic intermediates go in reverse)

	NADPH
	Yes
	No
	Yes (glycolytic intermediates are converted to G6P)


II. GLYCOGEN METABOLISM



        A. Structure




  1. Long polysaccharide composed of glucose monomers. Effective for storing 



  energy (muscle) or for maintaining blood glucose (liver).




  2. Can be linked via C(1,4) or C(1,6) linkage. 




  3. A reducing end has nothing bound to its C-1, while a nonreducing end has 



  nothing bound to its C-4. There is one reducing end per glycogen molecule.




  4. Glycosyl residues are attached to nonreducing ends via (1,4) linkage, but can



  also form a branch point wherein they connect to a longer glycogen backbone                          


  by (1,6) linkage. Branching gives the glycogen molecule multiple sites for 



  synthesis and degradation.



         B. Synthesis




   1. Glucose-6-phosphate → Glucose-1-phosphate (via phosphoglucose mutase)




   2. Glucose-1-Phosphate + UTP → UDP-glucose + PPi (via UDP-glucose 



   pyrophosphorylase)




   3. Reaction 2 is coupled to PPi + H2O → 2Pi (via inorganic pyrophosphorylase)




   4. UDP-glucose + GlycogenN → GlycogenN+1 (via glycogen synthase)




   5. Once we have a chain at least 11 residues long, we take ~7 of them and form 


        a (1,6) linkage on a residue at least 4 residues away from another branch 



        point via Amylo(1,4)->(1,6)transferase.




     6. Overall: Glucose + 2ATP* + GlycogenN + H2O → GlycogenN+1 + 2ADP + 



      2Pi





*ATP hydrolysis is energetically equivalent to UTP hydrolysis, the two 




  are interchangeable via nucleoside diphosphate kinase.




  C. Degradation




      1. GlycogenN + Pi → Glucose-1-phosphate + GlycogenN-1 (via glycogen 



           phosphorylase)

                                              This enzyme releases units at least 5 residues from a branch point on a 



           non-reducing end. This process continues until there is a trisaccharide 



           moiety of (1,4) linked glycosyl residues.

     


      2.  The trisaccharide is moved to a nonreducing end and placed in (1,4) 



      linkage by alpha(1,4)glycosyl transferase. Reaction 1 then continues.




      3. The remaining (1,6) linked glycosyl residue is then removed by 




      alpha(1,6)glucosidase to yield glucose. This is energetically inefficient and 



      does not comprise the majority of glycogen breakdown.




      4.  Glucose-1-phosphate → Glucose-6-phosphate (via phosphoglucomutase)




  D. Regulation – Bicyclic Enzyme Cascade




       1. List of enzymes and regulatory substances

	Enzyme
	Activators(+)
	Inhibitors(-)
	Action

	PKA
	cAMP
	N/A
	Phosphorylates phosphorylase kinase(+), glycogen synthase(-), PP1 inhibitor(+)

	Phosphorylase Kinase
	PKA (alpha and beta receptors), Ca2+ (delta receptor)

In liver, PKA phosphorylates the beta subunit and calcium activates the alpha.
	PP1
	Phosphorylates glycogen phosphorylase(+)

	Glycogen Phosphorylase
	m-Phosphorylase Kinase-a, 
	PP1, Glucose (Liver)

In the liver, glucose drives the deactivation of phosphorylase, it's then that PP1 demodifies it.
	Glycogen breakdown

	Glycogen Synthase
	Glucose-6-Phosphate, PP1
	ATP, ADP, PKA, PKC (Liver)
	Glycogen synthesis

	Phosphoprotein Phosphatase (PP1)
	Insulin-stimulated protein kinase, 1x phosphorylation of GM subunit, deactivated phosphorylase-a (in liver)
	PP1 Inhibitor (Muscle), 2x phosphorylation of GM subunit by PKA , activated phosphorylase-a (liver)
	Deactivates enzymes that promote glycogen breakdown and activates those promoting synthesis.







2. Liver Signaling by PIP2 






    a. PIP2 → IP3 + DAG (via phospholipase C)






    b. IP3 stimulates Ca release, activating phosphorylase kinase.






    c. DAG activates PKC, which inhibits glycogen synthase.






 3. Once glucose-6-phosphate has been recuperated in the liver, it's 




 transported to the ER by T1, where it's turned to glucose (via 





 glucose-6-phosphatase, and then moved back into the cytosol by 





 T2. There, it's secreted into the bloodstream by the GLUT-2 





 transporter.





      E. Storage Diseases






 1. Type I: von Gierke's Disease – Glucose-6-Phosphatase 






 deficiency.






     a. Inability to alter blood sugar levels, deactivation of glycogen 




     phosphorylase and activation of synthase due to heightened 





     [G6P].






     b. Treatment: surgically redirect the portal vein to ensure other 





     tissues receive glucose before it reaches the liver.






  2. Type V: McArdle's Disease – Phosphorylase deficiency 





  (muscle)






      Inability to break down glycogen. Causes painful cramps 





      during exercise that go away if exercise continues due to 





       vasodilation flooding muscles with nutrients.







   3. Type VI: Her's Disease – Phosphorylase deficiency (liver).






       Causes hypoglycemia.

III.  PYRUVATE DEHYDROGENASE COMPLEX





      A. Enzymatic Catalysis






   1. Enzymes are large catalysts that decrease the activation 





   energy of a reaction. To this end, the energy of reaction remains 





   unchanged, but the rate of forward and reverse reactions 






   increases.






   2. Enzymes display substrate specificity via optimal 






  arrangement of the substrate in the active site.






  
a. The active site is composed of several dozen amino 






acids that form an assymetric pocket. Only 2-3 of these 






residues actually perform the catalysis, the rest are actually 





inhibited from participating in the reaction and instead 






form a 'scaffold'.







b. The residues of the active site are not subsequent 






residues of the enzyme's primary sequence, but are brought 





into proximity by long-range protein folding.


 


                3. Mechanisms of Catalysis







a. Acid/Base Catalysis – involves the partial movement of 






a proton via a residue's polarized side chain.
 At the Pk of 






that group, the side chain is most effective at transforming 






the area around the active site into an acidic/basic region to 





help in catalysis.







b. Covalent Catalysis – involves the formation of a 







transient covalent bond between the enzyme and the 






substrate. After being deprotonated, the enzyme's active 






site acts as a nucleophile, initiating formation of a 







temporary covalent bond (E2 in the PDC).







c. Metal-Ion Catalysis: Metalloenzymes contain tightly-






bound transition metal ions that allow the enzyme to bind 






to its substrate (Fe, Cu,  Zn). Metal-associated enzymes 






contain loosely associates cytoplasmic metal ions such as 






sodium and potassium.







d. Electrostatic Catalysis – Exclusion of water from the 






active site turns it into an organic region by lowering the 






dielectric constant.







e. Optimal Proximity and Orientation – By bringing two 






substrates into close proximity and with exactly the right 






orientation, a reaction will proceed more easily.







f. Preferential Binding – An enzyme has more affinity for 






the high-energy transition state of the reaction it catalyzes, 





allowing it to more efficiently perform catalysis.





