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NOTES ON LESSON

UNIT I 
METABOLISM OF AMINO ACIDS

NITROGEN METABOLISM

· Nitrogen Fixation


N2 → NH4+

· Nitrification


NH3 → NO2- → NO3-

· Denitrification


NO2- & NO3- → N2

· Nitrogen Assimilation


 NH4+ → Organic nitrogen

· Deamination


Organic nitrogen → NH4+ 
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Nitrogen Pool
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UREA CYCLE
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METABOLIC DISORDERS ASSOCIATED WITH BRANCHED CHAIN AND AROMATIC AMINO ACID DEGRADATION

PKU - Phenylketonurea

· B. Goitrous Cretinism 
D. Tyrosinosis

· C. Albinism 


E. Alkaptonuria
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BIOSYNTHESIS OF GLY, SER AND CYS


Amino Acids from 3-Phosphoglycerate
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Biosynthesis of Serine and Glycine

[image: image101.png]Metabolic Pathways of
Phenylalanine

i
Ho@%ww yrosine
- b

3, 4-dinydrosypheny!

ae alanine (DOPA)
Ho. td-don

pyruvic acid

epiniphrine

. Ophardt, 0. 2003



[image: image102.jpg]3-Phosphoglycerate

|

Serine

/ N\

Glycine Cysteine





BIOSYNTHESIS OF CYSTEINE

· Only bacteria and plants can assimilate inorganic sulfur

· In mammals, cysteine is conditionally essential deriving its sulfur from methionine 

· Cysteine is biosynthesized from serine and homocysteine, a methionine metabolite

· Sulfhydryl is transferred from homocysteine to serine in two PLP dependent steps with cystathionine as intermediate

[image: image103.jpg]Coo~

H—l—OH

H—CI—O—®

phosphoglycerate
dehydrogenase

phosphoserine
aminotransferase

3-Phosphoglycerate

H
|~ NAD*
N> NADH + H*

C
<::=o 3-Phosphohydroxypyruvate
C

N> a-Ketoglutarate
Coo~

|
.—CI—H 3-Phosphoserine

phosphoserine
phosphatase

m—H Serine

serine
hydroxymethyl-
transferase

CH,—0—®)

- H20
N p;
€00~

éHZOH
( H,folate

\ N®,N"°-Methylene H , folate
H,0

Glycine





AMINO ACIDS FROM OXALOACETATE AND PYRUVATE

[image: image104.jpg]NAD* NADH

+
o, + N
glycine
CHz —Co0™ cleavage
Saria Ns, Nqo-methylene rzyme
hydroxy- H, folate
methyl ||\ PLP
transferase H, folate
+
NH3

HO— CH, —CH—CO0"




AMINO ACIDS FROM OXALOACETATE

 SHAPE  \* MERGEFORMAT 



BIOSYNTHESIS OF LYSINE, METHIONE & THREONINE
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BIOSYNTHESIS OF THREONINE
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AMINO ACIDS FROM PYRUVATE

 SHAPE  \* MERGEFORMAT 



BIOSYNTHESIS OF ISOLEUCINE AND VALINE
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 SHAPE  \* MERGEFORMAT 



        Isoleucine                                      Valine and leucine

REGULATION OF AMINO ACID BIOSYNTHESIS

Multiple Isozymes for

· Aspartokinase (A1, A2, A3)

· Homoserine dehydrogenase (B1, B2)

· Threonine dehydratase (C1, C2)

Allosteric regulation of selective isozymes – some unregulated

Sequential feedback inhibition

· Same product inhibits its biosynthetic path at multiple sites

Inhibits first enzyme in pathway
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BIOSYNTHESIS OF AROMATIC AMINO ACIDS
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BIOSYNTHESIS OF HISTIDINE
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IMPORTANT MOLECULES DERIVED FROM AMINO ACIDS

Intermediary metabolism ( Amino acids ( more biomolecules

· Glycine and succinyl-CoA are precursors for porphyrins

[image: image116.png].
s

~00C—CH;—CH,—CH—C00™

Glutamate

glutamate | PLP
decarboxylase o,
+
kg

~00C—CH;—CH,—CH;

y-Aminobutyrate
(GABA)





Aromatic amino acids are precursors for several biologically significant compounds

· Lignin – abundant plant polymer derived from tyrosine and phenylalanine

· Plant growth hormone – auxin 

· Including neurotransmitters

· Biosynthesis of Spermidine and Spermine
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Biosynthesis of Spermidine and Spermine
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UNIT II 
PROTEIN TRANSPORT AND DEGRADATION

The ER targeting mechanism requires two special receptor proteins:

1. Signal recognition particle (SRP)

2. SRP receptor

Translation of secretory mRNA begins on free ribosomes

· N-terminal signal sequence emerges from ribosome tunnel

· Signal recognition particle (SRP) binds to the emerging signal sequence from the ribosome
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· SRP is a ribonucleoprotein

· 300 base RNA molecule

· 6 proteins

· Methionine "whiskers" on P54 subunit bind to the hydrophobic signal sequence on the emerging polypeptide

SRP receptor initiates the interaction of signal sequences with the ER membrane

· Receptor is an a,b dimer – b subunit is an intrinsic membrane protein

·  a-subunit initiates binding of ribosome –SRP to ER membrane
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SRP/SRP receptor dissociates from signal sequence

· Ribosome binds to translocon

· Signal sequence binds to translocon. Translocon gate opens

· Signal sequence inserts into translocon central cavity w/ N-terminus toward cytosol

· Polypeptide chain elongates; signal sequence cleaved and degraded in ER lumen

· Peptide chain elongation extrudes protein into ER lumen

· Sec63 complex promotes Hsc70 chaperone (BiP) binding to growing chain

· Ribosome dissociates and is released from membrane when protein is completed

What controls the insertion of nascent secretory proteins into the translocon?

· The P54 subunit of the Signal Recognition Particle is a GTPase

· So is the a-subunit of the SRP receptor

· GTP binding to both proteins produces conformational changes required for tight “docking” to the membrane

· GTP hydrolysis initiates protein transport into the ER

· GTP hydrolysis powers 1) dissociation of SRP, SRP receptor from translocon, 2) opening of translocon gate, 3) transfer of signal sequence to translocon

Post-translational modifications and quality control in the rough ER

· Newly synthesized polypeptides in the membrane and lumen of the ER undergo five principal modifications

· Formation of disulfide bonds

· Proper folding

· Addition and processing of carbohydrates

· Specific proteolytic cleavages

· Assembly into multimeric proteins

Disulfide bonds are formed and rearranged in the ER lumen
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Most proteins synthesized in the Rough ER  are glycosylated by a core oligosaccharide that is linked to asparagine residues (N-linked glycosylation)

The core oligosaccharide used for N-linked glycosylation is assembled onto the polyisoprenoid lipid, dolichol pyrophosphate

Dolichol is an poly - isoprenoid compound synthesized by the same metabolic route as cholesterol. 
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· In vertebrate tissues, dolichol contains 18-20 isoprenoid units (90-100 carbons total).

Formation of the Core Oligosaccharide on Dolichol Phosphate starts in the cytosol and is completed in the ER lumen
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N-linked glycosylation occurs during protein translocation via the membrane bound protein oligosaccharide transferase

Core Glycosylation and Trimming in the ER lumen
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RECEPTOR MEDIATED ENDOCYTOSIS 

This is a process by which cells internalize molecules or viruses. As its name implies, it depends on the interaction of that molecule with a specific binding protein in the cell membrane called a receptor. 

      
RME provides a means for the macromolecules that may be at relatively low concentrations in the extracellular fluid.

Formation of Coated vesicles :  The plasma membrane form a pit. The pit is lined with receptor protiens that have picked up particular molecules from the surroundings. The pit will pinch closed to form a vesicle that will carry the molecules into the cytoplasm.
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The whole process of Receptor-Mediated Endocytosis

[image: image131.png][Degradation

/ 265 Proteasome

NS

Ub Conjugation

Target
@ - .% % L

Deubiquitination

Ub Activation]





Types of ligands enter by RME
· Toxins and lectins

· Viruses

· Serum transport proteins and antibodies

              eg: Transferrin     Low density lipoprotein  Transcobalamin    Yolk proteins IgE     Polymeric IgA 

· Hormones and Growth Factors

SIGNAL PEPTIDES


Proteins have intrinsic signals that govern their transport and localization in the cell (nucleus, ER, mitochondria, chloroplasts)
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Specific amino acid sequences determine whether a protein will pass through a membrane into a particular organelle, become integrated into the membrane, or be exported out of the cell. 

The common structure of signal peptides from various proteins is described as:
· a positively charged (N-terminal) n-region
· followed by a hydrophobic h-region (which can adopt an (-helical conformation in an hydrophobic environment)
· and a neutral but polar c-region (cleavage region; the signal sequence is cleaved off here after delivering the protein at the right site). 
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How does a protein get to the correct cellular location?

· Membrane and organelle proteins contain targeting (sorting) signals in their amino acid sequence.

· Targeting signals are recognized during or after the protein is translated - special machinery recognizes the signal and translocates the protein to its correct location

Examples of protein targeting signals

	Target
	Usual Signal Location
	Signal 

Removed?
	SIGNAL


	ER
	N-terminal

Or internal
	(+/-)
	6-12 hydrophobic aa often preceded by 1 or more (+) aa’s

	Mitochondrial matrix
	N-terminal (multiple)
	(+)
	Amphipathic helix 20-50 residues with 

R/K and hydrophobic sides

	Peroxisome
	C-terminal
	(-)
	Usually S-K-L at C-terminus

	Nucleus
	Internal
	(-)
	1 cluster 5 basic aa’s or 2 smaller basic clusters separated by ≈10 aa


Proteins are targeted to different compartments in different ways

Proteins that are targeted to the nucleus, mitochondria, chloroplasts and peroxisomes are synthesized on free ribosomes as soluble polypeptides

Proteins that are targeted to the cell surface, Golgi and Lysosomes are synthesized on ER membrane bound ribosomes and move through the secretory pathway
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 Protein secretion

What happens when protein targeting doesn’t work?

· I-cell disease caused by defect in lysosomal targeting

· Many hydrolytic enzymes fail to be targeted to lysosomes and are secreted from cells

· Psychomotor retardation, skeletal abnormalities

· Average lifespan ~ 8 years

Zellwenger syndrome

· Peroxisomal targeting defect

· Peroxisomal enzymes accumulate in cytosol

· Neural, cardiovascular, renal, adrenal dystrophies

· Accumulate very long chain fatty acids

· Cataracts, glaucoma, retinal detachment

· Average lifespan - 12 weeks

UBIQUITIN PATHWAY FOR PROTEIN DEGRADATION


Protein degradation

· For some proteins, more than 80% of peptides may not fold properly. These are removed from the ER and degraded.

· Retrotranslocation (or dislocation)

· Uses the same Sec61 translocator

· N-glycanase removes the oligosaccharide.

· Ubiquitin chain added to protein which marks it for degradation in the proteasome.


CHAPERONES

· Chaperones are proteins in the cell which function to help proteins to fold correctly

molecular chaparones guide folding of proteins present in the cytosol, lumen of RER, mitochondria, etc. 

chaparones also promote the assembly of protein complexes from subunits 

chaperones prevent the aggregation of unfolded proteins 

heat shock proteins 

a set of proteins induced by a brief exposure of cells to elevated temperature (42° C) 

many of molecular chaperones are heat shock proteins (hsp) 

the heat shock causes many proteins to unfold or misfold and the hsp are induced to help refold these proteins correctly 

examples of heat shock proteins: 


hsp 70 - cytosol  hsp 60 - cytosol  BiP - in lumen of RER (BiP is an abbreviation for  binding protein) mitochondrial hsp - (mhsp 60 and mhsp 70) 

Mechanism of action:

bind to exposed hydrophobic regions of proteins to achieve proper folding ATP requirement for action 

UNIT III

METABOLISM OF NUCLEIC ACIDS,POLYSACCHARIDES AND

LIPIDS
Introduction

The metabolic requirements for the nucleotides and their cognate bases can be met by both dietary intake or synthesis de novo from low molecular weight precursors. Indeed, the ability to salvage nucleotides from sources within the body alleviates any nutritional requirement for nucleotides, thus the purine and pyrimidine bases are not required in the diet. The salvage pathways are a major source of nucleotides for synthesis of DNA, RNA and enzyme co-factors.

Extracellular hydrolysis of ingested nucleic acids occurs through the concerted actions of endonucleases, phosphodiesterases and nucleoside phosphorylases. Endonucleases degrade DNA and RNA at internal sites leading to the production of oligonucleotides. Oligonucleotides are further digested by phosphodiesterases that act from the ends inward yielding free nucleosides. The bases are hydrolyzed from nucleosides by the action of phosphorylases that yield ribose-1-phosphate and free bases. If the nucleosides and/or bases are not re-utilized the purine bases are further degraded to uric acid and the pyrimidines to β-aminoiosobutyrate, NH3 and CO2.

Both the salvage and de novo synthesis pathways of purine and pyrimidine biosynthesis lead to production of nucleoside-5'-phosphates through the utilization of an activated sugar intermediate and a class of enzymes called phosphoribosyltransferases. The activated sugar used is 5-phosphoribosyl-1-pyrophosphate, PRPP. PRPP is generated by the action of PRPP synthetase and requires energy in the form of ATP as shown:
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Note that this reaction releases AMP. Therefore, 2 high energy phosphate equivalents are consumed during the reaction. 

Purine Nucleotide Biosynthesis

The major site of purine synthesis is in the liver. Synthesis of the purine nucleotides begins with PRPP and leads to the first fully formed nucleotide, inosine 5'-monophosphate (IMP). This pathway is diagrammed below. The purine base without the attached ribose moiety is hypoxanthine. The purine base is built upon the ribose by several amidotransferase and transformylation reactions. The synthesis of IMP requires five moles of ATP, two moles of glutamine, one mole of glycine, one mole of CO2, one mole of aspartate and two moles of formate. The formyl moieties are carried on tetrahydrofolate (THF) in the form of N5,N10-methenyl-THF and N10-formyl-THF.
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Enzyme names:

1. glutamine phosphoribosylpyrophosphate amidotransferase

2. glycinamide ribotide synthase 

3. glycinamide ribotide transformylase 

4. formylglycinamide synthase 

5. aminoimidazole ribotide synthase 

6. aminoimidazole ribotide carboxylase 

7. succinylaminoimidazolecarboxamide ribotide synthase 

8. adenylosuccinate lyase 

9. aminoimidazole carboxamide ribotide transformylase 

10. IMP cyclohydrolase

Synthesis of the first fully formed purine nucleotide, inosine monophosphate, IMP begins with 5-phospho-α-ribosyl-1-pyrophosphate, PRPP. Through a series of reactions utilizing ATP, tetrahydrofolate (THF) derivatives, glutamine, glycine and aspartate this pathway yields IMP. The rate limiting reaction is catalyzed by glutamine PRPP amidotransferase, enzyme indicated by 1 in the Figure. The structure of the nucleobase of IMP (hypoxanthine) is shown. Place mouse over the green intermediate names to see structures.

IMP represents a branch point for purine biosynthesis, because it can be converted into either AMP or GMP through two distinct reaction pathways. The pathway leading to AMP requires energy in the form of GTP; that leading to GMP requires energy in the form of ATP. The utilization of GTP in the pathway to AMP synthesis allows the cell to control the proportions of AMP and GMP to near equivalence. The accumulation of excess GTP will lead to accelerated AMP synthesis from IMP instead, at the expense of GMP synthesis. Conversely, since the conversion of IMP to GMP requires ATP, the accumulation of excess ATP leads to accelerated synthesis of GMP over that of AMP.
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Synthesis of AMP and GMP from IMP

Regulation of Purine Nucleotide Synthesis

The essential rate limiting steps in purine biosynthesis occur at the first two steps of the pathway. The synthesis of PRPP by PRPP synthetase is feed-back inhibited by purine-5'-nucleotides (predominantly AMP and GMP). Combinatorial effects of those two nucleotides are greatest, e.g., inhibition is maximal when the correct concentration of both adenine and guanine nucleotides is achieved.

The amidotransferase reaction catalyzed by PRPP amidotransferase is also feed-back inhibited allosterically by binding ATP, ADP and AMP at one inhibitory site and GTP, GDP and GMP at another. Conversely the activity of the enzyme is stimulated by PRPP.

Additionally, purine biosynthesis is regulated in the branch pathways from IMP to AMP and GMP. The accumulation of excess ATP leads to accelerated synthesis of GMP, and excess GTP leads to accelerated synthesis of AMP.

Catabolism and Salvage of Purine Nucleotides

Catabolism of the purine nucleotides leads ultimately to the production of uric acid which is insoluble and is excreted in the urine as sodium urate crystals.[image: image8.jpg][ S— [[Sr—
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Catabolism of purine nucleotides

The synthesis of nucleotides from the purine bases and purine nucleosides takes place in a series of steps known as the salvage pathways. The free purine bases, adenine, guanine, and hypoxanthine, can be reconverted to their corresponding nucleotides by phosphoribosylation. Two key transferase enzymes are involved in the salvage of purines: adenosine phosphoribosyltransferase (APRT), which catalyzes the following reaction:

adenine + PRPP <——> AMP + PPi
and hypoxanthine-guanine phosphoribosyltransferase (HGPRT), which catalyzes the following reactions:

hypoxanthine + PRPP <——> IMP + PPi
guanine + PRPP <——> GMP + PPi
A critically important enzyme of purine salvage in rapidly dividing cells is adenosine deaminase (ADA) which catalyzes the deamination of adenosine to inosine. Deficiency in ADA results in the disorder called severe combined immunodeficiency, SCID (and briefly outlined below).
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Salvage pathways for purine nucleotides

Purine nucleotide phosphorylases (PNPs) can also contribute to the salvage of the bases through a reversal of the catabolism pathways. However, this pathway is less significant than those catalyzed by the phosphoribosyltransferases.

The synthesis of AMP from IMP and the salvage of IMP via AMP catabolism have the net effect of deaminating aspartate to fumarate. This process has been termed the purine nucleotide cycle (see diagram below). This cycle is very important in muscle cells. Increases in muscle activity create a demand for an increase in the TCA cycle, in order to generate more NADH for the production of ATP. However, muscle lacks most of the enzymes of the major anapleurotic reactions. Muscle replenishes TCA-cycle intermediates in the form of fumarate generated by the purine nucleotide cycle.
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The purine nucleotide cycle serves an important function within exercising muscle. The generation of fumarate provides skeletal muscle with its' only source of anapleurotic substrate for the TCA cycle. In order for continued operation of the cycle during exercise, muscle protein must be utilized to supply the amino nitrogen for the generation of aspartate. The generation of asparate occurs by the standard transamination reactions that interconvert amino acids with α-ketoglutarate to form glutamate and glutamate with oxaloacetate to form aspartate. Myoadenylate deaminase is the muscle-specific isoenzyme of AMP deaminase, and deficiencies in myoadenylate deaminase lead to post-exercise fatigue, cramping and myalgias. 

Clinical Significances of Purine Metabolism

Clinical problems associated with nucleotide metabolism in humans are predominantly the result of abnormal catabolism of the purines. The clinical consequences of abnormal purine metabolism range from mild to severe and even fatal disorders. Clinical manifestations of abnormal purine catabolism arise from the insolubility of the degradation byproduct, uric acid. Gout is a condition that results from the precipitation of urate as monosodium urate (MSU) or calcium pyrophosphate dihydrate (CPPD) crystals in the synovial fluid of the joints, leading to severe inflammation and arthritis. The inflammatory response is due to the crystals engaging the caspase-1-activating inflammasome resulting in the production of interleukin-1β (IL-1β) and IL-18. Most forms of gout are the result of excess purine production and consequent catabolism or to a partial deficiency in the salvage enzyme, HGPRT. Most forms of gout can be treated by administering the antimetabolite: allopurinol. This compound is a structural analog of hypoxanthine that strongly inhibits xanthine oxidase.

