Principles
Anabolism and catabolism use different enzymes and electron carriers – even when dealing with the same substrates – to allow for differential control of the pathways.

Phosphorylation is a hunger signal in glycolysis metabolism.

The metabolic ‘crossroads’ are G-6-P, pyruvate, and acetyl-CoA.
Keep in mind the differences between increasing the Km and decreasing the Vmax. The first signifies competitive-style inhibition or a substrate siphon (some substrate shunted off to new pathway). The second signifies non-competitive inhibition, including allosteric regulators.
Alanine is the favored carrier of carbon skeletons from muscle to liver. Glutamine is the favored carrier of NH4+ from tissues to the liver. Both lack a net charge, which is great for diffusion.

Vitamins
Metals and vitamins play roles in the active site of perhaps every metabolic enzyme.

	Vitamin
	Active Form
	Function

	Source in Diet
	Example
	Other Notes

	Niacin 

B3
	NAD+/NADH

NADP+/NADPH
	Dehydrogenation (1H)

alcohol (( ketone
	Almost all foods
	Lactic Dehydrogenase
	Also creates H+

	Riboflavin

(Flavin) 
B2
	FAD/FADH2
FMN
	Dehydrogenation (2H)

(forms double bond)
	Almost all foods
	Succinate Dehydrogenase
	Often seen covalently bound to enzymes

	Thiamine B1
	TPPi
	Decorboxylation of α‑Keto acids

(remove CO2) 
	Rice, pork, green veggies, fruit
	Pyruvate decarboxylase
	Sulfur ring active part

	Biotin 
B7
	Biocytin
	Carboxylation

(add CO2)
	Made by intestinal bacteria
	Pyruvate carboxylase
	Binds CO2, then transfers to substrate

	Folic Acid B9
	FH4
	Carries 1 carbon units – can add or remove

(Methyl, methylene, Methenyl)
	Plants

(Foliage)
	Serine((  Glycine
	Used in almost all biosythesis reactions;  Important in Nucleotide synthesis; deficiency causes anemias

	Cobalamin B12
	Cobalamine-CH3
	Methyl carrier
	
	Homocysteine (( methionine
	Only B vitamin associated with a metal (Co); deficiencies lead to ‘pernicious’ anemias

	
	Cobalamine-DA
	Hydride-functional group shift (switches H with another group on adjacent carbons)
	
	XC1- C2H (( HC1- C2X 
	

	Pyridoxine B6
	Pyridoxamine, etc.
	Transamination reactions
	
	Pyruvic acid + glutamic acid (( Alanine + α-ketoglutaric acid
	Important in making glucose from alanine and vice versa

	Pantothenic Acid 
B5
	Coenzyme A (CoA-SH)
	Acyl transfer group 

(transfers 2 carbons)
	Almost everywhere
	Choline Acetylase; Citrate Synthase
	Deficieny gives foot problem

	Key:
	Dehydrogenation reactions
	One-carbon handling reactions


Electron Transport Chain
The ETC comprises three H+-pumping complexes and two shuttles to ferry electrons from complex to complex. These electrons typically come from NADH and FADH2 in the mitochondrial matrix only (how can cytoplasmic electrons be shuttled to the matrix? see below). This drives the protons to the intermembrane space. The matrix pH is maintained around 7.8, whereas the intermembrane space stays around 7.4.

Electron Transport / Making the Proton Gradient
The purpose of electron transport is to generate an electrochemical gradient which will later be used to drive ATP synthesis. Standard potential, E0’, is the propensity for a species to acquire electrons. In the table below, Complex I has the most negative standard potential and therefore gives up electrons; Complex IV has the most positive and takes them. The rest pass electrons in order between the two extremes. Electrons occasionally jump directly to molecular oxygen, forming the damaging superoxide molecule.

	
	Complex I
	Coenzyme Q
	Complex III
	Cyt. c
	Complex IV

	Subunits
	47
	1
	11
	1
	13

	Electron source
	NADH
	Complex I or Succinate
	Coenzyme Q or FADH2
	Complex III or Ascorbate
	Cyt. c or FADH2

	Membrane association
	Integral membrane
	It’s a lipid
	Integral membrane
	Peripheral membrane
	Integral membrane

	Inhibitor
	Rotenone
	
	Antimycin A
	
	Cyanide

	H+ pumped here
	2
	
	2
	
	2

	ATP made per O2 used if electrons donated here (P/O ratio)
	3
	
	2
	
	1


The Acceptor Control Ratio is a the ratio of the oxygen consumption at state III (respiration with ADP) and at state IV (without ADP).

ATP Generation
The ΔG0’ for creating water from 2H+ and 2OH- is -9.9 kcal/mol, under the pH conditions above, is greater (absolute) than the ΔG0’ for generating 1ATP (7.5 kcal/mol). 2,4-dinitrophenol can dissipate the proton gradient without generating ATP, and was used to suggest that the proton gradient is an intermediate between the ETC and ATP production. Oxygen pulse experiments showed that protons were rapidly ejected from sites where oxphos was occurring. Even without ETC, acid can drive ATP production, validating the theory. The gradient drives the F1/F0 ATP synthase, causing it to release bound ATP and to bind new ADP and Pi for the next round. 

Glucose I: Hunger and Hormones
The brain cannot utilize fatty acids because they are not allowed paracellularly via the tight junctions in the brain epithelium. This is the ‘blood brain barrier’, and is one of the reasons that the brain consumes glucose almost exclusively. The physiological concentration of blood glucose should hover around 80mg/dl.

Stages of Hunger
Fed state. Glucose comes in through the intestines and enters the liver. Some is made into glycogen and stored there; the rest is passed to the body where the muscle stores glycogen, adipose stores glucose as fat, and the brain consumes glucose.

4 hour fast. The liver releases glycogen, feeding the brain, the kidneys, and the muscles.

24 hour fast. Fatty acids are being released by adipose tissue and consumed directly by muscles and the kidneys. The liver converts FAs into ketone bodies, which are used to feed the brain and the muscles. The muscles release alanine, which the liver processes into glucose and shuttles to the brain. Glutamine is a byproduct of which the kidney disposes.

Starvation. The adipose cells are still giving up their fatty acids, and the liver still converts some of these into ketone bodies for the brain. The muscles still sacrifice themselves to provide glucose to the brain. Eat, fool.

Hormonal Regulation
	Hormone Overview

	Hormone
	Details
	Receptor
	Effect on Liver
	Effect on Muscle

	Insulin (response to high glucose levels)
	Polypeptide from Pancreatic β
	Insulin tyrosine kinase receptor. See paragraph below for details.
	Glucokinase synthesis is stimulated via the pure Mapk pathway. Constitutive GLUT2 receptors therefore intake more glucose. Glycogen and FA synth ensue.
	Vesicles with GLUT4 translocases are trafficked to membrane. Glycogen synth ensues.