        B. The Mitochondria






1. Present in all eukaryotic cells – believed to have been an 





autotroph engulfed by phagocytosis that eventually entered 





symbiosis with the host (endosymbiotic theory).






2. Contain all necessary enzymes for the Krebs Cycle and Electron 




Transport Chain (ETC) in addition to its own genome and 






  plasmids.






3. Contains two membranes – an outer and inner membrane.






     a. Outer Mitochondrial Membrane (OMM) – contains porins 





     that allow molecules of 10kDa or less to pass through.






     b. Inner Mitochondrial Membrane (IMM) – contains high 





     amounts of cardiolipin, permitting access to the mitochondria 





     unless it's through specific channels. Contains the ETC proteins 




     and has several infoldings and invaginations called cristae.





       C. The Pyruvate Dehydrogenase Complex (PDC)






1. Massive, multidomain mitochondrial protein responsible for 





conversion of pyruvate to acetyl CoA, a Krebs Cycle cofactor.







2. To move pyruvate into the mitochondria, the symport pyruvate 





translocase couples passive movement of protons to active 





movement of pyruvate.







3. Domains of the PDC






    a. E1: Pyruvate Dehydrogenase + Thiamine






    b. E2: Dihydrolipoyl Transacetylase + Panthotenic Acid






    c. E3: Dihydrolipoyl Dehydrogenase + Riboflavin/Niacin






    d. E3: Binding domain





                e. Pyruvate Dehydrogenase Kinase (PDK) (Regulation)






    f. Pyruvate Dehydrogenase Phosphatase (PDPase) (Regulation)






4. The Reaction






    a. Overall: 





Pyruvate + NAD+ + CoA → Acetyl CoA + NADH + CO2






      b. Rxn 1: TPP's carbon attacks pyruvate's carbonyl, causing 





   release of CO2 and attachment of the remaining carbon skeleton 





   to TPP as a hydroxyethyl group. Irreversible. Takes place at E1.






   c. Rxn 2: The hydroxyethyl group is oxidized to acetic acid. The 




   electrons are used to reduce a disulfide bond from S-S to SH. 





   The acetate is esterified to one of the SH groups, forming a high-




   energy thioester bond. The molecule itself is called 






   acetyldihydrolipoamide, and is connected to the polypeptide 





   backbone through the lipoyllysyl arm.






   d. Rxn 3: The breaking of the acetyl thioester bond is coupled to 




   the formation of another with CoA, forming Acetyl CoA.







  e. Rxn 4/5: Recovery  of the PDC – Electrons from E2 are moved 




  to E3 FAD and NAD+ .  This oxidation reforms the disulfide 





  bond.





         5. Regulation





             a. The complex itself is regulated by PDK and PDPase's 






 modifying and demodifying.






 b. In oncocytes, the PDC is suppressed, so the cells will run 





 glycolysis quickly to make up for the difference (Warburg effect).   






 c.  PDK – Suppresses the PDC by phosphorylating E1. 






     ci. (+) Acetyl CoA, NADH






    cii. (-) ATP, Ca, Mg






d. PDPase – Activates the PDC






     di. (+) Ca, Mg






e. In high levels of Acetyl CoA and NADH, reactions 3 and 5 go 





backwards, E2 can't proceed since it's stuck in the acetylated form, 




and E3 can't regenerate the disulfide bond because it's fully 





reduced and can't oxidize NAD+ in the presence of so much 





NADH.

IV. CITRIC ACID CYCLE 


A. Functions:

1. Reduce NAD+ and FADH to generate ATP along the electron transport chain.

2. Generate organic intermediates for use in other biosynthetic pathways.

3. Eliminate surplus organic compounds (CO2)



B. The Krebs Cycle does not use oxygen directly – electrons are handed to oxygen at the 

end of the ETC.



       1. One turn of the Krebs Cycle generates 3 NADH and 1 FADH2 , which go on to 


       yield 11 ATP.



       2. Oxaloacetate is the precursor molecule regenerated at the end.



C. Reactions

1. Oxaloacetate + Acetyl CoA → Citrate* (via citrate synthase)

a. Only reaction in which a C-C bond is formed.

b. The driving force of the reaction, and what makes it irreversible, is the formation of S-citryl CoA as an intermediate, which contains a thioester bond that is broken to provide the energy.

c. Irreversible.

d. Because of the way oxalaocetate is bound to the active site, only the S-stereoisomer of S-citryl CoA is generated.

2. Citrate → Isocitrate (via aconitase)

   a. Aconitase contains an iron-sulfur active site. This site can remove a teritary                      
alcohol on citrate and turn it to a secondary on isocitrate.

   b. Fluoroacetate – inhibitor of aconitase used as a pesticide.

3. Isocitrate + NAD+  → Alpha-ketoglutarate + NADH + CO2* (via isocitrate dehydrogenase)


a. Alcohol is oxidized to a ketone, forming the intermediate, oxalosuccinate.

    b. Oxalosuccinate then undergoes decarboxylation to alpha-ketoglutarate.


c. Irreversible. First NADH and CO2 of reaction.

4. Alpha-ketoglutarate + NAD+ → Succinyl CoA + NADH + CO2* (via alpha-ketoglutarate dehydrogenase complex)

a. Massive, multienzyme complex similar to PDC. Contains three domains.

b. Irreversible.

c. Second NADH and CO2.

5. Succinyl CoA + GDP → Succinate + GTP (via succinyl CoA synthetase)

a. A phosphate molecule displaces the CoA in succinyl CoA.

b. A histidine residue binds to the phosphoryl group to form 3-phosphohistidine, a high-energy intermediate.

c. GDP attacks the phosphate, generating GTP.

b. GTP is equivalent to ATP (via nucleoside diphosphate kinase).

6. Succinate + FADH → Fumarate + FADH2  (via succinate dehydrogenase)

a. Succinate is oxidized STEREOSPECIFICALLY (trans isomer generated) to fumarate.

b. FADH2 is bound to the enzyme, which is part of Complex II of the ETC, and located on the IMM.

c. Malonate inhibits succinate dehydrogenase by mimicking its structure. It was by observing the buildup of CAC metabolites after malonate treatment that CAC was deemed cyclical. 

7. Fumarate → Malate (via fumarase) – Hydration of a double bond to form malate.

8. Malate + NAD+ → Oxaloacetate + NADH* (via malate dehydrogenase)

a. Oxidation of the second alcohol to form a ketone and the third NADH.

b. This reaction is not spontaneous in situations of low energy and concentrations of oxaloacetate. 

c. Thus, it's coupled to the citrate synthase reaction, making it spontaneous.

D. Fate of the Acetyl Carbons

1. The pro-S arm of citrate contains carbons that always come from acetyl CoA since it always attacks oxaloacetate from the back

2. However, on succinate, which is perfectly symmetrical, carbon distribution is random. The carboxyl group can either be on C-1 or C-4, and the methyl on C-2 and C-3.