Two severe disorders, both quite well described, are associated with defects in purine metabolism: Lesch-Nyhan syndrome and severe combined immunodeficiency disease (SCID). Lesch-Nyhan syndrome results from the loss of a functional HGPRT gene. The disorder is inherited as a sex-linked trait, with the HGPRT gene on the X chromosome (Xq26–q27.2). Patients with this defect exhibit not only severe symptoms of gout but also a severe malfunction of the nervous system. In the most serious cases, patients resort to self-mutilation. Death usually occurs before patients reach their 20th year.

SCID is most often (90%) caused by a deficiency in the enzyme adenosine deaminase (ADA). This is the enzyme responsible for converting adenosine to inosine in the catabolism of the purines. This deficiency selectively leads to a destruction of B and T lymphocytes, the cells that mount immune responses. In the absence of ADA, deoxyadenosine is phosphorylated to yield levels of dATP that are 50-fold higher than normal. The levels are especially high in lymphocytes, which have abundant amounts of the salvage enzymes, including nucleoside kinases. High concentrations of dATP inhibit ribonucleotide reductase (see below), thereby preventing other dNTPs from being produced. The net effect is to inhibit DNA synthesis. Since lymphocytes must be able to proliferate dramatically in response to antigenic challenge, the inability to synthesize DNA seriously impairs the immune responses, and the disease is usually fatal in infancy unless special protective measures are taken. A less severe immunodeficiency results when there is a lack of purine nucleoside phosphorylase (PNP), another purine-degradative enzyme.

One of the many glycogen storage diseases von Gierke disease also leads to excessive uric acid production. This disorder results from a deficiency in glucose 6-phosphatase activity. The increased availability of glucose-6-phosphate increases the rate of flux through the pentose phosphate pathway, yielding an elevation in the level of ribose-5-phosphate and consequently PRPP. The increases in PRPP then result in excess purine biosynthesis.

Disorders of Purine Metabolism

	Disorder 
	Defect 
	Nature of Defect 
	Comments 

	Gout 
	3 different enzyme defects can lead to gout:
PRPP synthetase
HGPRTa
glucose-6-phosphatase 
	

activity up
deficiency
deficiency 
	hyperuricemia 

	Lesch-Nyhan syndrome 
	HGPRT 
	lack of enzyme 
	see above 

	SCID 
	ADAb 
	lack of enzyme 
	see above 

	Immunodeficiency 
	PNPc 
	lack of enzyme 
	see above 

	Renal lithiasis 
	APRTd 
	lack of enzyme 
	2,8-dihydroxyadenine, renal lithiasis 

	Xanthinuria 
	Xanthine oxidase 
	lack of enzyme 
	hypouricemia and xanthine renal lithiasis 

	von Gierke disease 
	Glucose-6-phosphatase 
	enzyme deficiency 
	see above 


a hypoxanthine-guanine phosphoribosyltransferase

b adenosine deaminase

c purine nucleotide phosphorylase

d adenosine phosphoribosyltransferase

Pyrimidine Nucleotide Biosynthesis

Synthesis of the pyrimidines is less complex than that of the purines, since the base is much simpler. The first completed base is derived from 1 mole of glutamine, one mole of ATP and one mole of CO2 (which form carbamoyl phosphate) and one mole of aspartate. An additional mole of glutamine and ATP are required in the conversion of UTP to CTP. The pathway of pyrimidine biosynthesis is diagrammed below.

The carbamoyl phosphate used for pyrimidine nucleotide synthesis is derived from glutamine and bicarbonate, within the cytosol, as opposed to the urea cycle carbamoyl phosphate derived from ammonia and bicarbonate in the mitochondrion. The urea cycle reaction is catalyzed by carbamoyl phosphate synthetase I (CPS-I) whereas the pyrimidine nucleotide precursor is synthesized by CPS-II. Carbamoyl phosphate is then condensed with aspartate in a reaction catalyzed by the rate limiting enzyme of pyrimidine nucleotide biosynthesis, aspartate transcarbamoylase (ATCase).
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Synthesis of carbamoyl phosphate by CPS II
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Enzyme names:

1. aspartate transcarbamoylase, ATCase

2. carbamoyl aspartate dehydratase

3. dihydroorotate dehydrogenase

4. orotate phosphoribosyltransferase

5. orotidine-5'-phosphate carboxylase

Synthesis of UMP from carbamoyl phosphate. Carbamoyl phosphate utilized in pyrimidine nucleotide synthesis differs from that synthesized in the urea cycle; it is synthesized from glutamine instead of ammonia and is synthesized in the cytosol. The reaction is catalyzed by carbamoyl phosphate synthetase II (CPS-II). Subsequently carbamoyl phosphate is incorporated into the pyrimidine nucleotide biosynthesis pathway through the action of aspartate transcarbamoylase, ATCase (enzyme #1) which is the rate limiting step in pyrimidine biosynthesis. Following completion of UMP synthesis it can be phosphorylated to UTP and utilized as a substrate for CTP synthase for the synthesis of CTP. Uridine nucleotides are also the precursors for de novo synthesis of the thymine nucleotides. Place mouse over green intermediate names to see structure.

The synthesis of pyrimidines differs in two significant ways from that of purines. First, the ring structure is assembled as a free base, not built upon PRPP. PRPP is added to the first fully formed pyrimidine base (orotic acid), forming orotate monophosphate (OMP), which is subsequently decarboxylated to UMP. Second, there is no branch in the pyrimidine synthesis pathway. UMP is phosphorylated twice to yield UTP (ATP is the phosphate donor). The first phosphorylation is catalyzed by uridylate kinase and the second by ubiquitous nucleoside diphosphate kinase. Finally UTP is aminated by the action of CTP synthase, generating CTP. The thymine nucleotides are in turn derived by de novo synthesis from dUMP or by salvage pathways from deoxyuridine or deoxythymidine.
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Synthesis of CTP from UTP

Synthesis of the Thymine Nucleotides

The de novo pathway to dTTP synthesis first requires the use of dUMP from the metabolism of either UDP or CDP. The dUMP is converted to dTMP by the action of thymidylate synthase. The methyl group (recall that thymine is 5-methyl uracil) is donated by N5,N10-methylene THF, similarly to the donation of methyl groups during the biosynthesis of the purines. The unique property of the action of thymidylate synthase is that the THF is converted to dihydrofolate (DHF), the only such reaction yielding DHF from THF. In order for the thymidylate synthase reaction to continue, THF must be regenerated from DHF. This is accomplished through the action of dihydrofolate reductase (DHFR). THF is then converted to N5,N10-THF via the action of serine hydroxymethyl transferase. The crucial role of DHFR in thymidine nucleotide biosynthesis makes it an ideal target for chemotherapeutic agents (see below).

[image: image14.jpg]o o

H\N N) CHy
o
o
thymidylate synthase
O—E—O—HZC 0. ey u CF& =0-HC ;0
o ; : N( %
H Hi
dUMP N ,N“-methylene THF dTMP
- NADPH + H'
glycine
DHFR

serine hydroxymethyl
transferase THF NADP*
serine




Synthesis of dTMP from dUMP

The salvage pathway to dTTP synthesis involves the enzyme thymidine kinase which can use either thymidine or deoxyuridine as substrate:

thymidine + ATP <——> TMP + ADP
deoxyuridine + ATP <——> dUMP + ADP
The activity of thymidine kinase (one of the various deoxyribonucleotide kinases) is unique in that it fluctuates with the cell cycle, rising to peak activity during the phase of DNA synthesis; it is inhibited by dTTP. 

Clinical Relevance of Tetrahydrofolate

Tetrahydrofolate (THF) is regenerated from the dihydrofolate (DHF) product of the thymidylate synthase reaction by the action of dihydrofolate reductase (DHFR), an enzyme that requires NADPH. Cells that are unable to regenerate THF suffer defective DNA synthesis and eventual death. For this reason, as well as the fact that dTTP is utilized only in DNA, it is therapeutically possible to target rapidly proliferating cells over non-proliferating cells through the inhibition of thymidylate synthase. Many anti-cancer drugs act directly to inhibit thymidylate synthase, or indirectly, by inhibiting DHFR.

The class of molecules used to inhibit thymidylate synthase is called the suicide substrates because they irreversibly inhibit the enzyme. Molecules of this class include 5-fluorouracil and 5-fluorodeoxyuridine. Both are converted within cells to 5-fluorodeoxyuridylate, FdUMP. It is this drug metabolite that inhibits thymidylate synthase. Many DHFR inhibitors have been synthesized, including methotrexate, aminopterin, and trimethoprim. Each of these is an analog of folic acid. 

Regulation of Pyrimidine Biosynthesis

The regulation of pyrimidine synthesis occurs mainly at the first step which is catalyzed by aspartate transcarbamoylase, ATCase. Inhibited by CTP and activated by ATP, ATCase is a multifunctional protein in mammalian cells. It is capable of catalyzing the formation of carbamoyl phosphate, carbamoyl aspartate, and dihydroorotate. The carbamoyl synthetase activity of this complex is termed carbamoyl phosphate synthetase II (CPS-II) as opposed to CPS-I, which is involved in the urea cycle. ATCase, and therefore the activity of CPS-II, is localized to the cytoplasm and prefers glutamine as a substrate. CPS-I of the urea cycle is localized in the mitochondria and utilizes ammonia. The CPS-II domain is activated by ATP and inhibited by UDP, UTP, dUTP, and CTP. 

The role of glycine in ATCase regulation is to act as a competitive inhibitor of the glutamine binding site. As in the regulation of purine synthesis, ATP levels also regulate pyrimidine biosynthesis at the level of PRPP formation. An increase in the level of PRPP results in an activation of pyrimidine synthesis. 

There is also regulation of OMP decarboxylase: this enzyme is competitively inhibited by UMP and, to a lesser degree, by CMP. Finally, CTP synthase is feedback-inhibited by CTP and activated by GTP. 

Catabolism and Salvage of Pyrimidine Nucleotides

Catabolism of the pyrimidine nucleotides leads ultimately to β-alanine (when CMP and UMP are degraded) or β-aminoisobutyrate (when dTMP is degraded) and NH3 and CO2. The β-alanine and β-aminoisobutyrate serve as -NH2 donors in transamination of α-ketoglutarate to glutamate. A subsequent reaction converts the products to malonyl-CoA (which can be diverted to fatty acid synthesis) or methylmalonyl-CoA (which is converted to succinyl-CoA and can be shunted to the TCA cycle).

The salvage of pyrimidine bases has less clinical significance than that of the purines, owing to the solubility of the by-products of pyrimidine catabolism. However, as indicated above, the salvage pathway to thymidine nucleotide synthesis is especially important in the preparation for cell division. Uracil can be salvaged to form UMP through the concerted action of uridine phosphorylase and uridine kinase, as indicated: 

uracil + ribose-1-phosphate <——> uridine + Pi
uridine + ATP ——> UMP + ADP
Deoxyuridine is also a substrate for uridine phosphorylase. Formation of dTMP, by salvage of dTMP requires thymine phosphorylase and the previously encountered thymidine kinase:

thymine + deoxyribose-1-phosphate <——> thymidine + Pi
thymidine + ATP ——> dTMP + ADP
The salvage of deoxycytidine is catalyzed by deoxycytidine kinase:

deoxycytidine + ATP <——> dCMP + ADP
Deoxyadenosine and deoxyguanosine are also substrates for deoxycytidine kinase, although the Km for these substrates is much higher than for deoxycytidine.

The major function of the pyrimidine nucleoside kinases is to maintain a cellular balance between the level of pyrimidine nucleosides and pyrimidine nucleoside monophosphates. However, since the overall cellular and plasma concentrations of the pyrimidine nucleosides, as well as those of ribose-1-phosphate, are low, the salvage of pyrimidines by these kinases is relatively inefficient. 

Clinical Significances of Pyrimidine Metabolism

Because the products of pyrimidine catabolism are soluble, few disorders result from excess levels of their synthesis or catabolism. Two inherited disorders affecting pyrimidine biosynthesis are the result of deficiencies in the bifunctional enzyme catalyzing the last two steps of UMP synthesis, orotate phosphoribosyl transferase and OMP decarboxylase. These deficiencies result in orotic aciduria that causes retarded growth, and severe anemia caused by hypochromic erythrocytes and megaloblastic bone marrow. Leukopenia is also common in orotic acidurias. The disorders can be treated with uridine and/or cytidine, which leads to increased UMP production via the action of nucleoside kinases. The UMP then inhibits CPS-II, thus attenuating orotic acid production. 

Disorders of Pyrimidine Metabolism

	Disorder 
	Defective Enzyme 
	Comments 

	Orotic aciduria, Type I 
	orotate phosphoribosyl transferase and OMP decarboxylase 
	see above 

	Orotic aciduria, Type II 
	OMP decarboxylase 
	see above 

	Orotic aciduria due to OTC deficiency
(no hematologic component) 
	the urea cycle enzyme, ornithine transcarbamoylase, is deficient 
	increased mitochondrial carbamoyl phosphate exits and augments pyrimidine biosynthesis; hepatic encephalopathy 

	β-aminoisobutyric aciduria 
	transaminase, affects urea cycle function during deamination of α-amino acids to α-keto acids 
	benign, frequent in Orientals 

	drug induced orotic aciduria 
	OMP decarboxylase 
	allopurinol and 6-azauridine treatments cause orotic acidurias without a hematologic component; their catabolic by-products inhibit OMP decarboxylase 


Formation of Deoxyribonucleotides

The typical cell contains 5 to10 times as much RNA (mRNAs, rRNAs and tRNAs) as DNA. Therefore, the majority of nucleotide biosynthesis has as its purpose the production of rNTPs. However, because proliferating cells need to replicate their genomes, the production of dNTPs is also necessary. This process begins with the reduction of rNDPs, followed by phosphorylation to yield the dNTPs. The phosphorylation of dNDPs to dNTPs is catalyzed by the same nucleoside diphosphate kinases that phosphorylates rNDPs to rNTPs, using ATP as the phosphate donor. 

Ribonucleotide reductase (RR) is a multifunctional enzyme that contains redox-active thiol groups for the transfer of electrons during the reduction reactions. In the process of reducing the rNDP to a dNDP, RR becomes oxidized. RR is reduced in turn, by either thioredoxin or glutaredoxin. The ultimate source of the electrons is NADPH. The electrons are shuttled through a complex series of steps involving enzymes that regenerate the reduced forms of thioredoxin or glutaredoxin. These enzymes are thioredoxin reductase and glutathione reductase respectively.
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Ribonucleotide reductase reactions



Regulation of dNTP Formation

Ribonucleotide reductase is the only enzyme used in the generation of all the deoxyribonucleotides. Therefore, its activity and substrate specificity must be tightly regulated to ensure balanced production of all four of the dNTPs required for DNA replication. Such regulation occurs by binding of nucleoside triphosphate effectors to either the activity sites or the specificity sites of the enzyme complex. The activity sites bind either ATP or dATP with low affinity, whereas the specificity sites bind ATP, dATP, dGTP, or dTTP with high affinity. The binding of ATP at activity sites leads to increased enzyme activity, while the binding of dATP inhibits the enzyme. The binding of nucleotides at specificity sites effectively allows the enzyme to detect the relative abundance of the four dNTPs and to adjust its affinity for the less abundant dNTPs, in order to achieve a balance of production. thioredoxin reductase and glutathione reductase respectively. 



Interconversion of the Nucleotides

During the catabolism of nucleic acids, nucleoside mono- and diphosphates are released. The nucleosides do not accumulate to any significant degree, owing to the action of nucleoside kinases. These include both nucleoside monophosphate (NMP) kinases and nucleoside diphosphate (NDP) kinases. The NMP kinases catalyze ATP-dependent reactions of the type:

(d)NMP + ATP <——> (d)NDP + ADP
There are four classes of NMP kinases that catalyze, respectively, the phosphorylation of:

1. AMP and dAMP; this kinase is known as adenylate kinase.

2. GMP and dGMP. 

3. CMP, UMP and dCMP.

4. dTMP.

The structure and synthesis of starch

The major storage carbohydrate of plant is starch. Starch, like glycogen is a high molecular weight polymer of D-glucose in α l->4 and α l->6 glycosidic linkages. Starch synthesis occurs in chloroplast. The mechanism of hexose polymerization in starch synthesis is essentially similar to that in glycogenesis. 

1) Glucose is acted on by hexokinase to form glucose-6-Po4 using ATP as Po4 donor.
2) Glucose-6-Po4 is converted to glucose-l-Po4 by phospho gluco mutase.

 
3) Then an activated nucleotide sugar, ADP-glucose is formed by condensation of glucose-l-Po4 with ATP by the action of ATP glucose pyrophosphorylase.
4) Starch synthase then transfers glucose residues from ADP-glucose to the non-reducing end of the pre-existing starch molecules that act as primers. The reaction involves the displacement of the ADP of ADP-glucose by attacking the 4' OH of the primer forming a characteristic alpha l->4 linkage of starch. This is amylose.

5) The branching enzyme found in chloroplast then acts on amylose and forms alpha 1 -> 6 linkages and we get amylopectin. Both the amylose and amylopectin together constitute the structure of starch. Starch differs from glycogen from its molecular weight and the extent of branching.

Note: Amylose: D-glucose units linked by alpha l->4 linkages.

 Amylopectin: Main stem has alpha l->4 glycosidic bonds. At branch point alpha 1 -> 6 linkages & have approximately 80 branches. One branch after every 24-30 D-glucose units.

 
 Glycogen: Resemble amylopectin but branch point occurs for every 12-18 D-glucose units.

Starch, a complex carbohydrate, is a polymer of glucose molecules. It occurs in two main forms: amylose, consisting of predominantly linear chains of glucose monomers linked by 1,4-glycosidic bonds, and amylopectin, in which the chains are branched by the addition of 1,6-glycosidic bonds. Amylose comprises between 11 and 37% of the starch found in plants (depending upon the species and the site of storage); the rest is amylopectin. 

The synthesis of starch in plant cells begins with the enzyme ADP-glucose pyrophosphorylase (AGPase), which catalyses the reaction of glucose-1-phosphate with ATP to form ADP-glucose (liberating pyrophosphate). The ADP-glucose is then used a substrate by starch synthase enzymes, which add glucose units to the end of a growing polymer chain to build up a starch molecule (releasing the ADP in the process). Branches in the chain are introduced by starch branching enzymes (SBEs), which hydrolyse 1,4-glycosidic bonds, and in their place, create 1,6 bonds with other glucose units. 

Although the pathway of starch synthesis appears relatively simple, it is complicated by the fact that the enzymes involved come in various different forms, which differ in their behaviour and in the parts of a plant in which they are active. Further complexity is created by the presence of de-branching enzymes (DBEs), which hydrolyse 1,6-glycosidic bonds and break apart branches in the polymer chains. Although these are traditionally regarded as catalysts of starch breakdown, it appears that they also play an important role in starch synthesis. Evidence for this comes from the 'sugary' mutants of maize, rice and sorghum, which are deficient in a particular de-branching enzyme, in which starch granules are degraded as they form and replaced with an alternative polymer, phytoglycogen. 
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Simplified representation of the normal pathway of starch synthesis in plants 

Glycogenesis

Glycogenesis is the process of glycogen synthesis, in which glucose molecules are added to chains of glycogen. This process is activated by insulin in response to high glucose levels. 

Steps
The first step involves the synthesis from glucose-1-phosphate and UTP:

Glucose 1-phosphate + UTP + H2O → UDP-glucose + 2 Pi 

This reaction is catalyzed by UDP-glucose pyrophosphorylase. This reaction would be reversible if it were not for the rapid exergonic hydrolysis (hence the need for water) of pyrophosphate to orthophosphate (catalyzed by pyrophosphatase). 