	Glucagon (response to low glucose levels)
	Polypeptide from Pancreatic α
	A TM receptor binds these extracellularly and activates a G protein, which turns on Adenyl cyclase. cAMP is made.
	Decreased glucokinase activity. Glycogen breakdown. Gluconeogenesis.
	No glucagon receptors. (Craig p9)

	Epinephrine (flight, fright, fight)
	Peptide derivative from Adrenal medulla
	
	
	cAMP activates protein kinase A, which eventually activates glycogen phosphorylase (a). Glycogen is broken down.

	Glucocorticoids (stress or low glucose)
	Steroid derivative from Adrenal cortex
	Activation domain, DNA binding domain, and steroid binding domain. Steroid enters cell, removes Hsp90, and binds receptor, upregulating transcription.
	Gluconeogenesis.
	Protein breakdown to aas for gluconeogenesis.


Insulin in muscle and adipocytes
Insulin causes GLUT4 glucose translocases to be released to the cell surface. The insulin receptor is a tyrosine kinase. Autophosphorylation upon insulin binding leads to recruitment and phosphorylation of IRS1/2 (an SH2). IRS1/2 then phosphorylates PI3K, which converts PIP2 into PIP3. This is not enough to trigger release, though. 

Additionally, a GPCR must be activated by insulin: the insulin-bound receptor recruits Cbl-CAP and an adapter (Crk). This recruits C3G, a GEF like SOS. C3G switches TC10-GDP for TC10-GTP. TC10-GTP and PIP3, combined, can trigger the release of GLUT4 vesicles.

Regulating the hormone response
Relative insulin and glucagon levels are important. cAMP is degraded by phosphodiesterase. Hormone secretogogues eventually reduce output. Hormone receiving cells eventually endocytose receptors, or receptors are modified to less-sensitive forms.

Glucose II: Glycogen

Structure and function
Glycogen is the short-term energy store for the body. The liver plays a special role in glycogen metabolism because it has glucose-6-phosphatase, allowing it to secrete pure glucose from its glycogen stores during brief fasting periods. Muscles store glycogen as well, but they only use it for their own means and cannot export it.

Glycogen is highly branched and hydrophilic, making it a source of easily-accessible but low-density energy. Obese and average people will have the same caloric equivalent of glycogen.

Glycogen synthesis
Glycogenin is the core protein which is an anchor for the reducing end of glucose and an enzyme that adds glucoses onto itself (up to 8 residues).
Phosphoglucomutase is used in both glycogen synthesis and breakdown. It isomerizes G-6-P to G-1-P, as well as the reverse. There is no energy cost to this.

UDP-glucose pyrophosphorylase burns an ATP equivalent to create UDP-glucose.

Glycogen synthase adds glucose to the growing glycogen molecule via α-1,4 linkages. It can only add to glycogen chains at least 4 glucose residues long. This is the key control step in glycogen synthesis.
Glycosyl-4:6 transferase removes some α-1,4 linkages in favor of α-1,6 linkages (‘branches’).

Glycogen degradation
Glycogen phosphorylase uses phosphate to cleave the α-1,4 linkage of terminal glucosyl residues that are at least 4 residues from a branch point. It is the key enzyme in degradation, as it catalyzes the rate-limiting reaction. It is unusual in that it utilizes a carbocation glucose intermediate. It therefore must exclude all water from its active site.
In doing so, it can release G-1-P instead of glucose (preserving an energy investment). This water exclusion is aided by the crevice that accommodates 4-5 glucosyl residues (the reason that it can only go to within 4 glucosyl residues of a branch).
Debranching enzyme shifts three of the four of those remaining sugars to the end of a longer chain, and then cleaves the last remaining branched glucosyl residue, releasing glucose (not G-1-P).

Control of glycogen degradation

Phosphorylase, which mobilizes glucose, is active in its R state. Phosphorylation encourages this, so typically it’s an ‘a’/R/phosphorylated/active state. However, T is the inactive state and R is the active state; ‘a’ and ‘b’ reflect phosphorylation and are less important when inquiring about activity. For example, in muscle, phosphorylase ‘b’ can be shifted to the R state by high AMP levels (low energy store). Liver phosphorylase ‘a’, on the other hand, can be inactivated by high glucose levels (high blood glucose levels).
Phosphorylase kinase regulates phosphorylase, putting it into its ‘a’ state (typically active/R). This is regulated by PKA and Ca2+ binding. This makes sense, since PKA encourages glycogen degradation in response to epinephrine, and Ca2+ encourages glycogen degradation due to forthcoming energy usage as signaled by the neuromuscular junction.
PKA regulates phosphorylase kinase, again via phosphorylation. The epinephrine-induced β-adrenergic receptor(G-protein(adenyl cyclase(protein kinase(phosphorylase kinase(phosphorylase a pathway in muscles results in a big (104x to 108x) signal amplification due to a small external signal. The liver does the same thing in response to glucagon binding, too.
Protein phosphatase 1 (PP1) is a multi-subunit protein which binds glycogen in its active form. It caps the ends of glycogen, but is phosphorylated and inactivated by PKA in response to epinephrine stimulation.
Control of glycogen synthesis
The same signals that turn on glycogen degradation (epinephrine binding, high Ca2+ levels) turn off glycogen synthesis. Glycogen synthase ‘b’ (phosphorylated) favors the T/off state.
Where glycogen is concerned, phosphorylation is typically a hunger signal. Phosphorylated glycogen synthase is off/T, whereas phosphorylated phosphatase is on/R.
Glucose III: Glycolysis
Glycolysis is an anaerobic, cytoplasmic process that results in the production of 2 molecules of pyruvate per molecule of glucose. 
Net gain from glycolysis: 2 ATP, 2 NADH, 2 Pyr
Glycolysis is regulated at precisely those points where the drop in free energy is the greatest. Because of the free energy drop, the reaction is essentially irreversible; because of the enzymatic control, the reaction can be made very quick if required. There are three control points in glycolysis, and several points at which intermediate products are shunted off to other pathways. Oxygen affects glycolysis, but it is not required per se.
Glycolysis control points
Hexokinase, phosphofructokinase, and pyruvate kinase catalyze the irreversible steps in glycolysis. Glucose transport can be considered a control point as well.

Reaction 1 – glucose to G-6-P by hexokinase
The unfavorable phosphorylation of glucose to G-6-P is driven (hard) by ATP hydrolysis to ADP. Hexokinase has a low Km and rapidly saturates itself with hexoses. This Mg++-utilizing enzyme traps glucose in (muscle) cells. G-6-P buildup inhibits hexokinase.