3. The carboxyl group is removed as CO2 during the second turn of the cycle, while the methyl group is removed during the third round, continuing each round as a smaller percentage.

a. Because the carboxyl distributes between C-1 and C-4, and both C-1 and C-4 of succinate are removed as CO2 in the second turn, there is a 100% chance that the carboxyl carbon will be removed.

b. However, since the methyl carbon orients itself between C-2 and C-3, and succinate is symmetric, the methyl carbon is not removed as CO2 until the third cycle, when it distributed itself among up to four carbons and is removed as a carboxyl group. The remaining marked carbons then distribute, and there is an even smaller chance that subsequent removed carbons will be from the original acetyl CoA (having been already removed).

E. Regulation of the CAC

1. The Krebs cycle is predominantly regulated by ratios: ATP/ADP, NADH/NAD+, etc. During periods of high energy (high [ATP], high [NADH), the cycle is downregulated. The reverse is true to upregulate it.

2. Two enzymes outside the cycle can help regulate the Krebs Cycle.

   a. Pyruvate Dehydrogenase Complex – see pertinent section on regulation.

   b. Pyruvate Decarboxylase (generates oxaloacetate from pyruvate) - (+) acetyl        
CoA. 

3. Regulation within the Cycle

    a. Citrate Synthase


 
ai. Oxaloacetate and acetyl CoA do not saturate citrate synthase, so its 


rate of activity is dependent on the activity of precursor enzymes 



(malate dehydrogenase and the PDC, respectively).


        aii. (-) citrate, NADH, succinyl CoA.

b. Isocitrate Dehydrogenase





bi. Isocitrate is in equilibrium with citrate. When Isocitrate 



dehydrogenase is inhibited, citrate can be removed from the 



mitochondria for use in other metabolic pathways (it inhibits PFK, 


ceasing glycolytic flux).




       bii. (-) ATP, NADH. (+) ADP, Ca.

c. Alpha-Ketoglutarate Dehydrogenase

   

ci. (-) NADH, succinyl CoA

1. (+) calcium.

V. OXPHOS AND THE ELECTRON TRANSPORT CHAIN

A. Oxidation and Reduction

1. The Standard Reduction Potential (SRP) of a reaction is an indication of the reactant's affinity for electrons.

2. The SRP is measured with regards to a standard of the hydrogen half reaction.

3. SRP > 0 if the substance takes up electrons (is a good oxidant). It's < 0 if the substance donates electrons (is a good reductant).

4. The SRP difference is equal to the change in voltage between the oxidant and the reductant half reactions. This, in turn, is related to the free energy (G) of a reaction by dG/dE = -nF(dE). For this reason, a positive SRP difference leads to a spontaneous reaction. 

a. Take-away idea: If a substance has high enough affinity for its electrons, it will need a powerful oxidant to lose them.

b. NADH is a great reductant because NAD+  loses its aromatic stability when reduced to NADH.



       5. The SRP difference under non-standard conditions can be related to the SRP 


       under standard conditions by the Nernst Equation. That is: dE = dEo – Rtln(k), 


       where K is the equilibrium constant, and t is the temperature.


B. The Electron Transport Chain


       1. The Electron Transport Chain (ETC) consists of a series of redox centers 



        (complexes) embedded within the inner mitochondrial membrane (imm) along 


         which electrons are passed until they react with oxygen to form water.



a. Each redox center has an increasingly more positive SRP → higher affinity for 


the electrons being carried. 



b. Also associated with the ETC are cyt C and Coenzyme Q, which ferry the 



electron from one complex to another.



c. Each complex contains iron-sulfur clusters ([Fe-S]) to which the electrons are 



bound. The SRP of each Fe-S cluster can vary quite widely.



d. Cytochrome C is an inducer of apoptosis if it leaves the mitochondria. For this 


reason, low energy in the mitochondria can be a signal to the cell to kill itself.


       2. NADH enters the ETC at complex I. FADH2 must enter at complex II, which is 


         attached to succinate dehydrogenase of the TCA cycle.


       3. Energy is released from the ETC in three packets – from complexes I, III, and 


         IV. ATP is not made during these steps, only the energy needed to make it.


        4. The process:



a. Complexes I + II oxidize NADH and FADH2, respectively. Both complexes 



pass their electrons on to CoQ. 



    ai. Rotenone and Amytal inhibit C-I. Succinate inhibits C-II (see TCA section).



b. CoQ passes the electrons to Complex III, which hands the electrons to Cyt C.



    bi. Antimycin A inhibits Complex III.



c. Cyt C hands the electrons to Complex IV, which reduces oxygen to give water.



    ci. Cyanide inhibits Complex IV.


         5. The P/O Ratio



 a. The P/O ratio is the stiochiometry of oxidation-coupled ATP synthesis. It's 



given by the mols of ATP produced divided by the mols of NADH, FADH2, or 



some other reductant used.



b. It can very easily be calculated by incubating mitochondria with a set 




concentration of ADP, and inhibiting the ETC as desired, calculating the amount 



of oxygen evolved when equilibrium is reached.



c. Since every mol of oxygen gas evolved requires the oxidation of two mols of 



NADH, we can determine the P/O ratio by dividing [ADP] by 2[O2].



d. This is how we can understand that NADH generates 3 ATP/mol, FADH2 



generates 2, and ascorbate generates 1.
       

C. Chemiosmotic Theory and Oxidative Phosphorylation

1. Chemiosmotic Theory – ATP is generated due to the discharge of a proton gradient across the imm.

 2. Uncouplers – FCC and DNP will destroy the proton gradient, discharging it as heat. This occurs naturally in rodents and other animals as a method of staying warm.

3. Redox-Loop Mechanism

   a. One of the ETC complexes will accept an electron and a proton simultaneously. This complex needs to be a pure electron carrier – it cannot have a difference in number of H atoms between its reduced and oxidized state.


 b. The proton binds to an amino acid on the carrier, inducing a conformational change that culminates in release of the electron into the IMS. The carrier then  returns to its original conformation.

4. ATP Synthase – 'Complex V'


a. Two-part Protein: F1F0


    ai. F0 is an integral membrane protein with three subunits in ratio a1:b2:c12.


  aii. F1 is the site of ATP synthesis with five subunits in ratio alpha3, beta3, gamma, delta, epsilon. The gamma subunit turns in unison with the F0 complex.

  b. The F1 alpha and beta subunits both bind ADP/ATP, but only the beta subuntis are catalytic.

  c. The beta subunits cycle through three forms: Open (O), closed ( C ), and tight (T). ATP is catalyzed from ADP + Pi in the tight conformation, bound in C, and released in O. 


    ci. This is driven by rotation of the gamma subunit, which is, in turn, driven by    the energy of proton gradient discharge.  

VI. Gluconeogenesis

       A. Gluconeogenesis is the process of obtaining glucose from pyrvuate during times of low glucose. Fatty acids cannot serve as glucose precursors since there is no reaction for the conversion of acetyl CoA to oxaloacetate.

      B.  Glycolysis has three irreversible (dG <<< 0 ) steps that prevent gluconeogensis from being a complete reversal. For this reason, alternative enzymes are needed to circumvent the irreversible steps.