In the second reaction, UDP-glucose is transferred to the hydroxyl group of the existing chain, forming an α-1,4-glycosidic link. This reaction is catalyzed by glycogen synthase. Glycogen synthase can only add to a chain that contains at least four units. Therefore, the protein glycogenin is used as a "primer-molecule." α-1,6 Links are created by glycogen branching enzyme. 

Glycogen synthase is activated by phosphoprotein phosphatase. This enzyme is activated by insulin. 
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Control and regulation
Glycogenesis responds to both hormonal and electrical control. 

One of the main forms of control is the varied phosphorylation of glycogen synthase and glycogen phosphorylase. This is regulated by enzymes under the control hormonal activity, which is in turn regulated by many factors. As such, there are many different possible effectors when compared to allosteric systems of regulation. 

Adrenaline
Glycogen phosphorylase is activated by phosphorylation, whereas glycogen synthase is inhibited. 

Glycogen phosphorylase is converted from its less active b form to an active a form by the enzyme phosphorylase kinase. This latter enzyme is itself activated by protein kinase A and deactivated by phosphoprotein phosphatase-1. 

Protein kinase A itself is activated by the hormone adrenaline. Adrenaline binds to a receptor protein which activates adenylate cyclase. This in turn activates the secondary messenger system, by causing the formation of cyclic AMP, which acts allosterically to activate protein kinase A 

Returning to glycogen phosphorylase, the less active form (b) can itself be activated without the conformational change. 5'AMP acts as an allosteric activator, whereas ATP is an inhibitor, as already seen with phosphofructokinase control this helps to change the rate of flux in response to energy demand. 


Adrenaline not only activates glycogen phosphorylase, but also inhibits glycogen synthase. This amplifies the effect of activating glycogen phosphorylase. This inhibition is achievied by a similar mechanism, as protein kinase A acts to phosphorylate the enzyme and this lowers activity. This is known as co-ordinate reciprocal control.Refer to glycolysis for further information of the regulation of Glycogenesis 

Insulin
Insulin has an antagonistic effect compared to adrenaline. The glycogen synthase enzyme can be kept in a low activation form by insulin, which switches off one of its kinase enzymes – glycogen synthase kinase 3. 

Calcium ion
Calcium ion, like cyclic AMP (cAMP), acts as a secondary messenger. This is an example of negative control. The calcium ions activates phosphorylase kinase. This activates glycogen phosphorylase and inhibits glycogen synthase. 

Fatty Acid Biosynthesis

• Synthesis takes place in the cytosol

• Intermediates covalently linked to acyl carrier protein

• Activation of each acetyl CoA.

• acetyl CoA + CO2 㷘 Malonyl CoA

• Four-step repeating cycle, extension by 2-carbons /

cycle

– Condensation

– Reduction

– Dehydration

– reduction
Fatty acid synthesis

 The enzymes of fatty acid synthesis are packaged together ina complex called as fatty acid synthase (FAS). The product of FAS action is palmitic acid. (16:0). Modifications of this primary FA leads to other longer (and shorter) FA and unsaturated FA.• The fatty acid molecule is synthesized 2 carbons at a time. FA synthesis begins from the methyl end and proceeds toward the carboxylic acid end. Thus, C16 and C15 are

added first and C2 and C1 are added last. C15 and C16 are derived directly from acetylCoA. For further step-wise 2-carbon extensions, acetylCoA is first

activated to malonyl CoA, a 3-carbon compound, by theaddition of a CO2.
Citrate Shuttle

 FAs are synthesized in the cytoplasm from acetylCoA. AcetylCoA generated from pyruvate by the action of PDH and by β-oxidation of fatty acids is in the mitochondria.

For fatty acid biosynthesis, acetylCoA has to be transportedfrom the mitochondria to the cytoplasm. This is done via a shuttle system called the Citrate Shuttle. AcetylCoA reacts with oxaloacetate to give citrate. A tricarboxylate translocase transports citrate from mitochondria to cytosol. In the cytosol, citrate is cleaved back to oxaloacetate and

acetylCoA. This reaction is catalyzed by ATP-citrate lyase and requires the hydrolysis of one molecule of ATP
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MalonylCoA

• Malonyl CoA is synthesized by the action of acetylCoA carboxylase. Biotin is a required cofactor.

• CH3COSCoA + CO2 + ATP 􀃆 OOC-CH2-COSCoA

+ ADP +Pi (enzyme: acetylCoAcarboxylase)

• This is an irreversible reaction. AcetylCoA carboxylation is a rate-limiting step of FA biosynthesis. AcetylCoA carboxylase is under allosteric regulation. Citrate is a positive effector and palmitoyl CoA is a negative effector.

Fatty Acid Synthase (FAS)

• FAS is a polypeptide chain with multiple domains, each with

distinct enzyme activities required for fatty acid

biosynthesis.

• ACP: Recall that CoA is used as an activator for β-

oxidation. For fatty acid biosynthesis, the activator is a

protein called the acyl carrier protein (ACP). It is part of the

FAS complex. The acyl groups get anchored to the CoA

group of ACP by a thioester linkage

• Condensing enzyme/β-ketoacyl synthase (K-SH). Also part

of FAS, CE has a cysteine SH that participates in thioester

linkage with the carboxylate group of the fatty acid.

• During FA biosynthesis, the growing FA chain alternatesbetween K-SH and ACP-SH

Step-wise reactions

1. The acetyl group gets transferred from CoA to ACP

by acetyl CoA-ACP transacylase.

2. The acetyl (acyl) group next gets transferred to the

K arm of FAS complex.

3. Next, the malonyl group gets transferred from CoA

to ACP by malonyl CoA ACP transacylase. This

results in both arms of FAS occupied forming acylmalonyl-

ACP.

4. The COO group of malonyl ACP is removed as CO2,

the acetyl group (C16 and C15) gets transferred to

the alpha carbon of malonyl ACP. This results in 3-keto acyl ACP.
The 3-keto group is converted to a CH2 by a series of

reactions reverse to FA β-oxidation. Namely,

1. reduction to hydroxyl group. Enz: 3-keto acyl ACP

reductase

2. dehydration to form a 2,3 double bond and Enz: 3-

hydroxy acyl ACP dehydratase

3. a second reduction to remove the double bond. Enz:

Enoyl ACP reductase

• Both reduction reactions require the reduced cofactor

NADPH. This is generated by the hexose

monophosphate pathway of phosphogluconate pathway and during the citrate shuttle
Repeat cycles for chain elongation

• The result of the first cycle of fatty acid biosynthesis is a four

carbon chain associated to the ACP arm.

• This chain gets transferred to the K arm.

• A new malonyl CoA is introduced on the ACP arm.

• The reactions proceed as before. For each cycle the acyl

group transferred to the α-carbon of malonyl CoA is 2-

carbons longer the previous cycle.

• At the end of 7 cycles a 16 carbon chain is attached to the

ACP arm (palmitoyl ACP).

• The C16 unit is hydrolyzed from ACP yielding free palmitate

• Net reaction: Acetyl CoA + 7 malonyl CoA + 14 NADPH +

14 H+ 􀃆 Palmitate + 7 CO2 + 8 CoA + 14 NADP+ + 6H2O
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Regulation of FA metabolism

• The two processes of β-oxidation and FA synthesis are

coordinately regulated.

• Three hormonal signals determine the state of FA

metabolism. Glucagon and epinephrine inhibit FA synthesis

and favor oxidation, whereas insulin is anti-lipolytic and

stimulates FA biosynthesis.

• The mechanism of hormonal regulation is covalent

phosphorylation of acetylCoA carboxylase, the rate-limiting

step of FA biosynthesis.

• Acetyl CoA carboxylase is inhibited by phosphorylation.

Phosphorylated acetylCoA carboxylase can regain partialactivity by allosterically binding citrate.
LIPOPROTEINS

Utilization of dietary lipids requires that they first be absorbed through the intestine. As these molecules are oils they would be essentially insoluble in the aqueous intestinal environment. Solubilization (emulsification) of dietary lipid is accomplished via bile salts that are synthesized in the liver and secreted from the gallbladder. 

The emulsified fats can then be degraded by pancreatic lipases (lipase and phospholipase A2). These enzymes, secreted into the intestine from the pancreas, generate free fatty acids and a mixture of mono- and diacylglycerols from dietary triacylglycerols. Pancreatic lipase degrades triacylglycerols at the 1 and 3 positions sequentially to generate 1,2-diacylglycerols and 2-acylglycerols. Phospholipids are degraded at the 2 position by pancreatic phospholipase A2 releasing a free fatty acid and the lysophospholipid. 

Following absorption of the products of pancreatic lipase by the intestinal mucosal cells, the resynthesis of triacylglycerols occurs. The triacylglycerols are then solubilized in lipoprotein complexes (complexes of lipid and protein) called chylomicrons. A chylomicron contains lipid droplets surrounded by the more polar lipids and finally a layer of proteins. Triacylglycerols synthesized in the liver are packaged into VLDLs and released into the blood directly. Chylomicrons from the intestine are then released into the blood via the lymph system for delivery to the various tissues for storage or production of energy through oxidation. 

The triacylglycerol components of VLDLs and chylomicrons are hydrolyzed to free fatty acids and glycerol in the capillaries of adipose tissue and skeletal muscle by the action of lipoprotein lipase. The free fatty acids are then absorbed by the cells and the glycerol is returned via the blood to the liver (and kidneys). The glycerol is then converted to the glycolytic intermediate DHAP. 

The classification of blood lipids is distinguished based upon the density of the different lipoproteins. As lipid is less dense than protein, the lower the density of lipoprotein the less protein there is. 

Mobilization of Fat Stores

The primary sources of fatty acids for oxidation are dietary and mobilization from cellular stores. Fatty acids from the diet can are delivered from the gut to cells via transport in the blood. Fatty acids are stored in the form of triacylglycerols primarily within adipocytes of adipose tissue. In response to energy demands, the fatty acids of stored triacylglycerols can be mobilized for use by peripheral tissues. The release of metabolic energy, in the form of fatty acids, is controlled by a complex series of interrelated cascades that result in the activation of hormone-sensitive lipase. 

The stimulus to activate this cascade, in adipocytes, can be glucagon, epinephrine or β-corticotropin. These hormones bind cell-surface receptors that are coupled to the activation of adenylate cyclase upon ligand binding. The resultant increase in cAMP leads to activation of PKA, which in turn phosphorylates and activates hormone-sensitive lipase (HSL). This enzyme hydrolyzes fatty acids from carbon atoms 1 or 3 of diacylglycerols. The diacylglycerols are the products of the action of the triacylglycerol lipase identified as desnutrin (also called adipose tissue triacylglycerol lipase, ATGL). Desnutrin/ATGL is specific for triacylglycerols and provides the diacylglycerols acted upon when HSL is activated. The monacylglycerols that result from the action of HSL are substrates for monoacylglycerol lipase. The net result of the action of these enzymes is three moles of free fatty acid and one mole of glycerol. The free fatty acids diffuse from adipose cells, combine with albumin in the blood, and are thereby transported to other tissues, where they passively diffuse into cells. 
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Model for the activation of hormone-sensitive lipase by epinephrine. Epinephrine binds its receptor and leads to the activation of adenylate cyclase. The resultant increase in cAMP activates PKA which then phosphorylates and activates hormone-sensitive lipase. Hormone-sensitive lipase hydrolyzes fatty acids from diacylglycerols that result from the action of the hormone-insensitive lipase, desnutrin/ATGL. The final fatty acid is released from monoacylglycerols through the action of monoacylglycerol lipase, an enzyme that is also active in the absence of hormonal stimulation. 

In contrast to the hormonal activation of adenylate cyclase and (subsequently) hormone-sensitive lipase in adipocytes, the mobilization of fat from adipose tissue is inhibited by numerous stimuli. The most significant inhibition is that exerted upon adenylate cyclase by insulin. When an individual is well fed state, insulin released from the pancreas prevents the inappropriate mobilization of stored fat. Instead, any excess fat and carbohydrate are incorporated into the triacylglycerol pool within adipose tissue. 

Reactions of Oxidation

Fatty acids must be activated in the cytoplasm before being oxidized in the mitochondria. Activation is catalyzed by fatty acyl-CoA ligase (also called acyl-CoA synthetase or thiokinase). The net result of this activation process is the consumption of 2 molar equivalents of ATP.

Fatty acid + ATP + CoA ——> Acyl-CoA + PPi + AMP

Oxidation of fatty acids occurs in the mitochondria. The transport of fatty acyl-CoA into the mitochondria is accomplished via an acyl-carnitine intermediate, which itself is generated by the action of carnitine palmitoyltransferase I (CPT I, also called carnitine acyltransferase I, CA I) an enzyme that resides in the outer mitochondrial membrane. The acyl-carnitine molecule then is transported into the mitochondria where carnitine palmitoyltransferase II (CPT II, also called carnitine acyltransferase II, CA II) catalyzes the regeneration of the fatty acyl-CoA molecule.
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Transport of fatty acids from the cytoplasm to the inner mitochondrial space for oxidation. Following activation to a fatty-CoA, the CoA is exchanged for carnitine by CPT I. The fatty-carnitine is then transported to the inside of the mitochondrion where a reversal exchange takes place through the action of CPT II. Once inside the mitochondrion the fatty-CoA is a substrate for the β-oxidation machinery.

The process of fatty acid oxidation is termed β-oxidation since it occurs through the sequential removal of 2-carbon units by oxidation at the β-carbon position of the fatty acyl-CoA molecule. 

Each round of β-oxidation produces one mole of NADH, one mole of FADH2 and one mole of acetyl-CoA. The acetyl-CoA, the end product of each round of β-oxidation, then enters the TCA cycle, where it is further oxidized to CO2 with the concomitant generation of three moles of NADH, one mole of FADH2 and one mole of ATP. The NADH and FADH2 generated during the fat oxidation and acetyl-CoA oxidation in the TCA cycle then can enter the respiratory pathway for the production of ATP. 
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Pathway of β-Oxidation

The oxidation of fatty acids yields significantly more energy per carbon atom than does the oxidation of carbohydrates. The net result of the oxidation of one mole of oleic acid (an 18-carbon fatty acid) will be 146 moles of ATP (2 mole equivalents are used during the activation of the fatty acid), as compared with 114 moles from an equivalent number of glucose carbon atoms. 

Alternative Oxidation Pathways

The majority of natural lipids contain an even number of carbon atoms. A small proportion of plant derived lipids contain odd numbers and upon complete β-oxidation these yield acetyl-CoA units plus a single mole of propionyl-CoA. The propionyl-CoA is converted, in an ATP-dependent pathway, to succinyl-CoA. The succinyl-CoA can then enter the TCA cycle for further oxidation. 
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Conversion of Propionyl-CoA to Succinyl-CoA

The oxidation of unsaturated fatty acids is essentially the same process as for saturated fats, except when a double bond is encountered. In such a case, the bond is isomerized by a specific enoyl-CoA isomerase and oxidation continues. In the case of linoleate, the presence of the Δ12 unsaturation results in the formation of a dienoyl-CoA during oxidation. This molecule is the substrate for an additional oxidizing enzyme, the NADPH requiring 2,4-dienoyl-CoA reductase.

Phytanic acid is a fatty acid present in the tissues of ruminants and in dairy products and is, therefore, an important dietary component of fatty acid intake. Because phytanic acid is methylated, it cannot act as a substrate for the first enzyme of the mitochondrial β-oxidation pathway (acyl-CoA dehydrogenase). Phytanic acid is first converted to its CoA-ester and then phytanoyl-CoA serves as a substrate in an α-oxidation process. The α-oxidation reaction (as well as the remainder of the of the reactions of phytanic acid oxidation) occurs within the peroxisomes and requires a specific α-hydroxylase (specifically phytanoyl-CoA hydroxylase, PhyH), which adds a hydroxyl group to the α-carbon of phytanic acid generating the 19-carbon homologue, pristanic acid. Pristanic acid then serves as a substrate for the remainder of the normal process of β-oxidation. Because the first step in phytanic acid oxidation involves an α-oxidation step, the process is termed α-oxidation. 

[image: image26.jpg]o
/I\/Mé—w phytanic acid

ATP + CoASH

acyl-CoA synthetase
ADP +PP;

o
/k/\)\/\/k/\/l\/g—s.co/\ PHYIANoN-CoA

0,+ 20xoglutarate
Fe*")| phytanoyl-CoA hydroxylase

€O, + succinate

i
C—S-CoA
2-OH phytanoyl-CoA

OH
2-hydroxyphytanoyl-CoA lyase

i pristanal
o

formyl-CoA

NAD(P)"
NADPIH D aldehyde dehydrogenase

AP, NP NP

activation
pB-oxidation

(“T—OH pristanic acid
o

3 acetyl-CoA + 3 propionyl-CoA + 1 isobutyryl-CoA




Phytanic oxidation pathway

Regulation of Fatty Acid Metabolism

In order to understand how the synthesis and degradation of fats needs to be exquisitely regulated, one must consider the energy requirements of the organism as a whole. The blood is the carrier of triacylglycerols in the form of VLDLs and chylomicrons, fatty acids bound to albumin, amino acids, lactate, ketone bodies and glucose. The pancreas is the primary organ involved in sensing the organism's dietary and energetic states by monitoring glucose concentrations in the blood. Low blood glucose stimulates the secretion of glucagon, whereas, elevated blood glucose calls for the secretion of insulin. 

The metabolism of fat is regulated by two distinct mechanisms. One is short-term regulation, which can come about through events such as substrate availability, allosteric effectors and/or enzyme modification. The other mechanism, long-term regulation, is achieved by alteration of the rate of enzyme synthesis and turn-over. 

ACC is the rate-limiting (committed) step in fatty acid synthesis. There are two major isoforms of ACC in mammalian tissues. These are identified as ACC1 and ACC2. ACC1 is strictly cytosolic and is enriched in liver, adipose tissue and lactating mammary tissue. ACC2 was originally discovered in rat heart but is also expressed in liver and skeletal muscle. ACC2 has an N-terminal extension that contains a mitochondrial targeting motif and is found associated with carnitine palmitoyltransferase I (CPT I) allowing for rapid regulation of CPT I by the malonyl-CoA produced by ACC. Both isoforms of ACC are allosterically activated by citrate and inhibited by palmitoyl-CoA and other short- and long-chain fatty acyl-CoAs. Citrate triggers the polymerization of ACC1 which leads to significant increases in its activity. Although ACC2 does not undergo significant polymerization (presumably due to its mitochondrial association) it is allosterically activated by citrate. Glutamate and other dicarboxylic acids can also allosterically activate both ACC isoforms.

ACC activity can also be affected by phosphorylation. Both ACC1 and ACC2 contain at least eight sites that undergo phosphorylation. The sites of phosphorylation in ACC2 have not been as extensively studied as those in ACC1. Phosphorylation of ACC1 at three serine residues (S79, S1200, and S1215) by AMPK leads to inhibition of the enzyme. Glucagon-stimulated increases in cAMP and subsequently to increased PKA activity also lead to phosphorylation of ACC. ACC2 is a better substrate for PKA than is ACC1. The activating effects of insulin on ACC are complex and not completely resolved. It is known that insulin leads to the dephosphorylation of the serines in ACC1 that are AMPK targets in the heart enzyme. This insulin-mediated effect has not been observed in hepatocytes or adipose tissues cells. At least a portion of the activating effects of insulin are related to changes in cAMP levels. Early evidence has shown that phosphorylation and activation of ACC occurs via the action of an insulin-activated kinase. However, contradicting evidence indicates that although there is insulin-mediated phosphorylation of ACC this does not result in activation of the enzyme. Activation of α-adrenergic receptors in liver and skeletal muscle cells inhibits ACC activity as a result of phosphorylation by an as yet undetermined kinase.

Insulin, a product of the well-fed state, stimulates ACC and FAS synthesis, whereas starvation leads to a decrease in the synthesis of these enzymes. Adipose tissue levels of lipoprotein lipase also are increased by insulin and decreased by starvation. However, the effects of insulin and starvation on lipoprotein lipase in the heart are just the inverse of those in adipose tissue. This sensitivity allows the heart to absorb any available fatty acids in the blood in order to oxidize them for energy production. Starvation also leads to increases in the levels of cardiac enzymes of fatty acid oxidation, and to decreases in FAS and related enzymes of synthesis. 