In the liver and β-cells, glucokinase is used instead. It maintains intracellular concentrations of glucose at ~ the same levels as extracellular concentrations. Inhibition of glucokinase is unnecessary, as it allows for the critical glucose ‘sensing’ functions that liver and β-cells play.
Reaction 2 - fructose 6-phosphate to fructose 1,6-bisphosphate by phosphofructokinase-1

This is the major control point in glycolysis. Why? Hexokinase can be bypassed (intracellular glycogen stores). Pyruvate kinase comes at the very end of the pathway, too late to block it off efficiently. Thus, PFK is key. PFK is a tetramer with R and T conformations.
PFK is regulated by energy charge and hormones. ATP is not just a substrate of PFK; it’s also an allosteric inhibitor. Citrate is also an inhibitor, whereas AMP and ADP activate PFK.
Fructose-2,6-bisphosphate, an isomer of the product of PFK, represents the hormonal control (upregulation of glycolysis). PFK-2 creates F-2,6-BP from F-6-P, enhancing PFK activity and glycolysis. F-2,6-BP also inhibits FBPase-1, which is a gluconeogenic enzyme. Glucagon stimulates PKA, which inhibits PFK-2. Insulin enhances PFK-2 activity. Thus, glucagon favors gluconeogenesis, while insulin enhances glycolysis. PFK-2 naturally converts F-2,6-BP into F-6-P, the glycolytic substrate of PFK (that is, it is bifunctional).
Reaction 3 – phosphoenolpyruvate to pyruvate by pyruvate kinase
Pyruvate kinase takes different forms in muscle/brain and in liver.
PKL is regulated. It is inhibited when phosphorylated by PKA (in response to glucagon). PKL transcription is inhibited by cAMP (response to epinephrine/glucagon or ¿low energy charge?) and activated by insulin. Thus, liver glycolysis/gluconeogenesis is modulated by available blood glucose. This makes sense, since the liver is a glucose buffer. Remember, low glucose in liver leads to high ATP due to β-oxidation of FAs!
PKM, on the other hand, is essentially unregulated. The brain and muscle continue undergoing glycolysis regardless of those external signals. The brain preferentially uses glucose, and the muscle has no way of secreting glucose (no glucose-6-phosphatase), so these behaviors make sense.
Reaction 0 – Glucose transport
In liver, GLUT2 is constitutively expressed. It has a high Km for glucose, as does glucokinase.

In muscles, adipocytes, and heart tissue, GLUT4 is expressed constitutively but trapped in vesicles until targeted for membrane display by insulin signaling. It has a low Km for glucose.
Reaction 6 – triose glyceraldehydes 3 phosphate to 1,3-BPG by GAPDH
This is not regulated, but it requires NAD+ and therefore causes problems under anaerobic conditions…
Anaerobic conditions: the Pasteur Effect
The Pasteur Effect is the increase in the rate and in the absolute amount of glucose consumption in anaerobic conditions. This is because the body tries to compensate for its inability to perform the high-yield oxphos. PFK-1 senses the high AMP/ATP ratio and enhances its activity. The NAD+ is quickly used up, though, so LDH regenerates NAD+ by reducing pyruvate to lactate (‘Cori cycle’ once it is regenerated to pyruvate in the liver). Tumor cells often grow faster than they can ‘angiogenerate’, existing in an anaerobic state for some time. They will consume mass amounts of glucose (thanks to the Pasteur Effect and hypoxia inducible factor [HIF]) and release lactate.
Aerobic conditions
NAD+ must be regenerated, so two mechanisms are used. The malate shuttle system (liver, kidney, heart) dumps electrons into the mitochondrion. Oxaloacetate (OAA) is reduced to malate, which then travels to the matrix. Once there, it is converted to aspartate, donating its electrons to Complex I (and eventually O2).
The G-3-P shuttle (skeletal muscle, brain) transfers electrons from NADH to DHAP, giving NAD+ and G3P. This is transferred into the mitochondrion and dehydrogenated with the help of FADH2. This donates electrons to Complex III, generating only 2 ATP instead of 3 as in the malate shuttle system.
Erythrocytes shunt 1,3-BPG to 2,3-BPG, used to regulate oxygen tension.

Pyruvate
Pyruvate comes from one of several processes. In addition to glycolysis, pyruvate can also be generated via lactic acid dehydrogenation or alanine transacetylation. Pyruvate can have one of multiple fates depending on the energy needs and the available resources (esp. O2). Catabolically, these fates include the anaerobic fates of the Cori cycle (lactic acid), the glucose-alanine cycle, and conversion to ethanol and carbon dioxide. They also include aerobic fate of participating in the carboxylic acid cycle. Pyruvate also participates in (anabolic) gluconeogenesis.
Pyruvate to Lactate (Cori Cycle)
This system regenerates NAD+ in tissue and brings gluconeogenesis substrate (lac(pyr) to the liver.

Lactate dehydrogenase catalyzes the dehydrogenation of pyruvate to lactate, regenerating NAD+ from NADH. LDH is a four-subunit protein (thus there are 5 isoforms). MI and hemolytic anemia cause LDH1 in blood; liver disease causes LDH5 in blood.

LDH1 (H4)



In heart



High Km for pyruvate, low Vmax converting pyr(lac



Lac(pyr, which is then used by heart in TCA



Inhibited by high pyruvate


LDH5 (M4)



In skeletal muscle, liver



Low Km for pyruvate, high Vmax converting pyr(lac



Pyr(lac, regenerating NAD+
Once in the liver, lactate’s reducing power will be used to drive gluconeogenesis, and the resulting pyruvate will be the first substrate in that process.
Pyruvate to Alanine (‘Glucose-Alanine Cycle’)
This system is used when muscles are broken down for energy production (vigorous contraction, extended fasting).
Essentially, muscle breakdown creates ammonia; glutamate is formed, and alanine aminotransferase transfers glutamate’s α-amino group to pyruvate. This forms alanine and α-ketoglutarate. Alanine is shuttled to the liver, regenerating glutamate (urea cycle) and pyruvate (gluconeogenesis). 
Pyruvate carboxylase, of gluconeogenesis fame, is important in both the Cori cycle and the Glucose-Alanine cycle. It creates oxaloacetate from CO2 and pyruvate, and therefore is used in replenishing the TCA cycle intermediates as well.
Pyruvate to Ethanol
This doesn’t happen in humans. Pyruvate decarboxylase, an enzyme that we don’t have, releases CO2 and acetaldehyde(EtOH.

Pyruvate to Acetyl-CoA (the Pyruvate Dehydrogenase Reaction)
When you want to do oxphos, this is your pathway. Acetyl-CoA, CO2, and NADH are generated. This happens in the mitochondrial matrix.
Pyruvate must be decarboxylated and dehydrogenated, and these steps are accomplished by the mega-enzyme complex Pyruvate Dehydrogenase, which consists of a TPP unit, a lipoate unit, and an FAD unit. In simplified form, the enzyme can be thought of as behaving as no more than the sum of its cofactors: E1 decarboxylates - TPP binds pyruvate and kicks off CO2, leaving ‘hydroxyethylTPP’. E2 transacetylates and dehydrogenates - Hydroxyethyl is oxidized to an acetyl group and transacylated onto a lipoic acid. This arm swings the acetyl group onto CoA. E3 regenerates lipoic acid and reduces FAD+ - The resulting FADH2 gives electrons to NAD+ to regenerate FAD+.
Pyruvate dehydrogenase is highly regulated, considering that it impacts two of the three ‘crossroads of metabolism’ (pyruvate and Acetyl-CoA).