1. Pyruvate Carboxylase + PEP Carboxykinase – gluconeogenesis analog to Pyruvate Kinase.



 a. Converts pyruvate to oxaloacetate (pyruvate carboxylase) via a 
decarboxylation. This is an ENDERGONIC rxn (uses ATP) and oxaloacetate is 
not stable.



    ai. Pyruvate carboxylase requires the presence of acetyl CoA to function. In    
   situations of high acetyl CoA, the carboxylase will be stimulated to produce 
    
   more oxaloacetate to flow through the CAC.



   aii. Alternatively, if the CAC is inhibited, oxaloacetate will run through 
  
   gluconeogenesis.


    b. Oxaloacetate exergonically decarboxylates to PEP with the help of PEPCK   
– gaining a phosphate moiety from GTP.


2. PEP must now be moved to the cytosol from the mitochondria.



 a. To do this, it can be converted to either malate or aspartate.



 b. If the malate carrier is used, NAD+ will be carried to the cytosol and turned   
 to NADH. Since NADH is a necessity for gluconeogenesis (the same way  
 
 NAD+ was for glycolysis), in most cases the malate route is required.


     c. However, if the precursor is lactate, not pyruvate, either carrier can be  

 chosen. The conversion of lactate to pyruvate generates NADH by itself, so 

 there is no need to generate more by the malate carrier. 


3. Fructose-1,6-bisphosphatase and glucose-6-phosphatase counter the other two irreversible steps of glycolysis (PFK and hexokinase/glucokinase, respectively).



  a. Fructose-1,6-bisphosphatase is INHIBITED by Fructose-2,6-bisphosphate.


4. Other than enzymatic makeup, the difference between gluconeogenesis and glycolysis is the fact that gluconeogensis requires ATP.

   C. The Cori Cycle


1. Muscle cells breakdown glycogen to lactate.


2. Lactate travels through the blood to the liver, where it's converted to glucose.


3. Glucose returns to the muscle to be used again in glycolysis. The ATP necessary for this is regenerated through oxphos.

     D. Alcohol Metabolism


1. Two successive dehydrogenase reactions – alcohol dehydrogenase and aldehyde dehydrogenase. This produces a lot of NADH.


2. NADH signals high energy and slows down the TCA Cycle.\


3. It also shifts pyruvate → lactate and oxaloacetate → malate, so there's even fewer gluconeogenesis substrates.


4. Blood glucose levels fall, and fatty acids are released from tissue. Over a long period of heavy drinking, they will accumulate in the liver.

VII. AMINO ACID METABOLISM

   A. Amino acids are biomolecules that contain both a carboxyl (COOH) and an 
amine (NH2) domain.


   B. They are commonly used in protein synthesis, but can be used by the bodies in 
times of starvation as an energy source, or in cases of positive nitrogen balance. 
They are the body's primary source of nitrogen.

      C. Amino acids can be essential (obtained through diet) or non-essential.

         1. The essential amino acids can be remembered through the mnemonic Little  

 Valentine Took My Heart Twice, I Love All People (for Leucine, Valine, 

   Threonine, Methionine, Histidine, Tryptophan, Isoleucine, Lysine, Arginine* and

 Phenylalanine)


2. *Arginine is conditionally essential. Adults produce it naturally, but children require it in the diet.


3. These amino acids can be either ketogenic (feed into acetoacetate) or glucogenic (feed into pyruvate, succinyl CoA, acetyl CoA, alpha-ketoglutarate, fumarate, or oxaloacetate). Only leucine and lysine are ketogenic.


4. Deficiency in one essential amino acid is enough for the body to act as though it is in negative nitrogen balance.

           D. All amino acids are shuttled through glutamate (Glu) during processing.


1. The enzyme that does this rxn (AA → Glutamate) is called a transaminase.


           2. Transaminases function through a 'ping-pong-bi-bi' mechanism using a PLP 

           coenzyme.



a. The enzyme binds an amino acid with its PLP cofactor and proceeds to 

remove its amino group. The alpha-ketoacid is then released ('ping').



b. The enzyme now has PMP bound instead of PLP. PMP's amine group 


usually attacks alpha-ketoglutarate ('pong'), and then the transaminase 


enzyme re-attacks PMP, releasing a new amino acid – Glutamate - and 


regenerating the PLP moiety.


            3. Glutamate is then taken up by Glutamine (Gln) synthase, and turned to 

            Glutamine by addition of a phosphate moiety (comes from ATP) that is replaced 
            by an NH3 group.



 a. Alternatively, a different enzyme called glutamate dehydrogenase will 


 act on Glu to produce free ammonia, which can go on to be turned to Gln.



 b. Glutamine Synthase is activated by alpha-ketoglutarate – the ketoacid 


of Glu.


            4. Glutamate Dehydrogenase (GDH) is important because, in the liver, the 

            ammonia produced is usually converted to urea – an important waste product. In 
            the kidneys, ammonia is excreted directly into the urine (via Glutaminase).



a. To this end, peripheral tissues need to move their excess ammonia to the 

liver so it can be used to produce urea. This is facilitated by the Glucose-


Alanine cycle.



b. The cycle begins with muscle cells undergoing glycolysis, generating 


pyruvate. The pyruvate can be quickly taken up by a specific Alanine 


Transaminase that preferentially binds pyruvate in the pong step.



c. This generates alanine. Alanine is safely shuttled to the liver through the 

bloodstream, where liver alanine transaminase transforms it back into 


pyruvate, releasing ammonia. The pyruvate is converted to glucose via 


gluconeogensis and shipped back to the muscle.


             5. GDH also generates alpha-ketoglutarate when the ammonia moiety of Glu is 
             removed. Either NAD+  or NADP can be used as a cofactor.


        E. The Urea Cycle – Primary method of generating urea in mammals.


              1. The cycle begins with free ammonia and bicarbonate (HCO3-) acted upon by 
              Carbamoyl Phosphate Synthase 1 (CPS-1) to generate Carbamoyl Phosphate.



a. The reaction runs through a Carboxyphosphate and Carbamate 



intermediate. Two ATP are used.



b. The reaction is activated by N-Acetyl Glutamate (NAG), which is 


synthesized from Glu and acetyl CoA by NAG synthase.



c. CPS-2 is a cytosolic enzyme used in pyrimidine synthesis.


              2. Carbamoyl Phosphate and ornithine are turned to Citrulline by Ornithine 

              Transcarbamoylase. Citrulline is then moved to the cytosol from the 


              mitochondria.


              3. Citrulline, now in the cytosol, is turned to arginosuccinate via 


              arginosuccinate synthetase. This reaction needs aspartate to proceed.



a. ATP is used to produce a citrullyl AMP intermediate.



b. Aspartate can be synthesized from fumarate (a urea cycle biproduct) by a 

transaminase binding oxaloacetate in the pong step.


              4. Arginosuccinate is turned to arginine via arginosuccinase. Fumarate is 

              produced at this step.


              5. Arginine is transformed to ornithine via arginase. Urea is produced at this 

              step. Ornithine returns to the mitochondria, and the cycle continues.


       F. Methionine Metabolism


             1. Methionine's catabolism generates S-adenosylmethionine (SAM), an 

             important methylating agent via the action of Methionine Adenosyl Transferase.


             2. SAM is turned to S-adenosylhomocysteine when its methyl moiety is 

             removed.


             3. S-adenosylhomocysteine is turned to homocysteine by 

        

             adenosylhomocysteinase. From here, it can go on to produce methionine again 
             (as part of the active methyl cycle) or move down the transsulfuration pathway 
             to generate Succinyl CoA. The latter pathway requires serine.