Adipose tissue contains hormone-sensitive lipase (HSL), which is activated by PKA-dependent phosphorylation; this activation increases the release of fatty acids into the blood. This in turn leads to the increased oxidation of fatty acids in other tissues such as muscle and liver. In the liver, the net result (due to increased acetyl-CoA levels) is the production of ketone bodies (see below). This would occur under conditions in which the carbohydrate stores and gluconeogenic precursors available in the liver are not sufficient to allow increased glucose production. The increased levels of fatty acid that become available in response to glucagon or epinephrine are assured of being completely oxidized, because PKA also phosphorylates ACC; the synthesis of fatty acid is thereby inhibited.

The activity of HSL is also affected via phosphorylation by AMPK. In this case the phosphorylation inhibits the enzyme. Inhibition of HSL by AMPK may seem paradoxical since the release of fatty acids stored in triglycerides would seem necessary to promote the production of ATP via fatty acid oxidation and the major function of AMPK is to shift cells to ATP production from ATP consumption. This paradigm can be explained if one considers that if the fatty acids that are released from triglycerides are not consumed they will be recycled back into triglycerides at the expense of ATP consumption. Thus, it has been proposed that inhibition of HSL by AMPK mediated-phosphorylation is a mechanism to ensure that the rate of fatty acid release does not exceed the rate at which they are utilized either by export or oxidation.

Insulin has the opposite effect to glucagon and epinephrine: it increases the synthesis of triacylglycerols (and glycogen). One of the many effects of insulin is to lower cAMP levels, which leads to increased dephosphorylation through the enhanced activity of protein phosphatases such as PP-1. With respect to fatty acid metabolism, this yields dephosphorylated and inactive hormone-sensitive lipase. Insulin also stimulates certain phosphorylation events. This occurs through activation of several cAMP-independent kinases. 

Fat metabolism can also be regulated by malonyl-CoA-mediated inhibition of CPT I. Such regulation serves to prevent de novo synthesized fatty acids from entering the mitochondria and being oxidized. 

Clinical Significance of Fatty Acids

The majority of clinical problems related to fatty acid metabolism are associated with processes of oxidation. These disorders fall into four main groups: 

1. Deficiencies in Carnitine: Deficiencies in carnitine lead to an inability to transport fatty acids into the mitochondria for oxidation. This can occur in newborns and particularly in pre-term infants. Carnitine deficiencies also are found in patients undergoing hemodialysis or exhibiting organic aciduria. Carnitine deficiencies may manifest systemic symptomology or may be limited to only muscles. Symptoms can range from mild occasional muscle cramping to severe weakness or even death. Treatment is by oral carnitine administration. 

2. Carnitine Palmitoyltransferase I (CPT I) Deficiency: Deficiencies in this enzyme affect primarily the liver and lead to reduced fatty acid oxidation and ketogenesis. Carnitine Palmitoylransferase II (CPT II) deficiency results in recurrent muscle pain and fatigue and myoglobinuria following strenuous exercise. Carnitine acyltransferases may also be inhibited by sulfonylurea drugs such as tolbutamide and glyburide. 

3. Deficiencies in Acyl-CoA Dehydrogenases: A group of inherited diseases that impair β-oxidation result from deficiencies in acyl-CoA dehydrogenases. The enzymes affected may belong to one of four categories:

very long-chain acyl-CoA dehydrogenase (VLCAD) 

long-chain acyl-CoA dehydrogenase (LCAD) 

medium-chain acyl-CoA dehydrogenase (MCAD) 

short-chain acyl-CoA dehydrogenase (SCAD) 

MCAD deficiency is the most common form of acyl-CoA dehydrogenase deficiency. In the first years of life this deficiency will become apparent following a prolonged fasting period. Symptoms include vomiting, lethargy and frequently coma. Excessive urinary excretion of medium-chain dicarboxylic acids as well as their glycine and carnitine esters is diagnostic of this condition. In the case of this enzyme deficiency taking care to avoid prolonged fasting is sufficient to prevent clinical problems.

4. Refsum Disease: Refsum disease is a rare inherited disorder in which patients harbor a defect in the peroxisomal α-oxidizing enzyme, phytanoyl-CoA hydroxylase (PhyH). Although mutations in PhyH are the primary cause of Refsum disease, the syndrome can also result from defects in the peroxisomal protein (PEX7) responsible for the import of PhyH into the peroxisome. Patients accumulate large quantities of phytanic acid in their tissues and serum. This leads to severe symptoms, including cerebellar ataxia, retinitis pigmentosa, nerve deafness and peripheral neuropathy. As expected, the restriction of dairy products and ruminant meat from the diet can ameliorate the symptoms of this disease. It should be noted that accumulation of phytanic acid is not solely the result of defects in PhyH. Phytanic acid accumulation is also seen when there are inherited defects in peroxisome function leading to Zellweger syndrome, neonatal adrenoleukodystrophy and infantile Refsum disease. In addition, rhizomelic chondrodysplasia punctata, type 1 (RCDP1) results in phytanic acid accumulation. Refsum disease due to deficiency in PhyH is properly referred to as classical Refsum disease to distinguish it from infantile Refsum due to peroxisome dysfunction.

Ketogenesis

During high rates of fatty acid oxidation, primarily in the liver, large amounts of acetyl-CoA are generated. These exceed the capacity of the TCA cycle, and one result is the synthesis of ketone bodies, or ketogenesis. The ketone bodies are acetoacetate, â-hydroxybutyrate, and acetone. 

The formation of acetoacetyl-CoA occurs by condensation of two moles of acetyl-CoA through a reversal of the thiolase catalyzed reaction of fat oxidation. Acetoacetyl-CoA and an additional acetyl-CoA are converted to β-hydroxy-β-methylglutaryl-CoA (HMG-CoA) by HMG-CoA synthase, an enzyme found in large amounts only in the liver. HMG-CoA in the mitochondria is converted to acetoacetate by the action of HMG-CoA lyase. Acetoacetate can undergo spontaneous decarboxylation to acetone, or be enzymatically converted to β-hydroxybutyrate through the action of β-hydroxybutyrate dehydrogenase.
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Synthesis of the Ketones

When the level of glycogen in the liver is high the production of β-hydroxybutyrate increases. When carbohydrate utilization is low or deficient, the level of oxaloacetate will also be low, resulting in a reduced flux through the TCA cycle. This in turn leads to increased release of ketone bodies from the liver for use as fuel by other tissues. In early stages of starvation, when the last remnants of fat are oxidized, heart and skeletal muscle will consume primarily ketone bodies to preserve glucose for use by the brain. Acetoacetate and β-hydroxybutyrate, in particular, also serve as major substrates for the biosynthesis of neonatal cerebral lipids. 

Ketone bodies are utilized by extrahepatic tissues through the conversion of β-hydroxybutyrate to acetoacetate and of acetoacetate to acetoacetyl-CoA. The first step involves the reversal of the β-hydroxybutyrate dehydrogenase reaction, and the second involves the action (shown below) of acetoacetate:succinyl-CoA transferase, also called β-ketoacyl-CoA-transferase.
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The latter enzyme is present in all tissues except the liver. Importantly, its absence allows the liver to produce ketone bodies but not to utilize them. This ensures that extrahepatic tissues have access to ketone bodies as a fuel source during prolonged fasting and starvation. 

Regulation of Ketogenesis

The fate of the products of fatty acid metabolism is determined by an individual's physiological status. Ketogenesis takes place primarily in the liver and may by affected by several factors: 

1. Control in the release of free fatty acids from adipose tissue directly affects the level of ketogenesis in the liver. This is, of course, substrate-level regulation. 

2. Once fats enter the liver, they have two distinct fates. They may be activated to acyl-CoAs and oxidized, or esterified to glycerol in the production of triacylglycerols. If the liver has sufficient supplies of glycerol-3-phosphate, most of the fats will be turned to the production of triacylglycerols. 

3. The generation of acetyl-CoA by oxidation of fats can be completely oxidized in the TCA cycle. Therefore, if the demand for ATP is high the fate of acetyl-CoA is likely to be further oxidation to CO2. 

4. The level of fat oxidation is regulated hormonally through phosphorylation of ACC, which may activate it (in response to glucagon) or inhibit it (in the case of insulin). 

.  Biosynthesis of Triacylglycerols

All eukaryotic organisms and even a few prokaryotes have the ability to synthesise triacylglycerols, and the process has been studied intensively in plants and animals especially. Many cell types and organs have the ability to synthesise triacylglycerols, but in animals the liver and intestines are most active, although most of the body stores of this lipid are in adipose tissue (see our web page on triacylglycerol composition). Within all cell types, even those of the brain, triacylglycerols are stored as cytoplasmic 'lipid droplets' (also termed ‘fat globules’, ‘oil bodies’, ‘lipid particles’, ‘adiposomes’, etc) enclosed by a monolayer of phospholipids and hydrophobic proteins, such as the perilipins in adipose tissue or oleosins in seeds. These lipid droplets are now treated as distinctive organelles, with their own characteristic metabolic pathways and associated enzymes – no longer boring blobs of fat. They are not unique to animals and plants as Mycobacteria and yeasts have similar lipid inclusions.

The lipid serves as a store of energy, which can be released rapidly on demand, and as a reserve of essential fatty acids. However, lipid droplets may also serve as a protective agency to remove any excess of biologically active and potentially harmful lipids such as free fatty acids, diacylglycerols, cholesterol (as cholesterol esters), retinol esters and coenzyme A esters.

Two main biosynthetic pathways are known, the sn-glycerol-3-phosphate pathway, which predominates in liver and adipose tissue, and a monoacylglycerol pathway in the intestines. In maturing plant seeds and some animal tissues, a third pathway has been recognized in which a diacylglycerol transferase is involved. Triacylglycerol biosynthesis in plants is discussed in greater detail in a separate webpage on this site. The most important route to triacylglycerol biosynthesis is the sn-glycerol-3-phosphate or Kennedy pathway illustrated below, first described by Professor Eugene Kennedy and colleagues in the 1950s, by means of which more than 90% of liver triacylglycerols are produced.
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In the sn-glycerol-3-phosphate or α-glycerophosphate pathway, the main source of the glycerol backbone has long been believed to be sn-glycerol-3-phosphate produced by the catabolism of glucose (glycolysis) or to a lesser extent by the action of the enzyme glycerol kinase on free glycerol. However, there is increasing evidence that a significant proportion of the glycerol is produced de novo by a process known as glyceroneogenesis via pyruvate. Indeed, this may be the main source in adipose tissue. 

Subsequent reactions occur in the endoplasmic reticulum. First, the precursor sn-glycerol-3-phosphate is esterified by a fatty acid coenzyme A ester in a reaction catalysed by a glycerol-3-phosphate acyltransferase (GPAT) at position sn-1 to form lysophosphatidic acid, and this is in turn acylated by an acylglycerophosphate acyltransferase in position sn-2 to form a key intermediate in the biosynthesis of all glycerolipids - phosphatidic acid.

The phosphate group is removed by the enzyme phosphatidic acid phosphohydrolase (PAP or ‘phosphatidate phosphatase’ or ‘lipid phosphate phosphatase’). PAP is also important as it produces diacylglycerols as essential intermediates in the biosynthesis of phosphatidylcholine and phosphatidylethanolamine. In contrast to the activity responsible for phospholipid biosynthesis in mammals, much of the phosphatase activity leading to triacylglycerol biosynthesis resides in three related cytoplasmic proteins, termed lipin-1, lipin-2, and lipin-3, which were characterised before the nature of their enzymatic activities were determined. The lipins are tissue specific, and each appears to have distinctive expression and functions, but lipin-1 (PAP1) accounts for all the PAP activity in adipose tissue and skeletal muscle. While it occurs mainly in the cytosolic compartment of cells, it is translocated to the endoplasmic reticulum in response to elevated levels of fatty acids within cells. Lipin-1 activity requires Mg2+ ions and is inhibited by N-ethylmaleimide, whereas the membrane-bound activity responsible for synthesising diacylglycerols as a phospholipid intermediate is independent of Mg2+ concentration and is not sensitive to the inhibitor.

Perhaps surprisingly, lipin-1 has a dual role in that it operates in collaboration with known nuclear receptors as a transcriptional coactivator to modulate lipid metabolism and the expression of genes involved in lipid metabolism. Abnormalities in lipin-1 expression are known to be involved in human disease states that may lead to the metabolic syndrome. Lipin 2 is a similar phosphatidate phosphohydrolase, which is present in liver and brain and is regulated dynamically by fasting and obesity (in mice), while lipin 3 is found in the gastrointestinal tract and liver.

Finally, the resultant 1,2-diacyl-sn-glycerol is acylated by a diacylglycerol acyltransferase (DGAT) to form the triacyl-sn-glycerol. As the glycerol-3-phosphate acyltransferase has the lowest specific activity of these enzymes, this step may be the rate-limiting one. On the other hand, DGAT is the dedicated triacylglycerol-forming enzyme, and this is seen as a target for pharmaceutical intervention in obesity and attendant ailments.

In fact there are two DGAT enzymes, which are structurally and functionally distinct. DGAT1 is expressed in skeletal muscle, skin and intestine, with lower levels of expression in liver and adipose tissue. Perhaps surprisingly, it is the only one present in the epithelial cells that synthesise milk fat in the mammary gland. DGAT2 is the main form of the enzyme in hepatocytes and adipocytes, although it is expressed much more widely in tissues. Both enzymes are important modulators of energy metabolism, although DGAT2 appears to be especially important in controlling the homeostasis of triacylglycerols in vivo.

Among other potential routes to the various intermediates, lysophosphatidic acid and phosphatidic acid can be synthesised in mitochondria, but must then be transported to the endoplasmic reticulum before they enter the pathway for triacylglycerol production. 1,2-Diacyl-sn-glycerols are produced by the action of phospholipase C on phospholipids. In addition, dihydroxyacetone-phosphate in peroxisomes or endoplasmic reticulum can be acylated by a specific acyltransferase to form 1-acyl dihydroxyacetone-phosphate, which is reduced by dihydroxyacetone-phosphate oxido-reductase to lysophosphatidic acid (part of the biosynthetic route to plasmalogens), which can then enter the pathway to triacylglycerols.
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In the enterocytes of intestines after a meal, up to 75% of the triacylglycerols are formed via a monoacylglycerol pathway. 2-Monoacyl-sn-glycerols and free fatty acids released from dietary triacylglycerols by the action of pancreatic lipase within the intestines are taken up by the enterocytes. There, the monoacylglycerols are first acylated by an acyl coenzyme A:monoacylglycerol acyltransferase with formation of sn-1,2-diacylglycerols mainly as the first intermediate in the process, though sn-2,3-diacylglycerols are also produced, and then by acyl coenzyme A:diacylglycerol acyltransferase (DGAT1) to form triacylglycerols. DGAT1 can also acylate monoacylglycerols.
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In the third biosynthetic pathway, which is less well known, triacylglycerols are synthesised by an acyl-CoA independent transacylation between two racemic diacylglycerols. The reaction was first detected in intestinal microvillus cells and is catalysed by a diacylglycerol transacylase. Both diacylglycerol enantiomers participate in the reaction with equal facility to transfer a fatty acyl group with formation of triacylglycerols and a 2-monoacyl-sn-glycerol. A similar reaction has been observed in seed oils.
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It has been suggested that the enzyme may function in remodelling triacylglycerols post synthesis, especially in oil seeds, and it is possible that it may be involved in similar processes in the liver and adipose tissue, where extensive hydrolysis/re-esterification is known to occur. There is evidence for selectivity in the biosynthesis of different molecular species in a variety of tissues and organisms, which may be a due to the various biosynthetic pathways. Also, fatty acids synthesised de novo appear to be utilized in different ways from those entering tissues from external sources.

In prokaryotes, the glycerol-3-phosphate pathway of triacylglycerol biosynthesis only occurs, but in yeast both glycerol-3-phosphate and dihydroxyacetone-phosphate can be the primary precursors and synthesis takes place in cytoplasmic lipid droplets and the endoplasmic reticulum. In plants, many questions remain concerning the nature and compartmentalization of the process, as many different isoenzymes have been characterized in different organelles for each of the acylation steps. The terminal acylation step is catalysed by microsomal diacylglycerol acyltransferases with broad substrate specificities. However, little is known of how the membrane and storage lipids acquire their very different fatty acid compositions and positional distributions.

In the glycerol-3-phosphate and other pathways, the starting material is of defined stereochemistry and each of the enzymes catalysing the various steps in the process is distinctive and can have preferences for particular fatty acids (as their coenzyme A esters) and for particular fatty acid combinations in the partially acylated intermediates. It should not be surprising, therefore, that natural triacylglycerols exist in enantiomeric forms with each position of the sn-glycerol moiety esterified by different fatty acids, as discussed in Triacylglycerols - Part 1.

Although the topic has been the subject of much research, the mechanism for the production of lipid droplets within animal cells is poorly understood. However, the available evidence suggests that large droplets grow by merger of smaller droplets in regions adjacent to the endoplasmic reticulum in animal cells at least. Recent work suggests that diacylglycerols accumulate on the surface of lipid droplets and are utilized for synthesis of triacylglycerols in a reaction catalysed by DGAT2, the key enzyme for the production of storage triacylglycerols. This appears to explain how droplets can grow in the apparent absence of a physical connection to the endoplasmic reticulum.

While triacylglycerols are essential for normal physiology, an excessive accumulation in human adipose tissue and other organs results in obesity and other health problems, including insulin resistance, steatohepatitis and cardiomyopathy. Accordingly, there is considerable pharmaceutical interest in drugs that affect triacylglycerol biosynthesis and metabolism.

Introduction to Cholesterol Metabolism

Cholesterol is an extremely important biological molecule that has roles in membrane structure as well as being a precursor for the synthesis of the steroid hormones and bile acids. Both dietary cholesterol and that synthesized de novo are transported through the circulation in lipoprotein particles. The same is true of cholesteryl esters, the form in which cholesterol is stored in cells.

The synthesis and utilization of cholesterol must be tightly regulated in order to prevent over-accumulation and abnormal deposition within the body. Of particular importance clinically is the abnormal deposition of cholesterol and cholesterol-rich lipoproteins in the coronary arteries. Such deposition, eventually leading to atherosclerosis, is the leading contributory factor in diseases of the coronary arteries.
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Cholesterol

Biosynthesis of Cholesterol

Slightly less than half of the cholesterol in the body derives from biosynthesis de novo. Biosynthesis in the liver accounts for approximately 10%, and in the intestines approximately 15%, of the amount produced each day. Cholesterol synthesis occurs in the cytoplasm and microsomes (ER) from the two-carbon acetate group of acetyl-CoA.

The acetyl-CoA utilized for cholesterol biosynthesis is derived from an oxidation reaction (e.g., fatty acids or pyruvate) in the mitochondria and is transported to the cytoplasm by the same process as that described for fatty acid synthesis (see the Figure below). Acetyl-CoA can also be derived from cytoplasmic oxidation of ethanol by acetyl-CoA synthetase. All the reduction reactions of cholesterol biosynthesis use NADPH as a cofactor. The isoprenoid intermediates of cholesterol biosynthesis can be diverted to other synthesis reactions, such as those for dolichol (used in the synthesis of N-linked glycoproteins, coenzyme Q (of the oxidative phosphorylation pathway) or the side chain of heme-a. Additionally, these intermediates are used in the lipid modification of some proteins.
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Pathway for the movement of acetyl-CoA units from within the mitochondrion to the cytoplasm for use in lipid and cholesterol biosynthesis. Note that the cytoplasmic malic enzyme catalyzed reaction generates NADPH which can be used for reductive biosynthetic reactions such as those of fatty acid and cholesterol synthesis.