Inhibitors of pyruvate dehydrogenase 

Glucagon


Diabetes

Ac-CoA

NADH
phosphorylation of E1 (‘PDH-b’ results)

PDH kinase phosphorylates in response to ATP, NADH and Ac-CoA binding as well
Activators of pyruvate dehydrogenase
Insulin

Pyruvate

ADP

Ca++
NAD+
CoA-SH (empty)

All trigger E1 dephosphorylation by PDH phosphatase (‘PDH-a’ results).
Insufficiency of PDH leads to chronic acidosis, as the body will be metabolizing fatty acids and ketone bodies to generate Ac-CoA (get energy). Thiamine deficiency reduces pyruvate oxidation by PDH. The brain cannot handle this, and beriberi ensues. 
Glucose/Pyruvate: Gluconeogenesis
Gluconeogenesis is the synthesis of glucose from 3-carbon (or larger) starting blocks. Pyruvate comes to mind, as does lactate, 18 amino acids, and glycerol. The reason for gluconeogenesis is that the body stores only 200g of glucose, and it uses 160g per day. Erythrocytes particularly need glucose since they can’t undergo ETC as they lack mitochondria. The steady demand and small supply of glucose leads to gluconeogenesis as nice tertiary solution (after diet and glycogenolysis). It’s active in fasting, low-carb diet, prolonged exercise, and diabetes. It only occurs in the liver and in the kidney cortex.
When blood glucose levels drop, glycogen is processed. As that dwindles, β-cells reduce their insulin output and α-cells begin releasing glucagon. cAMP in liver and fat cells increases, causing adipocytes to liberate FAs. Muscles, lacking glucose, begin to break down and send alanine to the liver. There, the adipocytes FAs are oxidized, driving up the Acetyl-CoA and NADH levels. This upregulates gluconeogenesis in the liver.

Overall, 6ATPs are required to convert pyruvate to glucose. Remember that three glycolytic steps are essentially irreversible. Gluconeogenesis avoids each of these:

	Reverse of Glycolysis
	Gluconeogenetic Step

	Pyruvate +ATP ( PEP
	Pyruvate + 2ATP ( OAA ( PEP + CO2 

(By Pyr. Carboxylase & PEPCK)

	F1,6BP ( F6P + ATP
	F1,6BP ( F6P + Pi

	G6P ( Glucose +ATP
	G6P ( Glucose + Pi

	Note that the second two reaction pairs are essentially the reverse of one another, though in gluconeogenesis ATP is not regenerated.


These three steps are catalyzed by four key enzymes, of which PEPCK is rate limiting.

First, pyruvate carboxylase (biotin cofactor) adds carbon dioxide to pyruvate, making OAA. (Pyr. carboxylase is of interest because the biotin arm swings between the bicarb binding site and the pyruvate binding site.) OAA is reduced to malate and diffuses into the cytoplasm; this is enhanced if NADH levels are high. There, PEPCK hydrolyzes a GTP to create PEP. Glycolysis runs backwards from PEP to F-1,6-BP. 
Next, FBPase-1 converts F-1,6-BP to F6P, releasing Pi. This is allosterically enhanced by citrate and inhibited by AMP and F-2,6-BP (which itself is hormonally controlled / inhibited by glucagon via PKA).
Finally, G6Pase, found only in liver and kidney, releases glucose and Pi. This enzyme is in the ER lumen; glucose is released when vesicles dump extracellularly.
Control
Gluconeogenesis is reciprocally controlled with glycolysis; it uses different enzymes at the key steps, and things that upregulate glycolysis downregulate gluconeogenesis. Gluconeogenesis is downregulated acutely via allosteric regulation due to ([ADP+AMP]/ATP) ratios. Low ATP signals for glycolysis to begin and gluconeogenesis to end. Remember that in the liver, ATP will ~ always be high because of β-oxidation of FAs. Therefore, the liver will usually be receptive to the pro-gluconeogenic glucagon/insulin ratios (as transmitted by PKA) despite the otherwise ‘fasted’ state of the rest of the body.
In the long term, transcription levels of G6Pase, PEPCK, and PC are increased.

The TCA Cycle
Incidentally, citrate is a ‘tricarboxylic acid’ – it has a three-carbon backbone, and attached to each of these three carbons is a carboxylic acid. The TCA cycle produces electrons. These are used by the electron transport chain to create a proton gradient / ATP. Each turn of the TCA cycle produces:


3 NADH + H+

1 GTP


1 FADH2

2 CO2
Each glucose completely glycolysed to pyruvate, decarboxylated to acetyl CoA, and oxidized to CO2 produces 38 ATP (not 36?).

The TCA cycle proceeds as follows:


4C 
Oxaloacetate + Acetyl CoA


6C
Citrate




6C
Isocitrate



5C
α-Ketoglutarate


4C
Succinyl-CoA


4C
Succinate


4C
Fumarate


4C
Malate


4C
Oxaloacetate

The bolded substrates convert to the next species with the help of the following highly regulated enzymes:

Citrate synthase is inhibited by citrate and succinyl-CoA, fatty acyl-CoAs, and ATP. It senses energy charge. 
Isocitrate dehydrogenase is at a rate-limiting step. The NAD+ dependent form is active in the matrix, while NADP+ isoforms are in the cytoplasm. It is sensitive to inhibition by ATP and NADH (and is thus usually inactive in the liver due to β-oxidation at the very least). It is the key regulatory enzyme in other tissues, since Ca++ and AMP/ADP activate it (think muscle contraction. 

α-ketoglutarate dehydrogenase is activated by Ca++ and inhibited by succinyl CoA and NADH. Interestingly, the α-Ketoglutarate dehydrogenase complex is analogous to the pyruvate dehydrogenase enzyme (E1E2E3).
There is other regulation of TCA, of course. For one, substrate (Acetyl-CoA) availability is limited by PDH and others. Malate dehydrogenase, though not a regulatory enzyme per se, is sensitive to high NADH/NAD+ ratios and moves backward at high [OAA].
The Pentose Phosphate Pathway
This pathway consumes G6P and supplies (1) ribose 5-P for nucleotide biosynthesis and (2) NADPH for other biosynthetic pathways. It is very active in liver and adipose cells. It is also called the ‘hexose monophosphate shunt’.

It is a large part (30%) of liver glucose oxidation. NADP+ is used instead of NAD+ for biosynthetic pathways, and is most commonly found in the cytoplasm. Interestingly, whereas the NAD+/NADH ratio in the cell is about 1000, the NADP+/NADPH ratio is ~0.01. This is because anabolic processes require reducing power (fatty acid synth, etc.).