VIII. FATTY ACIDS

  A. Fatty acids are a form of biomolecule consisting of a long hydrocarbon tail with 
       
a carboxyl group at one end.


              1. The 'tail' can be either saturated (no double bonds) or unsaturated (double 

              bonds).



a. Unsaturated fatty acids, due to 'kinks' caused by double bonds, are 


usually liquid at room temperature (oils). An example is oleic acid – an 


18C fatty acid with a double bond between C9 and 10 – and linoleic acid, 

which has two double bonds between C9, 10 and C12, 13.



b. Saturated fatty acids, conversely, are usually solid at room temperature – 

butter is the classic example. Some examples are palmitic acid (16C) or 


stearic acid (18C).


               2. Two fatty acids are 'essential' – they cannot be synthesized by humans, and 
               must come from the diet.



 a. Linoleic acid → precursor to arachidonic acid.



 b. Linoic acid → precursor to EPA (an omega-3-fatty acid).

B. Three fatty acids can be attached to a glycerol backbone to form a triglyceride


(TAG – triacylglyceride) through three ester bonds.


                1. Alternatively, one of the three chains can be substituted for a phosphate 

                moiety attached to some sort of head group (choline, ethanolamine, inositol, 
                etc.). The resulting molecule is called a phospholipid.


                2. Glycerol with two attached fatty acid chains is called a diacylglyceride, and 
                is used frequently in cell signaling.


                3. Triglycerides can be cleaved to diglycerides via the action of a lipase.



a. Lipoprotein lipase – Found in serum.



b. Hormone-sensitive lipase – Found in adipose tissue. (+) cAMP.


        C. Fatty acid synthesis is carried out in eukaryotes and higher organisms by a 

        multidomain protein complex called fatty acid synthase. In bacteria, each enzyme 
        is separate. The main carrier protein remains ACP (acyl carrier protein), to which 
        acetyl CoA is bound and carbons added on. Synthesis is inhibited by tuberculosis.


                1. Acetyl CoA's acetyl group is added on to ACP via Acetyl CoA-ACP 

                Transacylase. This generates Acetyl-ACP.


                2. Concurrently, Two acetyl CoA molecules are condensed into malonyl CoA 
                by acetyl CoA transcarboxylase. Malonyl CoA is turned to malonyl ACP by 

                Malonyl CoA-ACP Transacylase.



a. This is the regulated, rate-limiting step of fatty acid synthesis.



b. (+) citrate, (-) palmitic acid, (-)cAMP.


                3. Malonyl-ACP and Acetyl-ACP are condensed to acetoacetyl-ACP by beta-
                ketoacyl ACP synthase. One molecule of CO2 is lost.


                4. Acetoacetyl-ACP is reduced to beta-hydroxybutyryl-ACP by beta-ketoacyl 
                ACP reductase, which uses a molecule of NADPH.


                5. Beta-hydroxybutyryl-ACP is dehydrated via beta-hydroxybutyryl ACP 

                dehydratase to give a,b-trans-butenoyl ACP. A double bond is left behind.


                 6. a,b-trans-butenoyl ACP is turned to butyryl ACP via another reduction by 
                 NADPH and enol ACP reductase. This removes the double bond.


                 7. We now have a four carbon moiety. The cycle repeats, adding on two more 
                 carbons each time until there are 16 carbons left, giving us Palmitoyl ACP.


                 8. Thioesterase cleaves the carbon chain off ACP, generating Palmitic acid.

   D. Treating Tuberculosis involves inhibition of two FA synthases used by the 

         
mycobacteria responsible.


                  1. Pyrazinamide – inhibits FAS-1, stopping synthesis of fatty acids and 

                   bacterial acids.


                  2. Isoniazid – inhibits FAS-2, stopping synthesis of bacteria acid.



E. Oxidation of fatty acids is a reversal of synthesis in terms of mechanism, but it 
         

uses different enzymes.


                   1. To begin, hormone-sensitive lipase cleaves a triglyceride in adipose 

                   tissue. The free FA is bound to albumin for transport through the                     
                   bloodstream to the target cell.


                   2. Once inside, fatty acyl CoA synthase adds a CoA moiety to the FA.


                   3. Acyl-CoA is then taken up by carnitine palmitoyl transferase-I, which 

                   removes the CoA moiety and adds on a carnitine moiety. The FA then 

                   crosses the mitochondrial membrane. Once inside, transferase II removes 
                  
                   the carnitine and adds the CoA back.



     a. This is driven by a concentration gradient.



     b. (-)Malonyl CoA.


                   4. Now, beta-oxidation proper begins. The acyl-CoA is oxidized by acyl-

                   CoA dehydrogenase, which generates a molecule of FADH2 and d2-trans-

                   enoyl CoA. 



    a. There are 3 versions of this enzyme for long, medium, and short chain 

    fatty acids.



    b. A malfunction in this enzyme causes severe hypoglycemia.


                   5. The beta carbon is hydrated, adding a hydroxyl moiety to the acyl chain 
                   Enoyl CoA hydratase generates (S)-b-hydroxyacyl CoA.


                   6. The molecule is reoxidized by b-hydroxylacyl CoA dehydrogenase, 

                   generating NADH and b-ketoacyl CoA.


                   7. Thiolase cleaves off acetyl CoA, and a new CoASH molecule is added to 
                   the end of the acyl chain. Oxidation continues.



8. Each round of beta oxidation produces 1FADH2 (2ATP), 1NADH 


(3ATP), and 1 acetyl CoA (3 NADH, 1 FADH2  by the CAC). 



       a. Assuming palmitic acid is being oxidized (16C), we have 7 rounds to 

       run through (the last will produce 2 acetyl CoA) for a total of 8 acetyl 

       CoA, 7 NADH, and 7FADH2.



       b. This gives us (12*8) + (7*3) + (7*2) ATP per complete oxidation of 

       palmitic acid.


                F. However, we run into a problem if there's an unsaturation.



       a. If the unsaturation is on an odd numbered carbon, it will give rise to 

       a b-g unsaturation. In this case, we use enoyl CoA isomerase to move 

       the double bond over to the alpha-beta position. This is an 



       intermediate step of oxidation, but since we miss the step generating 

        
       FADH2 , 2 fewer ATP are produced.



        b. Even unsaturations – there is no problem if the bond is an a-b 


        unsaturation, but if it is a g-d, we need to change it and an a-b double 

        bond into one unsaturation at the a-b position. This conversion costs 1 

        NADPH, and enters the step after the FADH2 step, so we lose 3ATP in 

        the process.

IX. KETOGENESIS

                   A. Under situations of starvation, excess acetyl CoA is used to form ketone 

                bodies, which can be used by the brain for energy (ketolysis).


                B. There are three types of ketone bodies – acetone, acetoacetate, and beta-

                hydroxybutyrate.



1. The latter two are interconvertible, and can thus be used as a source of 


 acetyl CoA for peripheral tissue. 



2. Acetoacetate is directly converted to acetone, which is exhaled through 

the lungs.