The process of cholesterol synthesis has five major steps:

1. Acetyl-CoAs are converted to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 

2. HMG-CoA is converted to mevalonate

3. Mevalonate is converted to the isoprene based molecule, isopentenyl pyrophosphate (IPP), with the concomitant loss of CO2
4. IPP is converted to squalene

5. Squalene is converted to cholesterol.
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Pathway of cholesterol biosynthesis. Synthesis begins with the transport of acetyl-CoA ffrom the mitochondrion to the cytosol. The rate limiting step occurs at the 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reducatase, HMGR catalyzed step. The phosphorylation reactions are required to solubilize the isoprenoid intermediates in the pathway. Intermediates in the pathway are used for the synthesis of prenylated proteins, dolichol, coenzyme Q and the side chain of heme a. The abbreviation "PP" (e.g. isopentenyl-PP) stands for pyrophosphate. Place mouse over intermediate names to see structure.

Acetyl-CoA units are converted to mevalonate by a series of reactions that begins with the formation of HMG-CoA. Unlike the HMG-CoA formed during ketone body synthesis in the mitochondria, this form is synthesized in the cytoplasm. However, the pathway and the necessary enzymes are the same as those in the mitochondria. Two moles of acetyl-CoA are condensed in a reversal of the thiolase reaction, forming acetoacetyl-CoA. Acetoacetyl-CoA and a third mole of acetyl-CoA are converted to HMG-CoA by the action of HMG-CoA synthase. HMG-CoA is converted to mevalonate by HMG-CoA reductase, HMGR (this enzyme is bound in the endoplasmic reticulum, ER). HMGR absolutely requires NADPH as a cofactor and two moles of NADPH are consumed during the conversion of HMG-CoA to mevalonate. The reaction catalyzed by HMGR is the rate limiting step of cholesterol biosynthesis, and this enzyme is subject to complex regulatory controls. 

Mevalonate is then activated by three successive phosphorylations, yielding 5-pyrophosphomevalonate. In addition to activating mevalonate, the phosphorylations maintain its solubility, since otherwise it is insoluble in water. After phosphorylation, an ATP-dependent decarboxylation yields isopentenyl pyrophosphate, IPP, an activated isoprenoid molecule. Isopentenyl pyrophosphate is in equilibrium with its isomer, dimethylallyl pyrophosphate, DMPP. One molecule of IPP condenses with one molecule of DMPP to generate geranyl pyrophosphate, GPP. GPP further condenses with another IPP molecule to yield farnesyl pyrophosphate, FPP. Finally, the NADPH-requiring enzyme, squalene synthase catalyzes the head-to-tail condensation of two molecules of FPP, yielding squalene (squalene synthase also is tightly associated with the endoplasmic reticulum). Squalene undergoes a two step cyclization to yield lanosterol. The first reaction is catalyzed by squalene monooxygenase. This enzyme uses NADPH as a cofactor to introduce molecular oxygen as an epoxide at the 2,3 position of squalene. Through a series of 19 additional reactions, lanosterol is converted to cholesterol. 

Regulating Cholesterol Synthesis

Normal healthy adults synthesize cholesterol at a rate of approximately 1g/day and consume approximately 0.3g/day. A relatively constant level of cholesterol in the body (150 - 200 mg/dL) is maintained primarily by controlling the level of de novo synthesis. The level of cholesterol synthesis is regulated in part by the dietary intake of cholesterol. Cholesterol from both diet and synthesis is utilized in the formation of membranes and in the synthesis of the steroid hormones and bile acids (see below). The greatest proportion of cholesterol is used in bile acid synthesis. 

The cellular supply of cholesterol is maintained at a steady level by three distinct mechanisms: 

1. Regulation of HMGR activity and levels 

2. Regulation of excess intracellular free cholesterol through the activity of acyl-CoA:cholesterol acyltransferase, ACAT

3. Regulation of plasma cholesterol levels via LDL receptor-mediated uptake and HDL-mediated reverse transport. 

Regulation of HMGR activity is the primary means for controlling the level of cholesterol biosynthesis. The enzyme is controlled by four distinct mechanisms: feed-back inhibition, control of gene expression, rate of enzyme degradation and phosphorylation-dephosphorylation.

The first three control mechanisms are exerted by cholesterol itself. Cholesterol acts as a feed-back inhibitor of pre-existing HMGR as well as inducing rapid degradation of the enzyme. The latter is the result of cholesterol-induced polyubiquitination of HMGR and its degradation in the proteosome (see proteolytic degradation below). This ability of cholesterol is a consequence of the sterol sensing domain, SSD of HMGR. In addition, when cholesterol is in excess the amount of mRNA for HMGR is reduced as a result of decreased expression of the gene. The mechanism by which cholesterol (and other sterols) affect the transcription of the HMGR gene is described below under regulation of sterol content.

Regulation of HMGR through covalent modification occurs as a result of phosphorylation and dephosphorylation. The enzyme is most active in its unmodified form. Phosphorylation of the enzyme decreases its activity. HMGR is phosphorylated by AMP-activated protein kinase, AMPK (this is not the same as cAMP-dependent protein kinase, PKA). AMPK itself is activated via phosphorylation. Phosphorylation of AMPK is catalyzed by at least 2 enzymes. The primary kinase sensitive to rising AMP levels is LKB1. LKB1 was first identified as a gene in humans carrying an autosomal dominant mutation in Peutz-Jeghers syndrome, PJS. LKB1 is also found mutated in lung adenocarcinomas. The second AMPK phosphorylating enzyme is calmodulin-dependent protein kinase kinase-beta (CaMKKβ). CaMKKβ induces phosphorylation of AMPK in response to increases in intracellular Ca2+ as a result of muscle contraction. Visit AMPK: The Master Metabolic Regulator for more detailed information on the role of AMPK in regulating metabolism.
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Regulation of HMGR by covalent modification. HMGR is most active in the dephosphorylated state. Phosphorylation is catalyzed by AMP-activated protein kinase, AMPK, (used to be termed HMGR kinase), an enzyme whose activity is also regulated by phosphorylation. Phosphorylation of AMPK is catalyzed by at least 2 enzymes: LKB1 and CaMKKβ. Hormones such as glucagon and epinephrine negatively affect cholesterol biosynthesis by increasing the activity of the inhibitor of phosphoprotein phosphatase inhibitor-1, PPI-1. Conversely, insulin stimulates the removal of phosphates and, thereby, activates HMGR activity. Additional regulation of HMGR occurs through an inhibition of its' activity as well as of its' synthesis by elevation in intracellular cholesterol levels. This latter phenomenon involves the transcription factor SREBP described below. 

The activity of HMGR is additionally controlled by the cAMP signaling pathway. Increases in cAMP lead to activation of cAMP-dependent protein kinase, PKA. In the context of HMGR regulation, PKA phosphorylates phosphoprotein phosphatase inhibitor-1 (PPI-1) leading to an increase in its' activity. PPI-1 can inhibit the activity of numerous phosphatases including protein phosphatase 2C (PP2C) and HMG-CoA reductase phosphatase which remove phosphates from AMPK and HMGR, respectively. This maintains AMPK in the phosphorylated and active state, and HMGR in the phosphorylated and inactive state. As the stimulus leading to increased cAMP production is removed, the level of phosphorylations decreases and that of dephosphorylations increases. The net result is a return to a higher level of HMGR activity.

Since the intracellular level of cAMP is regulated by hormonal stimuli, regulation of cholesterol biosynthesis is hormonally controlled. Insulin leads to a decrease in cAMP, which in turn activates cholesterol synthesis. Alternatively, glucagon and epinephrine, which increase the level of cAMP, inhibit cholesterol synthesis.

The ability of insulin to stimulate, and glucagon to inhibit, HMGR activity is consistent with the effects of these hormones on other metabolic pathways. The basic function of these two hormones is to control the availability and delivery of energy to all cells of the body.

Long-term control of HMGR activity is exerted primarily through control over the synthesis and degradation of the enzyme. When levels of cholesterol are high, the level of expression of the HMGR gene is reduced. Conversely, reduced levels of cholesterol activate expression of the gene. Insulin also brings about long-term regulation of cholesterol metabolism by increasing the level of HMGR synthesis. 

Proteolytic Regulation of HMG-CoA Reductase

The stability of HMGR is regulated as the rate of flux through the mevalonate synthesis pathway changes. When the flux is high the rate of HMGR degradation is also high. When the flux is low, degradation of HMGR decreases. This phenomenon can easily be observed in the presence of the statin drugs as discussed.

HMGR is localized to the ER and like SREBP (see below) contains a sterol-sensing domain, SSD. When sterol levels increase in cells there is a concomitant increase in the rate of HMGR degradation. The degradation of HMGR occurs within the proteosome, a multiprotein complex dedicated to protein degradation. The primary signal directing proteins to the proteosome is ubiquitination. Ubiquitin is a 7.6kDa protein that is covalently attached to proteins targeted for degradation by ubiquitin ligases. These enzymes attach multiple copies of ubiquitin allowing for recognition by the proteosome. HMGR has been shown to be ubiquitinated prior to its degradation. The primary sterol regulating HMGR degradation is cholesterol itself. As the levels of free cholesterol increase in cells, the rate of HMGR degradation increases. 

	The flow chart below shows how the body biosynthesizes cholesterol. Acetyl CoA is a product of the metabolism of any source of energy — be it protein, fat, or carbohydrate. 

Acetyl CoA is then changed into various other products (shown in blue) by numerous enzymes (shown in green), until it is converted into several important end products (shown in purple). 

Note that statin drugs — the popular "cholesterol-lowering" drugs such as Lipitor, Mevacor, Zocor, Lescol, Pravachol, etc., shown in red, inhibit the synthesis of mevalonate. Mevalonate is not only the precursor of cholesterol, but also the precursor of squalene and coenzyme Q10 (ubiquinone), two very important compounds. 

In order to read the flow chart, please maximize your browser window with the button in its upper-right corner, and then scroll this page to the right until the nav bar is no longer showing. 

You can click on the coenzyme Q10 end product shown below, as well as the squalene end product to learn more about the role of these essential nutrients in the body. You can click on isoprenes to learn more about the many different isoprenes and their importance to the body. 

One specific isoprene, geranylgeranyl pyrophosphate, activates the enzyme Rho, which may contribute to atherosclerosis. Rho activation is given its own page. 

Clicking on cholesterol will bring you to a flow chart showing the synthesis of vitamin D, bile acids, and steroid hormones from cholesterol.
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If an enzyme name is shown in bold, there is experimental evidence for this enzymatic activity. 

Locations of Mapped Genes: 
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Synonyms: phospholipid biosynthesis III, phosphatidylcholine biosynthesis 

	Superclasses: 
	Biosynthesis -> Fatty Acids and Lipids Biosynthesis -> Phospholipid Biosynthesis -> PhosphatidylcholineBiosynthesis 


Pathway Summary from MetaCyc: 
Phosphatidylcholine is one of the major constituents of membrane phospholipids (see phospholipid biosynthesis II ). The phosphatidylcholine biosynthetic pathways vary among different organisms. 

There are at least four alternative routes have been reported in plants. Two additional routes were reported in animals [ Schneider79 ] and bacteria [ Sohlenkamp00 ]. 

1) The Kennedy pathway (depicted here) depends on choline kinase and on the availability of choline. 

2) The second pathway ( phosphatidylcholine biosynthesis II ) depends on three consecutive N-methylation steps that are carried out on phospho-bases, phosphoethanolamine, phospho-N-methylethanolamine, and phospho-N-dimethylethanolamine. 

3) The third pathway ( phosphatidylcholine biosynthesis III ) depends on an initial N-methylation with phospho-base phosphoethanolamine, and followed by two downstream N-methylations on phosphatidyl-bases, phosphatidyl-N-methylethanolamine and phosphatidyl-N-dimethylethanolamine. In plants, phosphatidyl-N-methylethanolamine is believed to be derived from CDP-methylethanolamine, whereas in animals, it is a direct methylation product from phosphatidylethanolamine [ Schneider79 ]. 

4) The forth pathway ( phosphatidylcholine biosynthesis IV ) depends on two N-methylations with phospho-base phosphoethanolamine and phospho-N-methylethanolamine, followed by a downstream N-methylation on phosphatidyl-base phosphatidyl-N-dimethylethanolamine.\\\

PHOSPHOLIPID DEGRADATION
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Vitamins

Vitamins are classified as either water-soluble or fat-soluble. In humans there are 13 vitamins: 4 fat-soluble (A, D, E, and K) and 9 water-soluble (8 B vitamins and vitamin C). Water-soluble vitamins dissolve easily in water and, in general, are readily excreted from the body, to the degree that urinary output is a strong predictor of vitamin consumption. Because they are not readily stored, consistent daily intake is important. Many types of water-soluble vitamins are synthesized by bacteria. Fat-soluble vitamins are absorbed through the intestinal tract with the help of lipids (fats). Because they are more likely to accumulate in the body, they are more likely to lead to hypervitaminosis than are water-soluble vitamins. Fat-soluble vitamin regulation is of particular significance in cystic fibrosis. 

 List of vitamins
Each vitamin is typically used in multiple reactions, and, therefore, most have multiple functions.[17]
	Vitamin generic
descriptor name

	Vitamer chemical name(s) (list not complete)

	Solubility

HYPERLINK "http://en.wikipedia.org/wiki/Vitamin"

	Recommended dietary allowances
(male, age 19–70)[18]
	Deficiency disease
	Upper Intake Level
(UL/day)[18]
	Overdose disease

	Vitamin A
	Retinol, retinal, and
four carotenoids
including beta carotene
	Fat
	900 µg
	Night-blindness, Hyperkeratosis, and Keratomalacia

HYPERLINK "http://en.wikipedia.org/wiki/Vitamin" \l "cite_note-GOVa-18"[19]
	3,000 µg
	Hypervitaminosis A

	Vitamin B1
	Thiamine
	Water
	1.2 mg
	Beriberi, Wernicke-Korsakoff syndrome
	N/D[20]
	Drowsiness or muscle relaxation with large doses.[21]

	Vitamin B2
	Riboflavin
	Water
	1.3 mg
	Ariboflavinosis
	N/D
	

	Vitamin B3
	Niacin, niacinamide
	Water
	16.0 mg
	Pellagra
	35.0 mg
	Liver damage (doses > 2g/day)[22] and other problems

	Vitamin B5
	Pantothenic acid
	Water
	5.0 mg[23]
	Paresthesia
	N/D
	Diarrhea; possibly nausea and heartburn.[24]

	Vitamin B6
	Pyridoxine, pyridoxamine, pyridoxal
	Water
	1.3–1.7 mg
	Anemia

HYPERLINK "http://en.wikipedia.org/wiki/Vitamin" \l "cite_note-GOVb6-24"[25] peripheral neuropathy.
	100 mg
	Impairment of proprioception, nerve damage (doses > 100 mg/day)

	Vitamin B7
	Biotin
	Water
	30.0 µg
	Dermatitis, enteritis
	N/D
	

	Vitamin B9
	Folic acid, folinic acid
	Water
	400 µg
	Megaloblast and Deficiency during pregnancy is associated with birth defects, such as neural tube defects
	1,000 µg
	May mask symptoms of vitamin B12 deficiency; other effects.

	Vitamin B12
	Cyanocobalamin, hydroxycobalamin, methylcobalamin
	Water
	2.4 µg
	Megaloblastic anemia

HYPERLINK "http://en.wikipedia.org/wiki/Vitamin" \l "cite_note-GOVb12-25"[26]
	N/D
	Acne-like rash [causality is not conclusively established].

	Vitamin C
	Ascorbic acid
	Water
	90.0 mg
	Scurvy
	2,000 mg
	Vitamin C megadosage

	Vitamin D
	Cholecalciferol
	Fat
	5.0 µg–10 µg[27]
	Rickets and Osteomalacia
	50 µg
	Hypervitaminosis D

	Vitamin E
	Tocopherols, tocotrienols
	Fat
	15.0 mg
	Deficiency is very rare; mild hemolytic anemia in newborn infants.[28]
	1,000 mg
	Increased congestive heart failure seen in one large randomized study.[29]

	Vitamin K
	phylloquinone, menaquinones
	Fat
	120 µg
	Bleeding diathesis
	N/D
	Increases coagulation in patients taking warfarin.[30]


Vitamins are essential for the normal growth and development of a multicellular organism. Using the genetic blueprint inherited from its parents, a fetus begins to develop, at the moment of conception, from the nutrients it absorbs. It requires certain vitamins and minerals to be present at certain times. These nutrients facilitate the chemical reactions that produce among other things, skin, bone, and muscle. If there is serious deficiency in one or more of these nutrients, a child may develop a deficiency disease. Even minor deficiencies may cause permanent damage. 

For the most part, vitamins are obtained with food, but a few are obtained by other means. For example, microorganisms in the intestine — commonly known as "gut flora" — produce vitamin K and biotin, while one form of vitamin D is synthesized in the skin with the help of the natural ultraviolet wavelength of sunlight. Humans can produce some vitamins from precursors they consume. Examples include vitamin A, produced from beta carotene, and niacin, from the amino acid tryptophan. 

Once growth and development are completed, vitamins remain essential nutrients for the healthy maintenance of the cells, tissues, and organs that make up a multicellular organism; they also enable a multicellular life form to efficiently use chemical energy provided by food it eats, and to help process the proteins, carbohydrates, and fats required for respiration. 

Deficiencies
It was suggested that, when plants and animals began to transfer from the sea to rivers and land about 500 million years ago, environmental deficiency of marine mineral antioxidants was a challenge to the evolution of terrestrial life. Terrestrial plants slowly optimized the production of “new” endogenous antioxidants such as ascorbic acid (Vitamin C), polyphenols, flavonoids, tocopherols, etc. Since this age, dietary vitamin deficiencies appeared in terrestrial animals. Humans must consume vitamins periodically but with differing schedules, to avoid deficiency. Human bodily stores for different vitamins vary widely; vitamins A, D, and B12 are stored in significant amounts in the human body, mainly in the liver,and an adult human's diet may be deficient in vitamins A and D for many months and B12 in some cases for years, before developing a deficiency condition. However, vitamin B3 (niacin and niacinamide) is not stored in the human body in significant amounts, so stores may last only a couple of weeks. For vitamin C, the first symptoms of scurvy in experimental studies of complete vitamin C deprivation in humans have varied widely, from a month to more than six months, depending on previous dietary history that determined body stores.http://en.wikipedia.org/wiki/Vitamin - cite_note-32
Deficiencies of vitamins are classified as either primary or secondary. A primary deficiency occurs when an organism does not get enough of the vitamin in its food. A secondary deficiency may be due to an underlying disorder that prevents or limits the absorption or use of the vitamin, due to a “lifestyle factor”, such as smoking, excessive alcohol consumption, or the use of medications that interfere with the absorption or use of the vitamin. People who eat a varied diet are unlikely to develop a severe primary vitamin deficiency. In contrast, restrictive diets have the potential to cause prolonged vitamin deficits, which may result in often painful and potentially deadly diseases.

Well-known human vitamin deficiencies involve thiamine (beriberi), niacin (pellagra), vitamin C (scurvy), and vitamin D (rickets). In much of the developed world, such deficiencies are rare; this is due to (1) an adequate supply of food and (2) the addition of vitamins and minerals to common foods, often called fortification. In addition to these classical vitamin deficiency diseases, some evidence has also suggested links between vitamin deficiency and a number of different disorders. 

large doses, some vitamins have documented side-effects that tend to be more severe with a larger dosage. The likelihood of consuming too much of any vitamin from food is remote, but overdosing (vitamin poisoning) from vitamin supplementation does occur. At high enough dosages, some vitamins cause side-effects such as nausea, diarrhea, and vomiting. When side-effects emerge, recovery is often accomplished by reducing the dosage. The doses of vitamins different individual can tolerate varies widely, and appear to be related to age and state of health. In 2008, overdose exposure to all formulations of vitamins and multivitamin-mineral formulations was reported by 68,911 individuals to the American Association of Poison Control Centers (nearly 80% of these exposures were in children under the age of 6), leading to 8 "major" life-threatening outcomes and 0 deaths.