There are two phases: oxidative and (creatively) non-oxidative. The oxidative phase exists to generate ribose-5-phosphate and NADPH. The non-oxidative phase converts ribose-5-phosphate into G-6-P or glyceraldehydes-3-phosphate (GAP).
Oxidative Phase
R5P and NADPH are generated. There are four steps going from G6P to 6-P-gluconolactone to gluconate to ribulose-5-P to ribose-5-P. 
The key step is the first: the dehydrogenation of G6P to 6-P-gluconolactone. This uses glucose 6-phosphate dehydrogenase (G6PDH). This consumes NADP+ and generates NADPH, as well. G6PDH is limited by the availability of NADP+. It is downregulated by NADPH, and its concentration is downregulated by fasting/diabetes. Its concentration is upregulated in the fed state or insulin signaling. 
The third step involves the ejection of the 1` carbon, and is also relatively important. 6-phosphogluconate dehydrogenase levels in the cytoplasm are controlled similarly to G6PDH. 

The ejection step is what allows you to demonstrate that the pentose phosphate pathway occurs and is not just the TCA cycle. Pentose phosphate ejects the 1`C of glucose, whereas the 1`C of glucose is not even ejected in the entire first turn of the TCA cycle. Comparing 1`C ejection vs 6`C ejection shows you how strongly enhanced the pentose phosphate pathway is due to upregulation. As expected, insulin upregulates it. Phenazine methosulfate rapidly oxidizes NADPH and also upregulates the PPP, leading to the conclusions that insulin and NADP+ levels upregulate the pentose phosphate pathway.
Non-Oxidative Phase
R5P is consumed to produce G6P or GAP. All of the steps in this phase are reversible.

Idea: you can shuttle around 2 or 3 carbon chains, with the goal of getting 6C or 3C.

5C+5C ( 7C+3C (4C+6C


4C + 5C (3C+6C
Transketolases (using TPP) catalyze the 2 carbon transfers and transaldolases catalyze the 3 carbon transfers. The 6C species is F6P, and the 3C species is GAP, which can be used in gluconeogenesis. 

4 reasons to run the pathway:
Need R5P but not NADPH = just run nonoxidative phase backwards.

Need NADPH and R5P = just run oxidative phase.

Need NADPH but not R5P = run both phases.

Need NADPH and ATP = run both phases, but shunt GAP to glycolytic pathway instead of regenerating F6P.

Erythrocytes need this pathway to give NADPH for regeneration of reduced glutathione, which protects the membrane against ROS. G6PDH-deficient patients can develop ‘favism,’ a sporadic hemolytic anemia, from eating fava beans. Antimalarial primaquine also causes the hemolytic anemia in those patients.

Lipid Metabolism I: Mobilization and β-Oxidation
Chylomicrons are large lipoproteins that transfer ingested triacylglycerols from gut enterocytes to adipocytes. Lipid fuels are useful because they are not hydrated (compactness) they have high energy-per-gram values, and they spare the body from having to exclusively break down muscle fibers during fasts where glycogen stores have been completely depleted.

High [glucagon]/[insulin] ratios trigger hydrolysis of triacylglycerols into free FAs and glycerol. The FAs travel to other tissues and can be β-oxidized for energy, while the glycerol can be used for gluconeogenesis.
Mobilization of Triacylglycerols from Adipocytes
As usual, epinephrine or glucagon trigger cAMP production and protein kinase A activation. Canonically, PKA phosphoroactivates the hormone sensitive lipase, although the journal article we read makes this claim rather unlikely. Nevertheless, HSL removes either the 1’ or the 3’ acyl group from the triglyceride, leaving an FA and a diglyceride. HSL or diacylglycerol lipase then remove another acyl group, and monoacylglycerol lipase hydrolyzes the final acyl group. The fatty acids diffuse from the adipocytes and are transported by serum albumin to other tissues for β-oxidation. The triacylglycerols pass to the liver to be used for gluconeogenesis.

Regulation occurs via HSL modulation. Glucagon(PKA activates HSL both directly and via the phosphorylation of perilipin, which draws HSL to the surface of the fat droplet. Free FAs inhibit HSL. Insulin inhibits HSL by turning on a cAMP phosphodiesterase. Finally, the release of free glycerol commits the adipocyte to releasing the free FAs to the blood, since adipocytes ~cannot convert glycerol to G3P, which would be needed to re-create the triacylglycerols.
β-oxidation of FAs in the Muscle and Liver
The first step is the transport of the FAs into the mitochondrion. Free FAs cannot diffuse across the mitochondrial membranes, so a transport mechanism is used:

1) Fatty acyl CoA transferase condenses Coa with free FA, helped by the hydrolysis of 2ATP equivalents (ATP(AMP).

2) Carnitine Palmitoyltransferase I (CPT1) brings the fatty acyl CoA across the outer membrane and converts it to fatty acyl carnitine in the intermembrane space.

3) CPT2 brings the fatty acyl carnitine into the matrix and converts it back to fatty acyl CoA.

Note that in fatty acid biosynthesis, malonyl-CoA is the product of the regulated step. This malonyl-CoA inhibits CPT1, preventing a futile cycle from running.
The net ATP yield from the β-oxidation of saturated 16C (palmitate) is 129ATPs, although in liver this will be somewhere between 35 (from NADH and FADH2) and 129 ATPs since some/much of the Acetyl-CoA will be used for ketogenesis.
Regulation of β-oxidation occurs via (1) the availability of substrate (free FAs), ultimately controlled by [glucagon+epinephrine]/[insulin] ratios, and (2) entry into the mitochondrion as determined by CPT1 activity levels (regulated by malonyl-CoA, a FA synthesis intermediate).

β-oxidation of FAs is similar to the TCA cycle in that there are acyl-CoA intermediates, in that both are oxidative cycles with CO2 production, in that NADH and FADH2 are produced and later used in electron transport, and in that both are done in the mitochondrial matrix.
Clinical Correlation: β-oxidation Defects
MCAD (medium chain acyl-CoA dehydrogenase) deficiency prevents complete degradation of long fatty acids. This leads to hypoglycemia and hypoketemia in response to stress, as well as impaired gluconeogenesis. 8-10C free FAs are excreted in the urine, as they cannot be processed. Carnitine uptake deficiencies and CPT1/2 defects can also lead to impaired β-oxidation. Finally, type I diabetes mellitus can lead to lipid metabolism defects due to altered [glucagon]/[insulin] ratios. Without insulin, lipolysis goes on unchecked, leading to extremely high serum FA and triglycerol levels.
Lipid Metabolism II: Ketogenesis
Lipids cannot cross the blood-brain barrier. Ketone bodies, generated from fats and ketogenic amino acids, can.
Ketogenesis [by the liver]
1) Thiolase converts condenses 2 acetyl-CoA to form acetoacetyl-CoA. (This is ~ the reverse of the thiolase activity from β-oxidation.)

2) β-hydroxy-β-methylglutaryl-CoA (HMG-CoA) synthase condenses an acetoacetyl-CoA with an acetyl-CoA into HMG-CoA, releasing a CoASH.