     C. Under situations of hypoglycemia, oxaloacetate is primarily used for   
  
  gluconeogenesis – there is less available for the TCA cycle. As it accumulates, 
  it can be used in ketogenesis.

1.                 1. Additionally, a high glucagon/insulin ratio causes release of free fatty 

       acids from adipose tissue. These will be degraded to yield acetyl CoA.    


     D. Synthesis of ketone bodies is a three step process.



      1. Two acetyl CoA molecules are condensed into acetoacetyl CoA via 
  
      thiolase.



      2. An additional acetyl CoA moiety is added on by HMG-CoA Synthetase 

      to give HMG-CoA.



      3. HMG-CoA lyase cleaves off four carbons, leaving acetyl CoA and 

      acetoacetate.


      E. Ketone bodies are also broken down in a three step process in peripheral 

  tissue.



      1. Acetoacetate is 3-ketoacyl CoA transferase – removing the CoA moiety 
 
      from succinyl CoA. This generates Acetoacetyl-CoA.



      2. Acetoacetyl CoA is cleaved by thiolase with CoASH to give two 

 
      molecules of acetyl CoA. 


     F. Diabetes mellitus is a chronic disorder due to excessive levels of ineffective 
  insulin.



       1. Since insulin cannot stimulate cells to take up glucose, the cells of the 

       body will constantly think they're stuck in a low-glucose environment.



       2. For this reason, high levels of ketone bodies are produced. Ketone 

       bodies are weak acids, but their accumulation overcomes the buffering 
 
       capacity of blood, leading to ketoacidosis.

 

       3. Ketoacidosis leads to a condition called hyperkalemia, in which protons 
       move into cells, displacing potassium ions, who exit the cell to balance  

       charge.

                a.The protons are buffered within the cell, but there is no buffering 

             available for potassium outside the cell.



             b. Additionally, hyperkalemia hyperpolarizes the membrane of cells. 

             This can cause cardiac arrest as it becomes harder and harder for the 

             heart to contract.

VIII. MEMBRANE LIPIDS AND SPHINGOLIPIDS

A. Phospholipids display both a hydrophilic domain (the head group) and a hydrophobic domain (the tail).  To this end, they can orient themselves such that the hydrophilic regions all point out and the hydrophobic domains all point in – an orientation called a micelle.


B.  The plasma membrane is an example of a large-scale lipid bilayer. 



       1. It can exist in one of two states – alpha, the less viscous, and beta, the 

        more rigid.



        2. The membrane can become more rigid (beta) if more cholesterol is 

        added, or the temperature drops.



        3.  However, cholesterol can be localized to some domains of the 

         
         membrane, forming pockets of high rigidity known as lipid rafts.


C. Plasma membrane lipids can modify proteins via attachment of lipid or cholesterol moieties – farnesyl or palmitoyl to cysteine, or 'hedgehog proteins': cholesterol binds the C-terminal, palmitate binds the N-terminal.



          1. This is useful in protein sorting – palmitoylation of Ras causes it to 

          bind weakly to the plasma membrane.



          2. Subsequent palmitoylations increase its affinity for the PM, ensuring it 
          binds. At the membrane, the lipid moieties are removed and Ras is 

          returned to the Golgi.


D. But how do proteins associate and dissociate from the lipid bilayer?



          1. Upon ligand binding, the protein dissociates from the membrane.



          2. The ligand binds to a region of high basicity, inducing dissociation.



          3. Phosphorylation of the basic region causes the protein to lose affinity 

          for the membrane anions. 



          4. A carrier binds to the lipid domain of a protein and moves it.



          5. Lipidated proteins to be secreted move from the source by binding to 

          lipoprotein particles.


E. Phosphatidylinositol (PI) possesses a cyclohexyl ring to which three   
phosphates can be attached (to C3,4,5) to give a multitude of different PI, PIP2, 
and PIP3  molecules.



           1. All of the various forms of PI can be interconverted.



           2. Some play a role in cell signaling. 




a. When a receptor binds, it can activate PLC, which cleaves PI-


4,5-P2 to IP3.




b. IP3 activates an ER receptor, inducing release of calcium, which 

activates Ras.


F. Sphingolipids are an important part of the plasma membrane – and are     
 
 particularly rich in lipid rafts – that play a role in signaling.



             1. Sphingosine – the simplest sphingolipid. A hydrocarbon tail bound 

              to serine (not glycerol) with a trans double bond.




a. Sphingosine can be phosphorylated by a kinase to form 



sphingosine-1-phosphate. 




b. This molecule is of vital importance to the cell – it promotes 


mitosis and inhibits apoptosis within the cell, and stimulates T and 

B-cell growth and differentiation.



             2. Ceramide – a sphingosine molecule with a fatty acid attached to the 

             head via an amide (not an ester) bond.



             3. Sphingomyelin – A ceramide molecule with a phosphorylcholine 

             moiety attached to the fatty acid head through an ester bond.




 a. Synthesis involves transfer of phosphatidylcholine's head 


group.




b. Because sphingomyelin typically contains unsaturated fatty acid 

chains, and PC contains poly-unsaturated chains, sphingomyelin 


domains are typically less fluid than PC domains.



             4. Sphingosine can be easily synthesized from palmitoyl CoA, but runs 
             through a ceramide intermediate. 



             5. Cerebroside – A ceramide with a sugar attached to the head group. 

             Usually galactose or glucose.



             6. Ganglioside – Cerebroside with multiple sugars and at least one 

              sialic acid residue. Synthesized one sugar moiety at a time.


 G. Several inherited diseases are due to a failure to break down cerebrosides 
    and gangliosides.



              1. Gaucher's Disease – Lack of working beta – glucosidase causes 

              buildup of glycosphingolipids.



              2. Tay-Sachs (SOME PEOPLE HAVE IT!) - Neurodegenerative 

              buildup of gangliosides in the CNS.



              3. Neiman-Pick – Sphingomyelin builds up in the lungs.

IX. PHOSPHOLIPIDS AND CHOLESTEROL


 A. Glycerophospholipids – A diglyceride which has a phosphate and polar head group attached to one of the three oxygens of glycerol.




               1. Phosphatidic Acid – the simplest glycerophospholipid. Imagine 

                phosphatidylcholine without the choline head group.  



               2. Each glycerophospholipid usually has one saturated fatty acid 

               chain, and one unsaturated fatty acid chain.



                3. The backbone of every glycerophospholipid is glycerol-3-


                phosphate.




a. Glucose runs through glycolysis until it's turned to fructose-1,6-


bisphosphate. As usual, it's cleaved by aldolase to 




Glyceraldehyde-3-phosphate (GAP) and Dihydroxyacetone 


Phosphate (DHAP).




b. DHAP is reduced by glercol-3-phosphate dehydrogenase to get 


glycerol-3-phosphate.




c. Alternatively, glycerol kinase phosphorylates glycerol to get 


 glycerol-3-phosphate.


   B. From glycerol-3-phosphate, phosphatidic acid can be formed.



                1. Two rounds of esterification by acyl transferases add on two fatty 

                acyl moieties, forming a DAG (diacylglycerol).



                2. From this, phosphatidic acid phosphatase can remove the 


                phosphate, and another round of esterification by an acyl transferase  
                can give a TAG.