Supplements
Dietary supplements, often containing vitamins, are used to ensure that adequate amounts of nutrients are obtained on a daily basis, if optimal amounts of the nutrients cannot be obtained through a varied diet. Scientific evidence supporting the benefits of some vitamin supplements is well established for certain health conditions, but others need further study.http://en.wikipedia.org/wiki/Vitamin - cite_note-Sup-38 In some cases, vitamin supplements may have unwanted effects, especially if taken before surgery, with other dietary supplements or medicines, or if the person taking them has certain health conditions. Dietary supplements may also contain levels of vitamins many times higher, and in different forms, than one may ingest through food.

 There have been mixed studies on the importance and safety of dietary supplementation. A meta-analysis published in 2006 suggested that Vitamin A and E supplements not only provide no tangible health benefits for generally healthy individuals but may actually increase mortality, although two large studies included in the analysis involved smokers, for which it was already known that beta-carotene supplements can be harmful. Another study published in May 2009 found that antioxidants such as vitamins C and E may actually curb some benefits of exercise. While others findings suggest that evidence of Vitamin E toxicity is limited to specific form taken in excess. 

A cofactor is a non-protein chemical compound that is bound to a protein and is required for the protein's biological activity. These proteins are commonly enzymes, and cofactors can be considered "helper molecules" that assist in biochemical transformations.

Cofactors are either organic or inorganic. They can also be classified depending on how tightly they bind to an enzyme, with loosely-bound cofactors termed coenzymes and tightly-bound cofactors termed prosthetic groups. Some sources also limit the use of the term "cofactor" to inorganic substances. An inactive enzyme, without the cofactor is called an apoenzyme, while the complete enzyme with cofactor is the holoenzyme. 

Some enzymes or enzyme complexes require several cofactors. For example, the multienzyme complex pyruvate dehydrogenase at the junction of glycolysis and the citric acid cycle requires five organic cofactors and one metal ion: loosely bound thiamine pyrophosphate (TPP), covalently bound lipoamide and flavin adenine dinucleotide (FAD), and the cosubstrates nicotinamide adenine dinucleotide (NAD+) and coenzyme A (CoA), and a metal ion (Mg2+).

Organic cofactors are often vitamins or are made from vitamins. Many contain the nucleotide adenosine monophosphate (AMP) as part of their structures, such as ATP, coenzyme A, FAD, and NAD+. This common structure may reflect a common evolutionary origin as part of ribozymes in an ancient RNA world. It has been suggested that the AMP part of the molecule can be considered a kind of "handle" by which the enzyme can "grasp" the coenzyme to switch it between different catalytic centers

	· 


 Classification
Cofactors can be divided into two broad groups: organic cofactors, such as flavin or heme, and inorganic cofactors, such as the metal ions Mg2+, Cu+, Mn2+, or iron-sulfur clusters.

Organic cofactors are sometimes further divided into coenzymes and prosthetic groups. The term coenzyme refers specifically to enzymes and, as such, to the functional properties of a protein. On the other hand, "prosthetic group" emphasizes the nature of the binding of a cofactor to a protein (tight or covalent) and, thus, refers to a structural property. Different sources give slightly different definitions of coenzymes, cofactors, and prosthetic groups. Some consider tightly-bound organic molecules as prosthetic groups and not as coenzymes, while others define all non-protein organic molecules needed for enzyme activity as coenzymes, and classify those that are tightly bound as coenzyme prosthetic groups. It should be noted that these terms are often used loosely.

A 1979 letter in Trends in Biochemical Sciences noted the confusion in the literature and the essentially arbitrary distinction made between prosthetic groups and coenzymes and proposed the following scheme. Here, cofactors were defined as an additional substance apart from protein and substrate that is required for enzyme activity and a prosthetic group as a substance that undergoes its whole catalytic cycle attached to a single enzyme molecule. However, the author could not arrive at a single all-encompassing definition of a "coenzyme" and proposed that this term be dropped from use in the literature. 

 Inorganic
Metal ions are common cofactors. The study of these cofactors falls under the area of bioinorganic chemistry. In nutrition, the list of essential trace elements reflects their role as cofactors. In humans this list commonly includes iron, magnesium, manganese, cobalt, copper, zinc, selenium, and molybdenum. Although chromium deficiency causes impaired glucose tolerance, no human enzyme that uses this metal as a cofactor has been identified.[9]

HYPERLINK "http://en.wikipedia.org/wiki/Cofactor_(biochemistry)" \l "cite_note-9"[10] Iodine is also an essential trace element, but this element is used as part of the structure of thyroid hormones rather than as an enzyme cofactor. Calcium is another special case, in that it is required as a component of the human diet, and it is needed for the full activity of many enzymes, such as nitric oxide synthase, protein phosphatases, and adenylate kinase, but calcium activates these enzymes in allosteric regulation, often binding to these enzymes in a complex with calmodulin Calcium is, therefore, a cell signaling molecule, and not usually considered a cofactor of the enzymes it regulates.

Other organisms require additional metals as enzyme cofactors, such as vanadium in the nitrogenase of the nitrogen-fixing bacteria of the genus Azotobacter, tungsten in the aldehyde ferredoxin oxidoreductase of the thermophilic archaean Pyrococcus furiosus, and even cadmium in the carbonic anhydrase from the marine diatom Thalassiosira weissflogii. 

In many cases, the cofactor includes both an inorganic and organic component. One diverse set of examples is the haem proteins, which consist of a porphyrin ring coordinated to iron.

	Ion
	Examples of enzymes containing this ion

	Cupric
	Cytochrome oxidase

	Ferrous or Ferric
	Catalase
Cytochrome (via Heme)
Nitrogenase
Hydrogenase

	Magnesium
	Glucose 6-phosphatase
Hexokinase
DNA polymerase

	Manganese
	Arginase 



	Molybdenum
	Nitrate reductase

	Nickel
	Urease

	Selenium
	Glutathione peroxidase

	Zinc
	Alcohol dehydrogenase
Carbonic anhydrase
DNA polymerase






A simple [Fe2S2] cluster containing two iron atoms and two sulfur atoms, coordinated by four protein cysteine residues.

Iron-sulfur clusters are complexes of iron and sulfur atoms held within proteins by cysteinyl residues. They play both structural and functional roles, including electron transfer, redox sensing, and as structural modules.

Organic
Organic cofactors are small organic molecules (typically a molecular mass less than 1000 Da) that can be either loosely or tightly bound to the enzyme and directly participate in the reaction. In the latter case, when it is difficult to remove without denaturing the enzyme, it can be called a prosthetic group. It is important to emphasize that there is no sharp division between loosely and tightly bound cofactors Indeed, many such as NAD+ can be tightly bound in some enzymes, while it is loosely bound in others. Another example is thiamine pyrophosphate (TPP), which is tightly bound in transketolase or pyruvate decarboxylase, while it is less tightly bound in pyruvate dehydrogenase. Other coenzymes, flavin adenine dinucleotide (FAD), biotin, and lipoamide, for instance, are covalently bound. Tightly-bound cofactors are, in general, regenerated during the same reaction cycle, while loosely-bound cofactors can be regenerated in a subsequent reaction catalyzed by a different enzyme. In the latter case, the cofactor can also be considered a substrate or cosubstrate.

Vitamins can serve as precursors to many organic cofactors (e.g., vitamins B1, B2, B6, B12, niacin, folic acid) or as coenzymes themselves (e.g., vitamin C). However, vitamins do have other functions in the body. Many organic cofactors also contain a nucleotide, such as the electron carriers NAD and FAD, and coenzyme A, which carries acyl groups. Most of these cofactors are found in a huge variety of species, and some are universal to all forms of life. An exception to this wide distribution is a group of unique cofactors that evolved in methanogens, which are restricted to this group of archaea. 

Vitamins and derivatives
	Cofactor
	Vitamin
	Additional component
	Chemical group(s) transferred
	Distribution

	Thiamine pyrophosphate [24]
	Thiamine (B1)
	None
	2-carbon groups, α cleavage
	Bacteria, archaea and eukaryotes

	NAD+ and NADP+ [25]
	Niacin (B3)
	ADP
	Electrons
	Bacteria, archaea and eukaryotes

	Pyridoxal phosphate [26]
	Pyridoxine (B6)
	None
	Amino and carboxyl groups
	Bacteria, archaea and eukaryotes

	Lipoamide [3]
	Lipoic acid
	None
	electrons, acyl groups
	Bacteria, archaea and eukaryotes

	Methylcobalamin [27]
	Vitamin B12
	Methyl group
	acyl groups
	Bacteria, archaea and eukaryotes

	Cobalamine [3]
	Cobalamine (B12)
	None
	hydrogen, alkyl groups
	Bacteria, archaea and eukaryotes

	Biotin [28]
	Biotin (H)
	None
	CO2
	Bacteria, archaea and eukaryotes

	Coenzyme A [29]
	Pantothenic acid (B5)
	ADP
	Acetyl group and other acyl groups
	Bacteria, archaea and eukaryotes

	Tetrahydrofolic acid [30]
	Folic acid (B9)
	Glutamate residues
	Methyl, formyl, methylene and formimino groups
	Bacteria, archaea and eukaryotes

	Menaquinone [31]
	Vitamin K
	None
	Carbonyl group and electrons
	Bacteria, archaea and eukaryotes

	Ascorbic acid [32]
	Vitamin C
	None
	Electrons
	Bacteria, archaea and eukaryotes

	Flavin mononucleotide [33]
	Riboflavin (B2)
	None
	Electrons
	Bacteria, archaea and eukaryotes

	Flavin adenine dinucleotide [33]
	Riboflavin (B2)
	None
	Electrons
	Bacteria, archaea and eukaryotes

	Coenzyme F420 [34]
	Riboflavin (B2)
	Amino acids
	Electrons
	Methanogens and some bacteria


[edit] Non-vitamins
	Cofactor
	Chemical group(s) transferred
	Distribution

	Adenosine triphosphate [35]
	Phosphate group
	Bacteria, archaea and eukaryotes

	S-Adenosyl methionine [36]
	Methyl group
	Bacteria, archaea and eukaryotes

	Coenzyme B [37]
	Electrons
	Methanogens

	Coenzyme M [38]

HYPERLINK "http://en.wikipedia.org/wiki/Cofactor_(biochemistry)" \l "cite_note-38"[39]
	Methyl group
	Methanogens

	Coenzyme Q [40]
	Electrons
	Bacteria, archaea and eukaryotes

	Cytidine triphosphate [41]
	Diacylglycerols and lipid head groups
	Bacteria, archaea and eukaryotes

	Glutathione [42]

HYPERLINK "http://en.wikipedia.org/wiki/Cofactor_(biochemistry)" \l "cite_note-42"[43]
	Electrons
	Some bacteria and most eukaryotes

	Heme [44]
	Electrons
	Bacteria, archaea and eukaryotes

	Methanofuran [45]
	Formyl group
	Methanogens

	Molybdopterin [46]

HYPERLINK "http://en.wikipedia.org/wiki/Cofactor_(biochemistry)" \l "cite_note-46"[47]
	Oxygen atoms
	Bacteria, archaea and eukaryotes

	Nucleotide sugars [48]
	Monosaccharides
	Bacteria, archaea and eukaryotes

	3'-Phosphoadenosine-5'-phosphosulfate [49]
	Sulfate group
	Bacteria, archaea and eukaryotes

	Pyrroloquinoline quinone [50]
	Electrons
	Bacteria

	Tetrahydrobiopterin [51]
	Oxygen atom and electrons
	Bacteria, archaea and eukaryotes

	Tetrahydromethanopterin [52]
	Methyl group
	Methanogens


INSULIN

	

Computer-generated image of six insulin molecules assembled in a hexamer, highlighting the threefold symmetry, the zinc ions holding it together, and the histidine residues involved in zinc binding. Insulin is stored in the body as a hexamer, while the active form is the monomer. 




The idealized diagram shows the fluctuation of blood sugar (red) and the sugar-lowering hormone insulin (blue) in humans during the course of a day containing three meals. In addition, the effect of a sugar-rich versus a starch-rich meal is highlighted.

Insulin is a hormone central to regulating carbohydrate and fat metabolism in the body. Insulin causes cells in the liver, muscle, and fat tissue to take up glucose from the blood, storing it as glycogen in the liver and muscle.

Insulin stops the use of fat as an energy source by inhibiting the release of glucagon. With the exception of the metabolic disorder diabetes mellitus and Metabolic syndrome, insulin is provided within the body in a constant proportion to remove excess glucose from the blood, which otherwise would be toxic. When blood glucose levels fall below a certain level the body begins to use fat as an energy source or gluconeogenesis; for example, by transfer of lipids from adipose tissue to the liver for mobilization as an energy source. As its level is a central metabolic control mechanism, its status is also used as a control signal to other body systems (such as amino acid uptake by body cells). In addition, it has several other anabolic effects throughout the body.

When control of insulin levels fails, diabetes mellitus will result. As a consequence, insulin is used medically to treat some forms of diabetes mellitus. Patients with type 1 diabetes depend on external insulin (most commonly injected subcutaneously) for their survival because the hormone is no longer produced internally. Patients with type 2 diabetes are often insulin resistant, and because of such resistance, may suffer from a "relative" insulin deficiency. Some patients with type 2 diabetes may eventually require insulin if other medications fail to control blood glucose levels adequately. Over 40% of those with Type 2 diabetes require insulin as part of their diabetes management plan.

Insulin also influences other body functions, such as vascular compliance and cognition. Once insulin enters the human brain, it enhances learning and memory and benefits verbal memory in particular.[2] Enhancing brain insulin signaling by means of intranasal insulin administration also enhances the acute thermoregulatory and glucoregulatory response to food intake, suggesting central nervous insulin contributes to the control of whole-body energy homeostasis in humans.[3]
Insulin is a peptide hormone composed of 51 amino acids and has a molecular weight of 5808 Da. It is produced in the islets of Langerhans in the pancreas. The name comes from the Latin insula for "island". Insulin's structure varies slightly between species of animals. Insulin from animal sources differs somewhat in "strength" (in carbohydrate metabolism control effects) in humans because of those variations. Porcine insulin is especially close to the human version.

	· 


Gene
The proinsulin precursor of insulin is encoded by the INS gene. 

Protein structure
Within vertebrates, the amino acid sequence of insulin is extremely well preserved. Bovine insulin differs from human in only three amino acid residues, and porcine insulin in one. Even insulin from some species of fish is similar enough to human to be clinically effective in humans. Insulin in some invertebrates is quite similar in sequence to human insulin, and has similar physiological effects. The strong homology seen in the insulin sequence of diverse species suggests it has been conserved across much of animal evolutionary history. The C-peptide of proinsulin (discussed later), however, differs much more amongst species; it is also a hormone, but a secondary one.

The primary structure of bovine insulin was first determined by Frederick Sanger in 1951. After that, this polypeptide was synthesized independently by several groups. 

Insulin is produced and stored in the body as a hexamer (a unit of six insulin molecules), while the active form is the monomer. The hexamer is an inactive form with long-term stability, which serves as a way to keep the highly reactive insulin protected, yet readily available. The hexamer-monomer conversion is one of the central aspects of insulin formulations for injection. The hexamer is far more stable than the monomer, which is desirable for practical reasons; however, the monomer is a much faster reacting drug because diffusion rate is inversely related to particle size. A fast-reacting drug means insulin injections do not have to precede mealtimes by hours, which in turn gives diabetics more flexibility in their daily schedules.[12] Insulin can aggregate and form fibrillar interdigitated beta-sheets. This can cause injection amyloidosis, and prevents the storage of insulin for long periods.[13]
Synthesis, physiological effects, and degradation
Synthesis
Insulin is produced in the pancreas and released when any of the several stimuli are detected. The stimuli include ingested protein and glucose in the blood produced from digested food. Carbohydrates can be polymers of simple sugars or the simple sugars themselves. If the carbohydrates include glucose, then that glucose will be absorbed into the bloodstream and blood glucose level will begin to rise. In target cells, insulin initiates a signal transduction, which has the effect of increasing glucose uptake and storage. Finally, insulin is degraded, terminating the response.





Insulin undergoes extensive posttranslational modification along the production pathway. Production and secretion are largely independent; prepared insulin is stored awaiting secretion. Both C-peptide and mature insulin are biologically active. Cell components and proteins in this image are not to scale.

In mammals, insulin is synthesized in the pancreas within the β-cells of the islets of Langerhans. One million to three million islets of Langerhans (pancreatic islets) form the endocrine part of the pancreas, which is primarily an exocrine gland. The endocrine portion accounts for only 2% of the total mass of the pancreas. Within the islets of Langerhans, beta cells constitute 60–80% of all the cells.

In β-cells, insulin is synthesized from the proinsulin precursor molecule by the action of proteolytic enzymes, known as prohormone convertases (PC1 and PC2), as well as the exoprotease carboxypeptidase E.[14] These modifications of proinsulin remove the center portion of the molecule (i.e., C-peptide), from the C- and N- terminal ends of proinsulin. The remaining polypeptides (51 amino acids in total), the B- and A- chains, are bound together by disulfide bonds. Confusingly, the primary sequence of proinsulin goes in the order "B-C-A", since B and A chains were identified on the basis of mass, and the C-peptide was discovered after the others.

The endogenous production of insulin is regulated in several steps along the synthesis pathway:

· At transcription from the insulin gene
· In mRNA stability

· At the mRNA translation
· In the posttranslational modifications
Insulin and its related proteins have been shown to be produced inside the brain, and reduced levels of these proteins are linked to Alzheimer's disease. 

: Blood glucose regulation
Beta cells in the islets of Langerhans release insulin in two phases. The first phase release is rapidly triggered in response to increased blood glucose levels. The second phase is a sustained, slow release of newly formed vesicles triggered independently of sugar. The description of first phase release is as follows:

· Glucose enters the β-cells through the glucose transporter GLUT2
· Glucose goes into glycolysis and the respiratory cycle, where multiple high-energy ATP molecules are produced by oxidation

· Dependent on the ATP:ADP ratio, and hence blood glucose levels, the ATP-dependent potassium channels (K+) close and the cell membrane depolarizes

· On depolarization, voltage controlled calcium channels (Ca2+) open and calcium flows into the cells

· An increased calcium level causes activation of phospholipase C, which cleaves the membrane phospholipid phosphatidyl inositol 4,5-bisphosphate into inositol 1,4,5-triphosphate and diacylglycerol.

· Inositol 1,4,5-triphosphate (IP3) binds to receptor proteins in the membrane of endoplasmic reticulum (ER). This allows the release of Ca2+ from the ER via IP3 gated channels, and further raises the cell concentration of calcium.

· Significantly increased amounts of calcium in the cells causes release of previously synthesized insulin, which has been stored in secretory vesicles
This is the main mechanism for release of insulin. In addition, some release takes place generally with food intake, not just glucose or carbohydrate intake, and the β-cells are also somewhat influenced by the autonomic nervous system. The signaling mechanisms controlling these linkages are not fully understood.

Other substances known to stimulate insulin release include amino acids from ingested proteins, acetylcholine released from vagus nerve endings (parasympathetic nervous system), gastrointestinal hormones released by enteroendocrine cells of intestinal mucosa and glucose-dependent insulinotropic peptide (GIP). Three amino acids (alanine, glycine and arginine) act similarly to glucose by altering the β-cell's membrane potential. Acetylcholine triggers insulin release through phospholipase C, while the last acts through the mechanism of adenylate cyclase.