3) HMG-CoA lyase releases an acetyl-CoA (used in rxn 2 above forming the ‘HMG-CoA cyle’) and an acetoacetate.

β-hydroxybutyrate dehydrogenase often converts acetoacetate to β-hydroxybutyrate based on high [NADH]/[NAD+] ratios (the equilibrium often lies in favor of β-hydroxybutyrate. Acetoacetate can also decompose into acetone (essentially a waste product that gets exhaled).

Regulation of ketogenesis is as follows: 

Increased due to the mobilization of FFAs from adipocytes to the liver
Increased due to high Acetyl-CoA/CoA ratios due to β-oxidation

Increased due to FFA entry into the mitochondrion.

Decreased due to malonyl-Coa (FA biosynth intermed), since this blocks FA entry into mitochondrion via CPT1.
Decreased by high CoASH levels due to competitive inhibition of thiolase and HMG-CoA synthase.
Utilization of Ketone Bodies [by nonliver tissues]
1) Reduce β-hydroxybutyrate to acetoacetate, generating NADH as well.

2) Succinyl-CoA:3-ketoacid CoA transferase catalyzes the transfer of acetoacetate to a CoA group, releasing free succinate. This enzyme is not present in the liver, thus no futile cycle occurs.

3) Thiolase jumps back in again and cleaves acetoacetyl-CoA into two molecules of acetyl-CoA, which then enter the carboxylic cycle.

Regulation of utilization of ketone bodies is by substrate availability. The enzyme levels are kept constant, as is their activity. Mass action and enzyme Kms are all that matter.

Clinical Correlation: Uncontrolled Diabetes
Increased [glucagon+glucocorticoid]/[insulin] ratios mobilize excessive aas from muscle, leading to weight and ‘function’ loss. Gluconeogenesis is boosted though glucose uptake is hindered, leading to glucose flushing from the urine. FFAs are mobilized excessively by adipose tissue, causing hepatic ketogenesis. Ketone levels in the blood get so high that they get excreted, and to maintain charge balance NH3+, then Na+ and K+, get excreted. Ultimately, the kidneys fail and the brain becomes dehydrated. The blood pH drops, leading to severe ketoacidosis.
Lipid Metabolism III: Fatty Acid Biosynthesis
Overview, biochemistry, regulation, beyond palmitate (longer and unsaturated fas)

Overview
Fatty acids are synthesized by hepatocytes/adipocytes in the fed state in order to aggregate high-energy, high-density material for later fasted/starved states. As a part of triglycerides, FAs store 9kcal/gram. Hepatocytes also synthesize lipids for export so they can be used to form lipid bilayers, to modify proteins, and as precursors to important signaling molecules. In total, 8 acetyl-CoA molecules are condensed into a 16C molecule (palmitate). Carbon dioxide acts catalytically, and ~154 ATP equivalents (ATP + NADPH) are used per molecule of palmitate formed.
Fatty acyl synthase (see below) consists of one polypeptide in humans, but multiple in ‘lower’ organisms. The advantage of being complexed, either way, is that diffusion between enzymes is eliminated (‘local substrate concentration is very high’), and coordinated regulation of the synthesis of these enzymes becomes more feasible.

Biochemistry
Isocitrate dehydrogenase is inhibited in the TCA cycle by high NADH loads, allowing a buildup of citrate to occur. The citrate transporter dumps citrate into the cytoplasm. There, ATP-citrate lyase generates an acetyl-CoA and an OAA. OAA is reduced to malate, and malic enzyme generates NADPH and pyruvate from it. This NADPH is later used by the fatty acid synthase in reduction steps. The acetyl-CoA is used by ACC and fatty acid synthase (discussed below) to create malonyl-CoA and to extend the FA.
Acetyl CoA Carboxylase (ACC) catalyzes two sequential steps: first, its biotin arm grabs a bicarbonate. Then, the arm swings and donates this CO2 to an acetyl-CoA. The result is the formation of malonyl-CoA, an important 3C substrate of later reactions. ATP is burned at this step; this is, in effect, the energy that is used to power transacetylation later on. The addition of CO2 is essentially catalytic, since it is later ejected. 
The fatty acid synthase enzyme is a large multifunctional complex which essentially does the rest of the work. It has an acyl carrier protein (ACP) domain that uses pantothenate (equivalent function to biotin) to hold the growing fatty acid. 

Fatty acid synthase has synthase and transacetylase domains to extend the growing lipid. The acetyl and malonyl transferases hold their respective substrates, while the fatty acid synthase condenses the two and ejects a CO2. Thus at the initial step, 5C go in, but the first product is just 4C (acetoacetate). After the first step, only malonyl-CoA is required, and CO2 is ejected each time. 
Fatty acyl synthase also has reductase and dehydratase domains to continue reducing the attached acyl groups. Acetoacetate is reduced to butyrate (just like in ketogenesis), and it is then dehydrated to give an aliphatic chain. Fatty acid synthase requires NADPH.
Ultimately, FAs will usually be attached to a phosphoryl-activated glycerol by a glycerol kinase. Adipocytes, which primarily store and export FAs, lack glycerol kinase and therefore can’t engage in a futile cycle. Phosphatidic acid is an important intermediate between free glycerol+FAs  and triglyceride. It is a diglyceride with a phosphate head group. From here, a triacylglycerols can be formed, or phospholipids can be formed by adding a ‘real’ head group to the phosphate. 
Regulation
Fatty acid synthesis is not the reverse of β-oxidation. Whereas β-oxidation occurs in the matrix, FA synth occurs in the cytoplasm. β-oxidation creates reducing agents (NADH), whereas FA synth requires reducing agents (NADPH). Finally, CoA is the thiol carrier in β-oxidation, while ACP and condensing enzymes hold the thiols in FA synth.

Under high ATP loads, citrate can be transported from the matrix into the cytoplasm by the citrate transporter. It is inhibited by fatty acyl CoAs.
The primary regulation site is at acetyl-CoA carboxylase. This is the rate-limiting step, and it consumes energy (ATP). Its activity is:

Increased by high citrate levels

Increased by Acetyl-CoA

Increased by insulin (insulin-dependent phosphatase reverses inactivation by kinases, and insulin increases the transcription of the phosphatase, of ACC, of ATP citrate lyase, and of FA synthase)

Decreased by fatty acyl CoA

Decreased by phosphorylation (cAMP-dependent protein kinase, 5’-AMP dependent kinase)

The increase in activity generally comes from an increased propensity for ACC to polymerize into its active state. As usual, phosphorylation is a hunger signal; phosphorylated ACC (‘active polymer’) depolymerizes down to a dimer (‘inactive protomer’) and stops synthesizing FAs.
Beyond Palmitate
Longer than 16C: cytosol-facing ER proteins can add 2C units to unsaturated fatty acids, consuming more malonyl CoA.

Unsaturated: ER-bound desaturases use a wannabe ETC to give a cis C=C double bond, reducing oxygen to water.