C. Lipases are molecules that cleave TAGs.



                 1. Lingual lipase – found in saliva.



                 2. Pancreatic Lipase – produced by the pancreas (shocker). 




   a. Removes FA from 1 and 3 position.




   b. Pancreatic Lipase A2 removes from the 2 position.



                 3. Lipoprotein Lipase – located on capillary walls to degrade passing 
                 lipoproteins.



                 4. Hormone sensitive lipase – Found in adipose tissue, making FA 

                  when energy is needed.



 D. Head groups of glycerophospholipids can be synthesized in many different 
ways.



                 1. Strategy I: Activate headgroup with CDP, ligate it to a DAG 

                     (Used for Phosphatidyl Choline and Ethanolamine).



                 2. Strategy II: Activate DAG with CDP, ligate headgroup (PG and 

 
PI).



                 3. Phosphatidyl Serine is a special case – bacteria can make it de 


novo since they have PS synthase via a type I mechanism. In 


mammals, a PE precursor swaps its ethanolamine head group for 


serine via PS synthase 2. PS decarboxylase does the reverse rxn.



                4. PE can undergo 3 methylations by SAM to be turned to PC.



              5. Two phosphatidylglycerol molecules can be condensed to form 

              cardiolipin.



  E. Phospholipase Sites of Action

               



              1. A1 and A2  are self-explanatory – remove FA from 1,2 positions, 

              respectively.



              2. C removes the phosphate and the head group, yielding a DAG. 



              3. D removes the head group, yielding phosphatidic acid.



   F. Cholesterol – Synthesis



              1. Acetyl CoA and acetoacetyl CoA are condensed to give HMG-CoA 

              via HMG-CoA synthase.



              2. HMG-CoA is reduced by two molecules of NADPH to give 


              mevalonate.  




a. This is the most regulated step of cholesterol synthesis.




b. (+) Insulin, (-) Glucagon, LDL cholesterol, statins.



               3. Mevalonate, over many steps, is turned to 3-Isopentyl 


               Pyrophosphate, which can be used to farnesylate proteins.



               4. 3-IPP is turned to squalene – in important intermediate in the 

               pathway.



               5. Squalene yields cholesterol. 



               6. The final molecule is unique in that it has four fused rings, a 

               hydroxyl, and an alkyl tail.



   G. Cholesterol has been implicated in a number of cardiac diseases through a 
   condition called atherosclerosis – buildup of cholesterol in the bloodstream.



   H. Cholesterol by itself is highly toxic. It must be turned to an ester by one of  
   two proteins.



                1. ACAT – Intracellular enzyme that binds a fatty acyl chain to 

                cholesterol.



                2. LCAT – Extracellular enzyme that removes a fatty acyl chain from 
                phosphatidylcholine (lechitin).



                3. To be removed from the body, in the liver cholesterol is turned to a 
                bile acid, which is excreted as feces and helps in digestion of 


                hydrophobic particles.



    I. Statins and Sterols – a class of drugs inhibiting HMG-CoA reductase. 
  
    Useful in lowering cholesterol levels. Also increase affinity of LDL      

      receptors for their ligand.




1. Transcription factors (SREBPs) are bound to SCAP proteins in 


the ER in the presence of cholesterol. 




2. Under low cholesterol conditions, SREBP is moved to the 


Golgi, modified, and then sent to the nucleus to modify 



transcription. 




3. 3 SREBPs exist.




     a. SREBP-2 controls cholesterol synthesis.




     b. 1c – Fatty Acid and phospholipid synthesis




     c. 1b – Both.

X. LIPOP.ROTEINS


A. Lipoproteins are a macromolecular complex of free cholesterol, cholesteryl esters, apolipoproteins, TAGs, and phospholipids.



    1. Chylomicrons – Lipoprotein complex with very, very high TAG content. 
    
    Corresponding apoprotein is ApoB-48. Shipped from intestine to liver.




    2. VLDLs – Liporotein complex used to ship lipids to peripheral tissue. 
  
    Marked by ApoB-100.



          a. ApoB-100 is constitutively produced in the liver – in situations of low 
          fat/cholesterol, it's degraded and no VLDL is produced. Otherwise, it is 

          incorporated into a VLDL.



    3. LDLs - “Bad” cholesterol” - consists of very little TAG.



           a. LDL binds to an LDL receptor to endocytose the lipoprotein.



    4. HDL - “Good” cholesterol of mostly protein.


B. The apoprotein has a very important role in receptor binding, secretion, stability of the lipoprotein, and as an enzymatic cofactor.


C. Metabolism



    1. Chylomicrons are released from the intestine to move to the liver. Along    
    the way, they're cleaved to chylomicron “remnants”.



    2. These remnants are taken up by the liver to form VLDLs. They are passed 
    through the body and whittled down to LDLs before reaching peripheral 
  
    tissue. If they have enough cholesterol, LDLs will continue to circulate. 



    3. Peripheral tissue can then release HDLs, which will return to the liver to 
 
    turn excess cholesterol to bile acids.

XI. HORMONES


            A. Hormones are chemical messengers that can transmit a signal.



1. Endocrine – Act on cells far from the site of release.



2. Paracrine – Act on neighboring cells.



3. Autocrine – Act on the cell itself. 


              B. Most hormones are water-soluble (80%). These act faster than water-

              insoluble hormones (steroid and thyroid hormones).



 1. Cells display specificity for hormones by expressing the specific 


 receptor.



 2. By binding to their receptors with high affinity, they can amplify their 


 signal. We can identify the concentration of hormones via a 

 

 Radioimmunoassay (RIA).




a. Using a known concentration of radioactive (“hot”) hormone and 


receptor, along with varying concentrations of unmarked (“cold”) 



hormone, we can plot the ratio of bound/free “hot” hormone to the 


concentration of “cold” hormone.




b. Useful because it detects the concentration of “cold” hormone 



(which could be from a blood sample, for example).



  3. Another method is Radio Receptor Assay (RRA) – which can be used 

   to determine ligand concentration, affinity, or receptor density.




 a. Kinetic – the reaction H* + R ↔ H*R can be treated as an 



equilibrium. With constant amounts of H* and R, measure at 



various times. This can be used to determine Koff and Kon.




 b. Inhibition – Add an inhibitor, and measure the amount of bound 


 inhibitor at various times. 




 c. Saturation – An assay for the number of sites on a receptor.





ci. Kd – the concentration of L at which half the receptors are 



full. Determined by Koff/Kon.





Cii. To this end, the percentage of receptors bound to their 




ligand is given by [L]/(Kd + [L]).



   4. The Scatchard Plot – Use linear regression to quantify hormone-


    receptor action.




   a. (B/F) = -[B]/ Kd + (Bmax/ Kd. )  




   b. Bmax is the maximum number of receptors when they are bound.


               C. Hormones transduce information in one of six ways.



    1. Ion channels.



    2. Receptor enzymes.



    3. G-protein cascades.



    4. Nuclear protein binds steroids to act as transcription factors.



    5. Membrane proteins attract and activate intracellular kinases (insulin).



    6. Adhesion receptors that carry molecules between the matrix and the 


   cytoplasm.