The sympathetic nervous system (via α2-adrenergic stimulation as demonstrated by the agonists clonidine or methyldopa) inhibit the release of insulin. However, it is worth noting that circulating adrenaline will activate β2-receptors on the β-cells in the pancreatic islets to promote insulin release. This is important since muscle cannot benefit from the raised blood sugar resulting from adrenergic stimulation (increased gluconeogenesis and glycogenolysis from the low blood insulin: glucagon state) unless insulin is present to allow for GLUT-4 translocation in the tissue. Therefore, beginning with direct innervation, norepinephrine inhibits insulin release via α2-receptors, then subsequently, circulating adrenaline from the adrenal medulla will stimulate β2-receptors, thereby promoting insulin release.

When the glucose level comes down to the usual physiologic value, insulin release from the β-cells slows or stops. If blood glucose levels drop lower than this, especially to dangerously low levels, release of hyperglycemic hormones (most prominently glucagon from islet of Langerhans alpha cells) forces release of glucose into the blood from cellular stores, primarily liver cell stores of glycogen. By increasing blood glucose, the hyperglycemic hormones prevent or correct life-threatening hypoglycemia. Release of insulin is strongly inhibited by the stress hormone norepinephrine (noradrenaline), which leads to increased blood glucose levels during stress.

Evidence of impaired first-phase insulin release can be seen in the glucose tolerance test, demonstrated by a substantially elevated blood glucose level at 30 minutes, a marked drop by 60 minutes, and a steady climb back to baseline levels over the following hourly time points.

Oscillations
Main article: Insulin release oscillations




Insulin release from pancreas oscillates with a period of 3–6 minutes. 

Even during digestion, generally one or two hours following a meal, insulin release from the pancreas is not continuous, but oscillates with a period of 3–6 minutes, changing from generating a blood insulin concentration more than about 800 p

HYPERLINK "http://en.wikipedia.org/wiki/Unit_mole" \o "Unit mole"mol/l to less than 100 pmol/l.[18] This is thought to avoid downregulation of insulin receptors in target cells, and to assist the liver in extracting insulin from the blood.[18] This oscillation is important to consider when administering insulin-stimulating medication, since it is the oscillating blood concentration of insulin release, which should, ideally, be achieved, not a constant high concentration.[18] This may be achieved by delivering insulin rhythmically to the portal vein or by islet cell transplantation to the liver.

Signal transduction
Special transporter proteins in cell membranes allow glucose from the blood to enter a cell. These transporters are, indirectly, under blood insulin's control in certain body cell types (e.g., muscle cells). Low levels of circulating insulin, or its absence, will prevent glucose from entering those cells (e.g., in type 1 diabetes). More commonly, however, there is a decrease in the sensitivity of cells to insulin (e.g., the reduced insulin sensitivity characteristic of type 2 diabetes), resulting in decreased glucose absorption. In either case, there is 'cell starvation' and weight loss, sometimes extreme. In a few cases, there is a defect in the release of insulin from the pancreas. Either way, the effect is, characteristically, the same: elevated blood glucose levels.

Activation of insulin receptors leads to internal cellular mechanisms that directly affect glucose uptake by regulating the number and operation of protein molecules in the cell membrane that transport glucose into the cell. The genes that specify the proteins that make up the insulin receptor in cell membranes have been identified, and the structures of the interior, transmembrane section, and the extra-membrane section of receptor have been solved.

Two types of tissues are most strongly influenced by insulin, as far as the stimulation of glucose uptake is concerned: muscle cells (myocytes) and fat cells (adipocytes). The former are important because of their central role in movement, breathing, circulation, etc., and the latter because they accumulate excess food energy against future needs. Together, they account for about two-thirds of all cells in a typical human body.

Insulin binds to the extracellular portion of the alpha subunits of the insulin receptor. This, in turn, causes a conformational change in the insulin receptor that activates the kinase domain residing on the intracellular portion of the beta subunits. The activated kinase domain autophosphorylates tyrosine residues on the C-terminus of the receptor as well as tyrosine residues in the IRS-1 protein.

1. phosphorylated IRS-1, in turn, binds to and activates phosphoinositol 3 kinase (PI3K)

2. PI3K catalyzes the reaction PIP2 + ATP → PIP3
3. PIP3 activates protein kinase B (PKB)

4. PKB phosphorylates glycogen synthase kinase (GSK) and thereby inactivates GSK[19]
5. GSK can no longer phosphorylate glycogen synthase (GS)

6. unphosphorylated GS makes more glycogen
7. PKB also facilitates vesicle fusion, resulting in an increase in GLUT4 transporters in the plasma membrane[20]
According to the study of Raman spectra, a low-frequency wave number of 22 cm−1 has been observed for insulin molecules. Subsequently, it was identified as the accordion-like vibration of the helix (B9-B19) in the B-chain of insulin. 

Physiological effects




Effect of insulin on glucose uptake and metabolism. Insulin binds to its receptor (1), which starts many protein activation cascades (2). These include translocation of Glut-4 transporter to the plasma membrane and influx of glucose (3), glycogen synthesis (4), glycolysis (5) and fatty acid synthesis (6).

The actions of insulin on the global human metabolism level include:

· Control of cellular intake of certain substances, most prominently glucose in muscle and adipose tissue (about two-thirds of body cells)

· Increase of DNA replication and protein synthesis via control of amino acid uptake

· Modification of the activity of numerous enzymes
The actions of insulin (indirect and direct) on cells include:

· Increased glycogen synthesis – insulin forces storage of glucose in liver (and muscle) cells in the form of glycogen; lowered levels of insulin cause liver cells to convert glycogen to glucose and excrete it into the blood. This is the clinical action of insulin, which is directly useful in reducing high blood glucose levels as in diabetes.

· Increased fatty acid synthesis – insulin forces fat cells to take in blood lipids, which are converted to triglycerides; lack of insulin causes the reverse.

· Increased esterification of fatty acids – forces adipose tissue to make fats (i.e., triglycerides) from fatty acid esters; lack of insulin causes the reverse.

· Decreased proteolysis – decreasing the breakdown of protein

· Decreased lipolysis – forces reduction in conversion of fat cell lipid stores into blood fatty acids; lack of insulin causes the reverse.

· Decreased gluconeogenesis – decreases production of glucose from nonsugar substrates, primarily in the liver (the vast majority of endogenous insulin arriving at the liver never leaves the liver); lack of insulin causes glucose production from assorted substrates in the liver and elsewhere.

· Decreased autophagy - decreased level of degradation of damaged organelles. Postprandial levels inhibit autophagy completely. 

· Increased amino acid uptake – forces cells to absorb circulating amino acids; lack of insulin inhibits absorption.

· Increased potassium uptake – forces cells to absorb serum potassium; lack of insulin inhibits absorption. Insulin's increase in cellular potassium uptake lowers potassium levels in blood.

· Arterial muscle tone – forces arterial wall muscle to relax, increasing blood flow, especially in microarteries; lack of insulin reduces flow by allowing these muscles to contract.

· Increase in the secretion of hydrochloric acid by parietal cells in the stomach

Degradation
Once an insulin molecule has docked onto the receptor and effected its action, it may be released back into the extracellular environment, or it may be degraded by the cell. The two primary sites for insulin clearance are the liver and kidney. The liver clears most insulin during first-pass transit, while the kidney clears most of the insulin in systemic circulation. Degradation normally involves endocytosis of the insulin-receptor complex, followed by the action of insulin degrading enzyme. An insulin molecule produced endogenously by the pancreatic beta cells is estimated to be degraded within about one hour after its initial release into circulation (insulin half-life ~ 4–6 minutes). 

Hypoglycemia
Although other cells can use other fuels for a while (most prominently fatty acids), neurons depend on glucose as a source of energy in the nonstarving human. They do not require insulin to absorb glucose, unlike muscle and adipose tissue, and they have very small internal stores of glycogen. Glycogen stored in liver cells (unlike glycogen stored in muscle cells) can be converted to glucose, and released into the blood, when glucose from digestion is low or absent, and the glycerol backbone in triglycerides can also be used to produce blood glucose.

Sufficient lack of glucose and scarcity of these sources of glucose can dramatically make itself manifest in the impaired functioning of the central nervous system: dizziness, speech problems, and even loss of consciousness. Low glucose is known as hypoglycemia or, in cases producing unconsciousness, "hypoglycemic coma" (sometimes termed "insulin shock" from the most common causative agent). Endogenous causes of insulin excess (such as an insulinoma) are very rare, and the overwhelming majority of insulin excess-induced hypoglycemia cases are iatrogenic and usually accidental. A few cases of murder, attempted murder, or suicide using insulin overdoses have been reported, but most insulin shocks appear to be due to errors in dosage of insulin (e.g., 20 units instead of 2) or other unanticipated factors (did not eat as much as anticipated, or exercised more than expected, or unpredicted kinetics of the subcutaneously injected insulin itself).

Possible causes of hypoglycemia include:

· External insulin (usually injected subcutaneously)

· Oral hypoglycemic agents (e.g., any of the sulfonylureas, or similar drugs, which increase insulin release from β-cells in response to a particular blood glucose level)

· Ingestion of low-carbohydrate sugar substitutes in people without diabetes or with type 2 diabetes. Animal studies show these can trigger insulin release, albeit in much smaller quantities than sugar, according to a report in Discover magazine, August 2004, p 18. (This can never be a cause of hypoglycemia in patients with type 1 diabetes, since there is no endogenous insulin production to stimulate.)

Diseases and syndromes
There are several conditions in which insulin disturbance is pathologic:

· Diabetes mellitus – general term referring to all states characterized by hyperglycemia 

· Type 1 – autoimmune-mediated destruction of insulin producing β-cells in the pancreas, resulting in absolute insulin deficiency

· Type 2 – multifactoral syndrome with combined influence of genetic susceptibility and influence of environmental factors, the best known being obesity, age, and physical inactivity, resulting in insulin resistance in cells requiring insulin for glucose absorption. This form of diabetes is strongly inherited.

· Other types of impaired glucose tolerance (see the Diabetes)

· Insulinoma - a tumor of pancreatic β-cells producing excess insulin or reactive hypoglycemia.

· Metabolic syndrome – a poorly understood condition first called Syndrome X by Gerald Reaven, Reaven's Syndrome after Reaven, CHAOS in Australia (from the signs that seem to travel together). It is currently not clear whether these signs have a single, treatable cause, or are the result of body changes leading to type 2 diabetes. It is characterized by elevated blood pressure, dyslipidemia (disturbances in blood cholesterol forms and other blood lipids), and increased waist circumference (at least in populations in much of the developed world). The basic underlying cause may be the insulin resistance of type 2 diabetes, which is a diminished capacity for insulin response in some tissues (e.g., muscle, fat) to respond to insulin. Commonly, morbidities, such as essential hypertension, obesity, type 2 diabetes, and cardiovascular disease (CVD), develop.

· Polycystic ovary syndrome – a complex syndrome in women in the reproductive years where anovulation and androgen excess are commonly displayed as hirsutism. In many cases of PCOS, insulin resistance is present.

As a medication


Biosynthetic "human" insulin is now manufactured for widespread clinical use using recombinant DNA technology. More recently, researchers have succeeded in introducing the gene for human insulin into plants and in producing insulin in them, specifically safflower. This technique is anticipated to reduce production costs.

Several of these slightly modified versions of human insulin, while having a clinical effect on blood glucose levels as though they were exact copies, have been designed to have somewhat different absorption or duration of action characteristics. They are usually referred to as "insulin analogues". For instance, the first one available, insulin lispro, does not exhibit a delayed absorption effect found in regular insulin, and begins to have an effect in as little as 15 minutes. Other rapid-acting analogues are NovoRapid and Apidra, with similar profiles. All are rapidly absorbed due to a mutation in the sequence that prevents the insulin analogue from forming dimers and hexamers. Instead, the insulin molecule is a monomer, which is more rapidly absorbed. Using it, therefore, does not require the planning required for other insulins that begin to take effect much later (up to many hours) after administration. Another type is extended release insulin; the first of these was Lantus (insulin glargine). These have a steady effect for the entire time they are active, without the peak and drop of effect in other insulins; typically, they continue to have an insulin effect for an extended period from 18 to 24 hours. Similarly, another protracted insulin analogue (Levemir) is based on a fatty acid acylation approach. A myristyric acid molecule is attached to this analogue, which in turn associates the insulin molecule to the abundant serum albumin, which in turn extends the effect and reduces the risk of hypoglycemia. Both protracted analogues need to be taken only once-daily, and are very much used in the type 1 diabetes market as the basal insulin. A combination of a rapid acting and a protracted insulin is also available for the patients, making it more likely for them to achieve an insulin profile that mimics that of the body´s own insulin release.

Unlike many medicines, insulin currently cannot be taken orally because, like nearly all other proteins introduced into the gastrointestinal tract, it is reduced to fragments (even single amino acid components), whereupon all activity is lost. There has been some research into ways to protect insulin from the digestive tract, so that it can be administered orally or sublingually. While experimental, several companies now have various formulations in human clinical trials.

History
Discovery and characterization
In 1869, Paul Langerhans, a medical student in Berlin, was studying the structure of the pancreas under a microscope when he identified some previously unnoticed tissue clumps scattered throughout the bulk of the pancreas. The function of the "little heaps of cells", later known as the islets of Langerhans, was unknown, but Edouard Laguesse later suggested they might produce secretions that play a regulatory role in digestion. Paul Langerhans' son, Archibald, also helped to understand this regulatory role. The term "insulin" origins from insula, the Latin word for islet/island.

In 1889, the Polish-German physician Oscar Minkowski, in collaboration with Joseph von Mering, removed the pancreas from a healthy dog to test its assumed role in digestion. Several days after the dog's pancreas was removed, Minkowski's animal keeper noticed a swarm of flies feeding on the dog's urine. On testing the urine, they found there was sugar in the dog's urine, establishing for the first time a relationship between the pancreas and diabetes. In 1901, another major step was taken by Eugene Opie, when he clearly established the link between the islets of Langerhans and diabetes: "Diabetes mellitus . . . is caused by destruction of the islets of Langerhans and occurs only when these bodies are in part or wholly destroyed." Before his work, the link between the pancreas and diabetes was clear, but not the specific role of the islets.



The structure of insulin. The left side is a space-filling model of the insulin monomer, believed to be biologically active. Carbon is green, hydrogen white, oxygen red, and nitrogen blue. On the right side is a ribbon diagram of the insulin hexamer, believed to be the stored form. A monomer unit is highlighted with the A chain in blue and the B chain in cyan. Yellow denotes disulfide bonds, and magenta spheres are zinc ions.

Over the next two decades, several attempts were made to isolate whatever it was the islets produced as a potential treatment. In 1906, George Ludwig Zuelzer was partially successful treating dogs with pancreatic extract, but was unable to continue his work. Between 1911 and 1912, E.L. Scott at the University of Chicago used aqueous pancreatic extracts, and noted "a slight diminution of glycosuria", but was unable to convince his director of his work's value; it was shut down. Israel Kleiner demonstrated similar effects at Rockefeller University in 1915, but his work was interrupted by World War I, and he did not return to it.

 Nicolae Paulescu, a professor of physiology at the University of Medicine and Pharmacy in Bucharest, was the first to isolate insulin, which he called at that time, pancrein, and published in 1921 the work he had carried out in Bucharest. Use of his techniques was patented in Romania, though no clinical use resulted. 

In October 1920, Canadian Frederick Banting was reading one of Minkowski's papers and concluded it was the very digestive secretions that Minkowski had originally studied that were breaking down the islet secretion(s), thereby making it impossible to extract successfully. He jotted a note to himself: "Ligate pancreatic ducts of the dog. Keep dogs alive till acini degenerate leaving islets. Try to isolate internal secretion of these and relieve glycosurea."

The idea was the pancreas's internal secretion, which supposedly regulates sugar in the bloodstream, might hold the key to the treatment of diabetes. A surgeon by training, Banting knew certain arteries could be tied off that would lead to atrophy of most of the pancreas, while leaving the islets of Langerhans intact. He theorized a relatively pure extract could be made from the islets once most of the rest of pancreas was gone.

In the spring of 1921, Banting traveled to Toronto to explain his idea to J.J.R. Macleod, who was Professor of Physiology at the University of Toronto, and asked Macleod if he could use his lab space to test the idea. Macleod was initially skeptical, but eventually agreed to let Banting use his lab space while he was on vacation for the summer. He also supplied Banting with ten dogs on which to experiment, and two medical students, Charles Best and Clark Noble, to use as lab assistants, before leaving for Scotland. Since Banting required only one lab assistant, Best and Noble flipped a coin to see which would assist Banting for the first half of the summer. Best won the coin toss, and took the first shift as Banting's assistant. Loss of the coin toss may have proved unfortunate for Noble, given that Banting decided to keep Best for the entire summer, and eventually shared half his Nobel Prize money and a large part of the credit for the discovery of insulin with the winner of the toss. Had Noble won the toss, his career might have taken a different path. Banting's method was to tie a ligature around the pancreatic duct; when examined several weeks later, the pancreatic digestive cells had died and been absorbed by the immune system, leaving thousands of islets. They then isolated an extract from these islets, producing what they called "isletin" (what we now know as insulin), and tested this extract on the dogs. Banting and Best were then able to keep a pancreatectomized dog named Alpha alive for the rest of the summer by injecting her with the crude extract they had prepared. Removal of the pancreas in test animals essentially mimics diabetes, leading to elevated blood glucose levels. Alpha was able to remain alive because the extracts, containing isletin, were able to lower her blood glucose levels.

Banting and Best presented their results to Macleod on his return to Toronto in the fall of 1921, but Macleod pointed out flaws with the experimental design, and suggested the experiments be repeated with more dogs and better equipment. He then supplied Banting and Best with a better laboratory, and began paying Banting a salary from his research grants. Several weeks later, the second round of experiments clearly was also a success; and Macleod helped publish their results privately in Toronto that November. However, they needed six weeks to extract the isletin, which forced considerable delays. Banting suggested they try to use fetal calf pancreas, which had not yet developed digestive glands; he was relieved to find this method worked well. With the supply problem solved, the next major effort was to purify the extract. In December 1921, Macleod invited the biochemist James Collip to help with this task, and, within a month, the team felt ready for a clinical test.

On January 11, 1922, Leonard Thompson, a 14-year-old diabetic who lay dying at the Toronto General Hospital, was given the first injection of insulin. However, the extract was so impure, Thompson suffered a severe allergic reaction, and further injections were canceled. Over the next 12 days, Collip worked day and night to improve the ox-pancreas extract, and a second dose was injected on January 23. This was completely successful, not only in having no obvious side effects, but also in completely eliminating the glycosuria sign of diabetes. The first American patient was Elizabeth Hughes Gossett, the daughter of the governor of New York.[33] The first patient treated in the U.S. was future woodcut artist James D. Havens; Dr. John Ralston Williams imported insulin from Toronto to Rochester, New York, to treat Havens.[34]
Children dying from diabetic ketoacidosis were kept in large wards, often with 50 or more patients in a ward, mostly comatose. Grieving family members were often in attendance, awaiting the (until then, inevitable) death.

In one of medicine's more dramatic moments, Banting, Best, and Collip went from bed to bed, injecting an entire ward with the new purified extract. Before they had reached the last dying child, the first few were awakening from their coma, to the joyous exclamations of their families. 

Banting and Best never worked well with Collip, regarding him as something of an interloper, and Collip left the project soon after.

Over the spring of 1922, Best managed to improve his techniques to the point where large quantities of insulin could be extracted on demand, but the preparation remained impure. The drug firm Eli Lilly and Company had offered assistance not long after the first publications in 1921, and they took Lilly up on the offer in April. In November, Lilly made a major breakthrough and were able to produce large quantities of highly refined insulin. Insulin was offered for sale shortly thereafter.