Keep in mind that the body can only desaturate from Δ1 through Δ9 (the first 9 carbons nearest the COOH end). Essential fatty acids are those with unsaturated bonds beyond Δ9. Arachidonic acid is an important essential fatty acid that is used to create paracrine signaling molecules, including prostaglandins. Aspirin/NSAIDs block this synthesis. Omega is the aliphatic end of FAs, delta is the carboxylic end.
Lipid Metabolism IV: Cholesterol Synthesis
Overview
Cholesterol is a structural component of cell membranes, and is a precursor to steroid hormones, bile salts, and vitamin D. It comes from diet and from de novo synthesis in the liver (for export) and in glandular tissues (adrenals(gluco- and mineralocorticoids, testes(androgens, ovaries(estrogens and progestins).

Cholesterol is transported as an ester interior to lipoproteins. Chylomicrons carry the ingested particles to the liver, where they are processed and released as VLDL lipoproteins. These are taken up by tissues (or deposited into atherosclerotic plaques). Excess cholesterol is theoretically released into HDL and sent to the liver, which reuptakes the particles.
Biochemistry
Cholesterol is synthesized from acetyl CoA in four broad stages. Some stages of cholesterol synthesis are similar to ketogenesis. Importantly, cholesterol synthesis takes place in the cytoplasm and the smooth ER, while ketogenesis takes place in the mitochondrion and the cytoplasm. The zeroth stage is the transport of citrate from the mitochondrion to the cytoplasm.
I) 2C Acetyl CoA is converted to 6C mevalonate.

a. A thiolase condenses two acetyl CoA into acetoacetyl CoA. 

b. HMG CoA synthase then catalyzes the condensation of yet another acetyl CoA into the now-6C molecule of HMG CoA.

c. Control point: In a departure from ketogenesis, HMG CoA reductase (in SER membrane) reduces HMG CoA to mevalonate, freeing it from CoA and reducing all but one carboxylic acid. This requires 2 NADPH. 
II) 6C Mevalonate is converted to activated 5C isoprenes.
a. Kinases phosphorylate mevalonate, which eventually ejects a carbon dioxide, forming isopentenyl pyrophosphate or dimethylallyl pyrophosphate. The former is an activate isoprene (common subunit), and the latter is essentially the ‘primer’ (used once per cholesterol).

III) Activated isoprenes are condensed to form 10C polyprenes

a. One dimethylallyl pyrophosphate is attacked by Δ3 isopentenyl pyrophosphates, ejecting PPi in the process.

b. Additional Δ3 isopentenyl pyrophosphates continue attacking. 15C farnesyl pyrophosphate is, incidentally, a common post-translational modifier.

c. Two 15C Farnesyl pyrophosphates attack each other head-to-head, giving a 30C squalene molecule with the help of squalene synthetase (in SER).

IV) Squalene, shuttled and solubilized by sterol carrier protein (SCP), is converted to cholesterol (in SER).
a. NADPH is consumed.
Regulation
Thiolase, HMG CoA synthase, and HMG CoA reductase are all inhibited by cholesterol, but reductase is the key regulatory protein here. It is transcriptionally regulated by cholesterol via SCAP/SREBP. SCAP, when bound to sterols, retains SREBP in the ER membrane. Without sterols, SCAP brings SREBP to the Golgi. There, site 1 protease (S1P) and S2P release the bHLH-Zip domain of SREBP. This enters the nucleus and binds to a ‘sterol response element’ (SRE), promoting the transcription of HMG CoA reductase.
Cholesterol provides negative feedback inhibition on HMG CoA reductase. This is way down the line, though, so defects in between can lead to massive buildup of intermediates.

Comparison to Other Fatty Acid Processes
Ketogenesis and cholesterol synthesis both have an HMG CoA intermediate. However, in ketogenesis, a lyase releases acetoacetate, splitting HMG CoA into acetoacetate and an acetyl CoA. This all takes place in the mitochondrion. In cholesterol synthesis, HMG CoA is reduced by a reductase to mevalonate. There is no HMG CoA cycle in cholesterol synthesis, and at any rate it takes place in the cytoplasm.

Fatty acid synthesis and cholesterol synthesis both take place in the cytoplasm. They both require the export of citrate from the mitochondrion, and they both have an acetyl CoA intermediate. They diverge from there, as FA synth utilizes a carboxylase to create 3C malonyl CoA while cholesterol synth utilizes a thiolase to forge Acetoacetyl CoA (4C).
Familial hypercholesterolemia is the result of impaired LDL receptor binding to LDL particles, or of defective internalization machinery in peripheral cell types (both of which lead to higher LDL concs in bloodstream). These are autosomal dominant in nature, since even 50% impaired uptake leads to the disease state. Alternatively, HMG CoA reductase inhibition can be impaired, as evidenced by cholesterol’s failure to decrease HMG CoA reductase activity.
Cholestyramine (blocks enterohepatic recycling via bile acid reuptake) and statins (mimic HMG CoA, reducing de novo cholesterol synthesis) are effective treatments.
Nitrogen Bioenergetics (The Life and Times of an Amino Acid) 
Background
Nitrogen is the UCSF of elements in the body (it’s ranked 4th). Unlike lipids and carbohydrates, there is no dedicated reservoir of nitrogen; proteins are made with a functional purpose. Half of the protein in the body is stored in the skeletal muscle, which can be mobilized for gluconeogenesis by the liver. The principle of protein complementarity states that you can get shafted if you don’t get large amounts of all 10 essential amino acids in the diet, since proteins must have specific amino acids at specific positions regardless of amino acid availability. For example, if I don’t eat phenylalanine, all protein production falters. 
10 amino acids are essential, and 10 are nonessential.

Nonessential amino acids can be synthesized by the body. In general, they are simple (glycine, alanine, serine), they are acidic (aspartate, asparagine, glutamate, glutamine), or they are derivatives of more complex essential acids (cysteine from methionine, tyrosine from phenylalanine). I couldn’t figure out how praline fits in, but it’s non-essential, too. Or you can just think about the implications of ‘GAS GAG CAT P’.

Essential amino acids cannot be synthesized by the body. These tend to be basic (histidine, lysine, arginine [for kids]), aromatic (phenylalanine, trypytophan), bulky alkyl (valine, leucine, isoleucine). Methionine and threonine are also on this list.

A positive N balance occurs during growth, pregnancy, lactation, recovery from stress. A negative N balance implies a lack of protein, or occurs during trauma/infection/stress.
Uptake
Pepsin in the stomach and tripsin/chymotripsin/carboxypeptidase breaks dietary proteins into amino acids or dipeptides. Epithelial cells use amino acid transporters (different ones are specific for aliphatics, aromatics, polars, basics, and acidics) to take up these fragments and move them to the basolaterally-located blood vessels. The portal vein takes these to the liver, 

Bioenergetics
There are three key reactions that occur in amino acid metabolism: transamination, direct incorporation of NH4+ into α-ketoglutarate and glutamate, and direct deamination of glutamine and glutamate.