              D. Insulin – Hormone released in situations of high blood sugar 


              (hyperglycemia) that stimulates cells to begin taking it up and stop using 

               alternative sources (glycogen, fatty acids, etc.) for energy.



     1. Defects in insulin are usually due to insulin resistance (metabolic 


     syndrome), which in itself is a symptom of type II diabetes.




a. Type I diabetes is an autoimmune disorder in which the body 



attacks the islets of Langerhans in the pancreas, permanently 



preventing production of insulin. Treatment is simple – injections of 


insulin must be taken routine.




b. Type II diabetes occurs as a result of diet and lifestyle. Insulin is 


secreted in such high amounts that cells become desensitized to it. 


Additionally, high levels of free fatty acids (FFA) in the blood 



promote this densitization.



     2. Insulin is a small peptide hormone that initiates its transduction at the 

     plasma membrane via a major pathway. While its synthesized as a 


     hexamer, the active form is a monomer to maximize its versatility in 


     diffusion.



     3. Its receptor is a tetrameric molecule with two intracellular kinase 


     domains.




 a. The maximum biological response comes when only 2% of the 


receptors have bound insulin. This prevents blood sugar from 



dropping too quickly.




 b. To this end, somehow other insulin receptors undergo a 



 conformational change to prevent their binding to insulin in excess 


 [insulin].




c. In type II diabetes, receptors are produced at a low rate. 



     4. Transduction – this is a very complex pathway which branches off to 

     affect multiple cellular processes.




 a. Insulin binding triggers a conformational change in the receptor, 


 inducing autophosphorylation of both intracellular kinase domains 


 at Tyr residues.




 b. This recruits Insulin Receptor Substrate 1 (IRS-1), which is 



 phosphorylated at its phosphotyrosine receptor.





bi. IRS-1 is localized via its Pleckstrine Homology Domain 



(PHD), which keeps it bound to membrane inositides close 



to the insulin receptor.





Bii. IRS-1's C-terminal domain contains docking sites for 




various proteins with an SH2 domain.




    c. When phosphorylated, IRS-1 recruits PI3K (Phosphoinositide-


    3 Kinase), which phosphorylates IP2 to IP3. 




     d. PIP3 recrutis PKB, which in turn is phosphorylated by PDK-1. 


     PDK-1 proceeds to recruit the glucose transporter.




     e. Effect on glucose transport:





ei. Glucose transporters are normally “stored” in 





intracellular vesicles.





Eii. Insulin binding induces their movement to the 





membrane. When blood glucose levels drop, they are re-




endocytosed.





Eiii. Additionally, a lipid raft is formed as CbI is localized to 



the membrane, allowing for the regulation of the glucose 




transporter GLUT4.




      f. Effect on glycogen synthesis – PKB phosphorylates glycogen 


      synthase kinase 3, deactivating it and preventing glycogen 



      synthase from being inactivated. Glycogen synthesis is 



      promoted.




      g. Effect on gene expression:





gi. IRS-1's phosphorylation recruits Grb-2, which recruits a 



protein called Sos.





Gii. Sos is a GEP – it removes the GDP from Ras-GDP, 




replacing it with GTP and activating it.





Giii. Ras-GTP activates Raf-1





giv. Raf-1 activates MEK, which activates ERK.





gv. ERK moves to the nucleus and activates transcription 




factors like Elk1.





Gvi. Elk1 joins SRF, signaling that mitosis is in a safe 




environment and stimulating division.




5. Inactivation





a. The primary mechanism of insulin deactivation is through 



serine/threonine kinases.





b. Ser/thr kinases remove IRS from proximity to the insulin 



receptor by dissociating it from cytoskeletal elements and 




the membrane.





c. Prevents downstream activation of proteins, instead 




turning them into inactivators of the receptor. 





d. Induces degradation of IRS.




6. Initiation – Occurs in pancreatic beta cells.





a. Glucose enters the cells via GLUT2 transporter.





b. An increase in intracellular [ATP] induces the cell's 




depolarization as Ca flows in and the Na-K pump is shut off. 





c. This triggers exocytosis – insulin secretion.



    E. Glucagon – the counter to insulin. Secreted in times of low blood 


    sugar (hypoglycemia) that induces cells to turn to gluconeogenesis, 


    glycogen breakdown, and fatty acid oxidation for energy. Released by 


    pancreatic alpha cells.




1. Stimulates the liver to release glucose and break down glycogen.




2. Homologuous receptor – stimulates adenylate cyclase and PKA.



    G. Norepinephrine – Released by adrenal glands. Has an effect similar to 

    glucagon and induces a 'fight or flight' response. Binds to beta-



    adrenergic receptor.



    H. Receptor Desensitization – hormones fail to bind their receptors after 

    a while.




1. Binding of norepinephrine to its receptor triggers the loss of the 


Gs-alpha-gamma portion of the G-protein cascade. This recruits the 


BARK protein.




2. BARK recruits Beta-arrestin, which induces endocytosis of the 



receptor.



     I. Leptin – Hormone that causes feelings of satisfaction.




1.  After food intake, leptin tells the body it no longer needs to eat, 


activating fatty acid breakdown (responsive to the size of 




adipocytes).




2. Hailed as a 'miracle cure for obesity', but individuals rapidly 



developed reistance.




3. Acts on the hypothalamus to regulate hunger in three places:





a. Arcuate nucleus – Triggers release of norepinpehrine and 



uncoupling protein (UTP) which opens a pore into the 




mitochondria to release protons directly, fueling oxidation 




without generating ATP. 





b. Leptin acts on orexigenic nuclei to trigger the release of 




alpha-MSH → the signal for satiety.




4. Transduction





a. Leptin Receptor does not have intrinsic kinase activity – it 



recruits Janus Kinase 2 – JAK2.





b. JAK2 binds STAT proteins, which autophosphorylate, 




move to the nucleus, and effect transcription.




5. Insulin and leptin may cross-talk by activating the same protein – 


IRS-2. Leptin also makes cells more sensitive to insulin.





a. IRS-2 activates PI3K, which lowers appetite.



   J. Acetylcholine (ACh) – Neurotransmitter involved in muscle 



   contractions.




   1. The corresponding receptor (nicotinic Ach receptor) has many 

    
   variants of the same (alpha, beta, gamma) subunits.




   2. The composition of this receptor may lead to variations in the 


     brain's response to nicotine.



  K. Steroid and thyroid hormones – released from pituitary, thyroid glands.




    1.  Steroid hormones – Derived from cholesterol. Sex hormones 


    (produced in the gonads) are an example. Important in 




     physiological signals (reproduction).




     2. Glucocorticoids – Affect gluconeogenesis and metabolism in a 


     manner opposite that of insulin.




     3. Diffuse across the membrane, move to the nucleus, and affect 


     transcription.





a. Receptors bind DNA when hormone is bound.





b. Recruits RNA Pol-II.





c. Binds to DNA as a dimer.




       4. Thyroid Hormones – Triiodothyronine (T3) and thyroxine 



       (T4)





a. Synthesized from a thyroglobulin intermediate – 





glycosylated, iodized, etc.





b. 80% of hormone produced is T4. Local deiodonation 




leads to T3 production.