Transamination requires vitamin b6. Incorporation of NH4+ to form glutamate requires ammonia, α-ketoglutarate, and glutamate dehydrogenase. It consumes NADPH. Glutamine synthetase can then burn ATP to incorporate another NH3 to generate glutamine. Deamination of glutamine is by glutaminase, which only occurs in the liver mitochondria. Glutamate can be converted back to αkg by glutamate dehydrogenase.
Steve Gould wants you to know how to go about synthesizing the non-essential amino acids, which is too much for my spongiform cephalon at the moment. 

In the fasted state, amino acids are mobilized in response to glucagon for gluconeogenesis by the liver. The same is true for individuals on low-carb diets. In diabetes, insulin is unable to convey its message, leading to high levels of protein breakdown.

The TCA cycle intermediates αKG and OAA are involved in amino acid processing in the mitochondrial matrix. Fumarate is produced by the urea cycle in the cytoplasm, and it is apparently transported back into the mitochondrion.
Nitrogen Removal (The Urea Cycle)
Nitrogen removal involves scavenging free ammonia into amino acids, transporting those to the liver, and then executing the urea cycle to create urea, which contains two nitrogens per molecule.
Before the urea cycle begins, the substrates (glutamate and glutamine) are brought into the liver mitochondrion. Glutamine comes from the extrahepatic tissues, while glutamate is synthesized in the liver by transamination of muscle alanine with αKG. Once in the mitochondrion, glutamate dehydrogenase frees NH4+ and αKG from glutamate. Glutaminease frees NH4+ and glutamate from glutamine.

	Glutamine
	[Glutaminase]
	Glutamate + NH4+

	Glutamate
	[Glutamate dehydrogenase]
	αKG + NH4+


Now the urea cycle proper begins:
Intramitochondrial NH4+ is used by carbamoyl phosphate synthetase to create carbamoyl phosphate. This is the rate limiting step of the urea cycle.
Ornithine transcarbamoylase condenses carbamoyl-P and ornithine into citrulline. 

HHH then antiports one citrulline for one ornithine.

Arginosuccinate synthase forms arginosuccinate from citrulline and aspartate.

Arginosuccinase cleaves arginosuccinate to arginine and fumarate.

Arginase cleaves arginine into urea and ornithine.

HHH antiports ornithine for citrulline.

Arginosuccinate can be excreted by the kidneys if necessary. 
Porphyrin Metabolism
Porphyrins chelate metal ions, and the most notable porphyrin is heme. Heme synthesis primarily occurs in erythroid tissues (reticulocytes) and liver. The porphyrin synthesis pathway is dedicated – there is no biological use for the intermediates.
Anabolism
Porphyrin synthesis involves 4 mitochondrial and 4 cytoplasmic reactions. The first and regulated step is the condensation of succinyl CoA with glycine to form ALA (mitochondrial).

The next step (cytoplasmic) involves pyrrole formation, which can be inhibited by Pb+2 poisoning. Four pyrroles are joined together into a linear tetrapyrrole, which is then cyclized. In the mitochondrion, modifications are made and Fe++ is chelated. Heme is finally complexed with globin.
Regulation
Regulation is different between hepatic and erythroid tissues. In the liver, high heme levels reduce ALA synthase-1 synthesis. In erythroid tissue, high heme levels reduce globin synthesis and iron uptake.

Anabolic Disorders
Acute intermittent porphyria and porphyria cutanea tardia are two common porphyrias. Both involve liver pyrrole synthesis problems, and both produce porphyrin synthesis intermediates.

Catabolism
Heme is principally catabolized in the spleen. First, biliverdin is formed via the sole use of NADPH in a catabolic pathway (and production of carbon monoxide). Then, bilirubin (direct) is formed. It is transported by serum albumin to the liver, which conjugates it with glucuronic acid to make soluble bilirubin (indirect). It is secreted in bile. Urine and feces color is due to bili-adducts. 

Catabolic Disorders
Jaundice can be pre-hepatic, hepatic, or post-hepatic. The first is due to excess bilirubin production. The second is due to impaired bilirubin processing by the liver. The third is due to impaired indirect-bilirubin secretion by the liver.
Purine/Pyrimidine Metabolism
PURINES
Synthesis
Synthesis of A and G occurs in the liver. ATP, glutamine, aspartate, and glycine are involved. Synthesis begins with the sugar. Hypoxanthine is attached, forming IMP (inosine monophosphate). From here, AMP (requiring GTP energy) or GMP (requiring ATP energy) can be formed. This has a balancing effect. Other regulation points include feedback inhibition on the first two synthetic steps by AMP and GMP.
Degradation
Purine nucleotide ( purine nucleoside ( purine base w/o sugar

The base is ultimately decomposed to xanthine, which is used to make uric acid. Failure to clear uric acid (kidney problems) leads to gout, characterized by painful and debilitating crystalline urea crystal buildup in the joints.
Salvage
Free bases can be salvaged back to XMP (adenine+PRPP(AMP; guanine+PRPP(GMP; hypoxanthine+PRPP(IMP). The last two salvage pathways are critical, and are done by hypoxanthine-guanine phosphoribosyltransferase (HGPRT).
Diseases
Gout, SCID (failure to break adenosine to inosine, leading to destruction of lymphocytes), and Lesch-Nyhan (failure to salvage GMP and IMP, leading to nervous system malfunction and self-mutilation).

PYRIMIDINES

Synthesis
Differences: (1) pyrimidines are not built on top of a sugar, and (2) there is no branch point in pyrimidine synth; instead, they progress from U(T(C.

Synthesis of U, T, and C starts with carbamoyl phosphate (urea cycle anyone?). The carb-phos here is formed by CPS-II in the cytosol here, unlike the urea cycle. The next step (rate limiting) is the condensation of that with aspartate by ATCase. The ATCase actually has the CPS-II activity on it.

Regulation
ATCase is inhibited by CTP (and UTP and TTP at different steps) and activated by ATP (a purine). 

Degradation
Nitrogen ( urea. Carbon ( FA synth or TCA.

Disease
Orotic aciduria, causing retarded growth and high anemia. This is treated by giving uridine and cytidine.
Lipoproteins
HDL

The protein component of HDL is ApoA-1. ApoA-1 is also required as a cofactor for LCAT-mediated esterification of cholesterol and liver uptake. LCAT deficiency is bad. CETP is required to move cholesteryl ester transfer from HDL to LDL/VLDL. CETP deficiency appears to be good.
HDL confers protection from atherosclerosis by promoting choesteryl ester efflux from foam cells/macrophages and inhibiting oxidation of LDL. It also brings cholesterol back to the liver. 

LDL
The protein component of LDL is ApoB-100. LDL is ‘atherogenic and thrombogenic’. LDL receptor binding, LDL receptor uptake, and LDL receptor recycling are major MI-causing congenital defects.

Fed
Fasted
Starved
� Remember – enzymes can function in reverse!  (so dehydrogenase can add a hydrogen)