Purified animal-sourced insulin was the only type of insulin available to diabetics until genetic breakthroughs occurred later with medical research. The amino acid structure of insulin was characterized in the 1950s,[36] and the first synthetic insulin was produced simultaneously in the labs of Panayotis Katsoyannis at the University of Pittsburgh and Helmut Zahn at RWTH Aachen University in the early 1960s.[37]

HYPERLINK "http://en.wikipedia.org/wiki/Insulin" \l "cite_note-37"[38]
The first genetically-engineered, synthetic "human" insulin was produced in a laboratory in 1977 by Herbert Boyer using E. coli. Partnering with Genentech founded by Boyer, Eli Lilly and Company went on in 1982 to sell the first commercially available biosynthetic human insulin under the brand name Humulin. The vast majority 
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Growth hormone (GH) is a protein-based peptide hormone. It stimulates growth, cell reproduction and regeneration in humans and other animals. Growth hormone is a 191-amino acid, single-chain polypeptide that is synthesized, stored, and secreted by the somatotroph cells within the lateral wings of the anterior pituitary gland. Somatotropin refers to the growth hormone 1 produced naturally in animals, whereas the term somatropin refers to growth hormone produced by recombinant DNA technology,[1] and is abbreviated "HGH" in humans.

Growth hormone is used as prescription drug in medicine to treat children's growth disorders and adult growth hormone deficiency. In the United States, it is only available legally from pharmacies, by prescription from a doctor. In recent years in the United States, some doctors have started to prescribe growth hormone in GH-deficient older patients (but not on healthy people) to increase vitality. While legal, the efficacy and safety of this use for HGH has not been tested in a clinical trial. At this time, HGH is still considered a very complex hormone, and many of its functions are still unknown.[2]
In its role as an anabolic agent, HGH has been abused by competitors in sports since the 1970s, and it has been banned by the IOC and NCAA. Traditional urine analysis could not detect doping with HGH, so the ban was unenforceable until the early 2000s when blood tests that could distinguish between natural and artificial hGH were starting to be developed. Blood tests conducted by WADA at the 2004 Olympic Games in Athens, Greece primarily targeted HGH. This use for the drug is not approved by the FDA and as mentioned above, GH is legally available only by prescription in the United States.

GH has been studied for use in raising livestock more efficiently in industrial agriculture and several efforts have been made to obtain governmental approval to use GH in livestock production. These uses have been controversial. In the United States, the only FDA-approved use of GH, is the use of a cow-specific form of GH called bovine somatotropin for increasing milk production in dairy cows. Now retailers are permitted to label which milk was produced with or without bovine somatotropin.

Biology
Genes for human growth hormone, known as growth hormone 1 (somatotropin) and growth hormone 2, are localized in the q22-24 region of chromosome 17 and are closely related to human chorionic somatomammotropin (also known as placental lactogen) genes. GH, human chorionic somatomammotropin, and prolactin belong to a group of homologous hormones with growth-promoting and lactogenic activity.

Structure
The major isoform of the human growth hormone is a protein of 191 amino acids and a molecular weight of 22,124 daltons. The structure includes four helices necessary for functional interaction with the GH receptor. It appears that, in structure, GH is evolutionarily homologous to prolactin and chorionic somatomammotropin. Despite marked structural similarities between growth hormone from different species, only human and primate growth hormones have significant effects in humans.

Several molecular isoforms of GH exist in the pituitary gland and are released to blood. In particular, a ~ 20 kDa variant originated by an alternative splicing is present in a rather constant 1:9 ratio, while recently an additional variant of ~ 23-24 kDa has also been reported in post-exercise states at higher proportions. This variant has not been identified, but it has been suggested to coincide with a 22 kDa glycosilated variant of 23 kDa identified in the pituitary gland. Furthermore, these variants circulate partially bound to a protein (growth hormone-binding protein, GHBP), which is the truncated part of the growth hormone receptor, and an acid-labile subunit (ALS).

Biological regulation
Peptides released by neurosecretory nuclei of the hypothalamus (Growth hormone-releasing hormone/somatocrinin and Growth hormone-inhibiting hormone/somatostatin) into the hypophyseal portal venous blood surrounding the pituitary are the major controllers of GH secretion by the somatotropes. However, although the balance of these stimulating and inhibiting peptides determines GH release, this balance is affected by many physiological stimulators (e.g., exercise, nutrition, sleep) and inhibitors of GH secretion (e.g., Free fatty acids). Stimulators of HGH secretion include:

· peptide hormones 

· Growth hormone-releasing hormone (GHRH) through binding to the growth hormone-releasing hormone receptor (GHRHR) 

· ghrelin through binding to growth hormone secretagogue receptors (GHSR) 

· sex hormones 

· increased androgen secretion during puberty (in males from testis and in females from adrenal cortex)

· estrogen
· clonidine and L-DOPA by stimulating GHRH release

· hypoglycemia, arginine and propranolol by inhibiting somatostatin release.

· deep sleep
· fasting
· vigorous exercise 

Inhibitors of GH secretion include:

· somatostatin from the periventricular nucleus
· circulating concentrations of GH and IGF-1 (negative feedback on the pituitary and hypothalamus)

·  hyperglycemia

HYPERLINK "http://en.wikipedia.org/wiki/Growth_hormone" \l "cite_note-pmid1901390-9"http://en.wikipedia.org/wiki/Growth_hormone - cite_note-pmid1901390-9
· glucocorticoids

HYPERLINK "http://en.wikipedia.org/wiki/Dihydrotestosterone"dihydrotestosterone
In addition to control by endogenous and stimulus processes, a number of foreign compounds (xenobiotics such as drugs and endocrine disruptors) are known to influence GH secretion and function. 

HGH is synthesized and secreted from the anterior pituitary gland in a pulsatile manner throughout the day; surges of secretion occur at 3- to 5-hour intervals. The plasma concentration of GH during these peaks may range from 5 to even 45 ng/mL. The largest and most predictable of these GH peaks occurs about an hour after onset of sleep. Otherwise there is wide variation between days and individuals. Nearly fifty percent of HGH secretion occurs during the third and fourth REM sleep stages. Between the peaks, basal GH levels are low, usually less than 5 ng/mL for most of the day and night. Additional analysis of the pulsatile profile of GH described in all cases less than 1 ng/ml for basal levels while maximum peaks were situated around 10-20 ng/mL. 

A number of factors are known to affect HGH secretion, such as age, gender, diet, exercise, stress, and other hormones. Young adolescents secrete HGH at the rate of about 700 μg/day, while healthy adults secrete HGH at the rate of about 400 μg/day. 

Normal functions of GH produced by the body




Main pathways in endocrine regulation of growth.

Effects of growth hormone on the tissues of the body can generally be described as anabolic (building up). Like most other protein hormones, GH acts by interacting with a specific receptor on the surface of cells.

Increased height during childhood is the most widely known effect of GH. Height appears to be stimulated by at least two mechanisms:

1. Because polypeptide hormones are not fat-soluble, they cannot penetrate sarcolemma. Thus, GH exerts some of its effects by binding to receptors on target cells, where it activates the MAPK/ERK pathway.[24] Through this mechanism GH directly stimulates division and multiplication of chondrocytes of cartilage.

2. GH also stimulates, through the JAK-STAT signaling pathway, the production of insulin-like growth factor 1 (IGF-1, formerly known as somatomedin C), a hormone homologous to proinsulin.[25] The liver is a major target organ of GH for this process and is the principal site of IGF-1 production. IGF-1 has growth-stimulating effects on a wide variety of tissues. Additional IGF-1 is generated within target tissues, making it what appears to be both an endocrine and an autocrine/paracrine hormone. IGF-1 also has stimulatory effects on osteoblast and chondrocyte activity to promote bone growth.

In addition to increasing height in children and adolescents, growth hormone has many other effects on the body:

· Increases calcium retention, and strengthens and increases the mineralization of bone
· Increases muscle mass through sarcomere hyperplasia
· Promotes lipolysis
· Increases protein synthesis
· Stimulates the growth of all internal organs excluding the brain
· Plays a role in homeostasis
· Reduces liver uptake of glucose
· Promotes gluconeogenesis in the liver[26]
· Contributes to the maintenance and function of pancreatic islets
· Stimulates the immune system
Problems caused when the body produces too much GH
The most common disease of GH excess is a pituitary tumor composed of somatotroph cells of the anterior pituitary. These somatotroph adenomas are benign and grow slowly, gradually producing more and more GH. For years, the principal clinical problems are those of GH excess. Eventually, the adenoma may become large enough to cause headaches, impair vision by pressure on the optic nerves, or cause deficiency of other pituitary hormones by displacement.

Prolonged GH excess thickens the bones of the jaw, fingers and toes. Resulting heaviness of the jaw and increased size of digits is referred to as acromegaly. Accompanying problems can include sweating, pressure on nerves (e.g., carpal tunnel syndrome), muscle weakness, excess sex hormone-binding globulin (SHBG), insulin resistance or even a rare form of type 2 diabetes, and reduced sexual function.

GH-secreting tumors are typically recognized in the fifth decade of life. It is extremely rare for such a tumor to occur in childhood, but, when it does, the excessive GH can cause excessive growth, traditionally referred to as pituitary gigantism.

Surgical removal is the usual treatment for GH-producing tumors. In some circumstances, focused radiation or a GH antagonist such as pegvisomant may be employed to shrink the tumor or block function. Other drugs like octreotide (somatostatin agonist) and bromocriptine (dopamine agonist) can be used to block GH secretion because both somatostatin and dopamine negatively inhibit GHRH-mediated GH release from the anterior pituitary.

Growth hormone deficiency
The effects of growth hormone deficiency vary depending on the age at which they occur. In children, growth failure and short stature are the major manifestations of GH deficiency, with common causes including genetic conditions and congenital malformations. It can also cause delayed sexual maturity. In adults, deficiency is rare, with the most common cause a pituitary adenoma, and others including a continuation of a childhood problem, other structural lesions or trauma, and very rarely idiopathic GHD.

Adults with GHD present with non-specific problems including truncal obesity with a relative decrease in muscle mass and, in many instances, decreased energy and quality of life. 

Diagnosis of GH deficiency involves a multiple-step diagnostic process, usually culminating in GH stimulation tests to see if the patient's pituitary gland will release a pulse of GH when provoked by various stimuli.

UNIT IV
MUSCLE

Introduction:


Muscle is the major biochemical transducer (machine) that converts potential energy (Chemical) into mechanical energy.  Muscle is the largest single tissue present in the human body, makeup nearly 25% of the body mass at birth, more than 40% in young adult, and 30% in aged adult.


An effective chemical mechanical Transducer meet several requirements: 

1. There must exist a constant supply of chemical energy.  (ATP and Creative P)

2. There must be a regulation on speed, duration, and force of contraction.

3. The machine must be connecting with operator.  (Nervous System)

4. There must be a way of returning the machine to its original state.

In vertebrates, three types of muscle namely skeletal muscle, Cardiac Muscle and Smooth Muscle, it the above requirements and the specific needs of the organisms.

Muscle proteins:

Major muscle protein includes actin, myosin, troponin, tropomyosin, actinin, desmin and myogloblin.
Actin:

Actin constitute about ¼ th of the total muscle protein. At low concentration and absence of mg2+, actin exists as water soluble, ATP-bound, globular monomers called G actin made of 376 amino acid. In the presence of mg2+, G actin molecule polymerizes with the break down of ATP to form insoluble, ATP bound, elongated and beaded fibrous filaments of Factin.

F-actin-ATP                    F.actin-ADP +Pi

F actin filaments are double stranded with the two strands coiled around each other to from helices. The F actin double strand is about 6-7nm thick, carries about 14 G actin molecules per turn. An F actin double strand, along with troponin and tropomyosin associated with it, form a thin myofilament in the I band of the myofibril.

Tropomyosin:

It has a rod like fibrous molecules, about 41 nm long, about 66 kadl in molecular weight and consisting of one each ( and other each contain helical ( and ( peptide chains. The double stranded tropomyosin molecules lies almost parallel to the thin filament in the long helical groove between its F actin strands and remains bound to the TpT sub unit of troponin.

Troponin:
The troponin system consist of three interconnected globular protein .1TpT is a tropomyosin binding protein of 259 amino acid residues.2.TpC bears 4 ca2+ binding sites consists of 159 amino acid residue.

3.TpI possesses binding sites for F actin and TpC, consists of 179 aminoacid residues and inhibits actin -myosin interaction. 

Actinin and desmin:

The insoluble fabric of the Zline is predominantly made of intermediate filaments formed by the polymerization of the protein desmin. Actinin a diamer of two identical peptides anchors the end of Factin molecules to the Z line.

Myosin:
Myosin constitutes more than half of the total muscle protein. It has a hexameric molecules made of two heavy chains and four light chains .The heavy chains forms a double stranded fibrous rod, 2nm in diameter and 134 nm long, by coiling (helically about each other except at their Nterminal ends where each forms a globular domains possess ATPase activity and binding sites for Factin. Each thick filaments of the A band consists of hundreds of parallel myosin molecules arranged in to two oppositely directed bundles. Trypsin hydrolyses myosin in to light and heavy meromyosin.or HMM Light meromyosin or LMM is an 85 nm long, fibrous, double stranded rod consisting of the (helically coiled c-terminal fractions of two heavy chains. It carries neither of the N-terminal globular domains of myosin and consequently lacks Factin binding sites and ATPase activity. Heavy meromyosin or HMM consists of the N-terminal ends of two heavy chains, (helically coiled about each other for a 40nm strechs and breaing the globular domains with their associated light chain. Because of the globular domains, HMM retain both F actin binding ability and ATPase activity. Cross bridges project from the HMM portion only.

Papin hydrolyse HMM further into a fibrous s2 fragment and two globular s1 fragements. S2 consists of the (helical, double stranded Cterminal fraction of HMM and lacks ATPase activity and Factin binding sites. Each s1 consists of a single globular domain bound to two light chains, and possess both ATPase and F actin binding activitie
MUSCLE:  

The ability to use chemical energy to produce force and movement is present to a limited extent in most living cells. It is, however, in muscle cells that the chemical apparatus for these activities has its greatest development. The primary function of these specialized cells is to generate the forces and movements of that are used by multicellular organisms in the regulation of the internal environment and to produced the movements of the entire organism in its external environment. In the case of human, speech and the ability to manipulate objects in the environment are also the result of muscle contraction. Indeed,it is only by controlling the activity of that muscles that the human mind ultimately expresses it self.

 On the basis of contraction, structure and control mechanism, three types of muscles can be identified 1.skeletal muscle 2. Smooth muscle 3. Cardiac muscle.

Most skeletal muscle, as the name implies is attached to bone and its contraction is responsible for supporting and moving the skeleton. The contraction of skeletal muscle is initiated by impulses in the motor neurons to the muscle and is under voluntary control.

Sheets of smooth muscle surround various hollow organs and tubes, including the stomach, intestinaltract,

Urinary bladder, uterus, blood vessels, and the airways in the lungs. Single smooth muscle cells are also found distributed throughout organs and in small bundles of cells attached to the hair in the skin and the iris of the eye. Contraction of the smooth muscle surrounding hollow organs may propel the luminal contents through the organ, or it may regulate internal flow by changing the tube diameter. Smooth muscle contraction is controlled by the autonomic nervous system, hormones, paracrines, and other local chemical signals. Some smooth muscles contract spontaneously, however, even in the absence of such signals.

Cardiac muscle is the muscle of the heart. Its contraction propels blood through the circulatory system. Like smooth muscle, it is regulated by the autonomic nervous system and hormones and certain portions of it can undergo spontaneous contractions.
STRUCTURE OF SKETRAL MUSCLES AND MUSCLE FIBERS:

A single skeletal muscle cell is known as muscle fiber. Each muscle fiber is formed during development by the fusion of a number undifferentiated, mononucleated cells, known as my oblast, in to a single, cylindrical, multinucleated muscle fiber. Each fiber has a diameter between 10 and 100um and a length that may extend up to 20cm.The term muscle refers to a number of muscle fiber bound together by connective tissue and usually linked to bones by bundles of collagen fibers, known as tendons, located at each end of the muscle.
The most stricking feature seen when observing a muscle fiber with a light microscope is a series of light and dark bands oriented perpendicular to the long axis of the fiber. Both skeletal and cardiac muscle fibers have characteristic banding and are known as striated muscle. Smooth muscle cells showing no banding pattern. This striated pattern is due to the presence in the fiber cytoplasm of approximately cylindrical elements known as myofibrils. Most of the cytoplasm is filled with myofibril, each of which extends from one end of a fiber to the other. Each myofibril is composed of thick and thin filaments arranged in a repeating pattern along the of the myofibril. One unit of this repeating pattern is known as a sarcomere. The thick filaments composed almost entirely of the contractile protein myosin and the thin filaments contain the contractile protein actin as well as two other proteins troponin and tropomyosin, that play important role in regulating contraction.
The thick filaments are located in the middle of each sarcomere, which their orderly parallel arrangement produces the wide, dark band known as the A band. In contrast, each sarcomere contains two sets of thin filaments, one at each end. One end of the each thin filament is anchored to a network of interconnecting protein known as a Z line, wehere as other end overlaps a portion of the thick filaments. Two successive Z lines define the limits of the sarcomere. Thus, thin filaments from two adjacent sarcomere are anchored to each Z line. The I band lies between the ends of the A bands of two adjacent sarcomere and contains those portion of the thin filaments that do not overlaps the thick filaments. It bisected by the Z line.

Two additional bands are present in the Aband region of the each sarcomere .The H zone is relatively light band in the center of the A band. It corresponds to the space between the ends of the two sets of thin filaments in each sarcomere; hence, only the central parts of thick filaments are found in the H zone. Finally, the narrow, dark band in the center of the H zone is known as the M line and is produced that bind all the thick filaments in a sarcomere together. Thus, nither the thick nor the thin filaments are free floating, since the thin filaments are anchored to the Z line and the thick filaments are linked together by the M line. 
MOLECULAR MECHANISM OF CONTRACTION:
When sketal muscle fibers is activated by a nerve impulse, the cross bridges bind to the thin filaments and exert force on them. In order for shortening to occur, the forces excreted on the thin filaments must be greater than the force opposing shortening. The term contraction, as used in muscle physiology, does not necessarily mean shortening; rather, it refers only to the turning on of the force generating sites the cross bridge in a muscle fiber. Following contraction, the mechanisms that initiate force generation are turned off, and tension generation declines, producing relaxation of the muscle fiber.
SLIDING FILAMENT MECHANISM:
When contraction produces shortening of a sketal muscle fiber, the overlapping thick and thin filaments in each sarcomere move fast each other, propelled by movements of the cross bridges. During this movement, there is no change in the lengths of either the thick or thin filaments. This is known as the sliding filament mechanism of muscle contraction.

During shortening, each cross bridge attached to a thin filament moves in an arc much like the oars on a boat. This swiveling motion force the thin filaments at either end of the A band toward the M line, there by shortening the sarcomere. One stroke of a cross bridge produces only a small movement of a thin filament relative to a thick filaments. While the force generating mechanism remains active, the cross bridge will repeat their swiveling motion many times, producing large movements that are made up of very small steps.  
The sequence of events that occur between the time a cross bridge bind to a thin filaments and the time it again binds to a thin filaments to repeat the process is known as the cross bridge cycle.

Each cycle consists of four steps:

1.Attachment of the cross bridge to a thin filaments

2. Movement of the cross bridge, producing movement of the thin filament

3. Detachment of the cross bridge from the thin filaments, and 

4. Movement of the cross bridge in to a position where it can again reattach to a thin filament and the cycle repeat.
ACTIN BASED CONTRACTION:

A contraction of skeletal and cardiac muscle fibers depends largely on the spontaneous activation of myosin-ATPase by F actin. In the resting muscle, the sarcoplasimic ca2+ concentration is kept as 10-7 to 10-8 mol 1-1.At the low sarcoplasimc ca2+ concentration thus maintained; the TpC component of troponin remains free from ca2+. This enable its TpI component to inhibit the actin –myosin interaction either by rolling the TpT bound tropomysoin in to a position blocking the s1 binding sites of Factin sterically, or by promoting a tropomysion mediated conformational change in Factin. This keep the myosin head detached from F actin and the muscle fiber consequently remains relaxed with myosin exiting as myosin ADP-pi complex only.

Stimulation of the muscle fiber depolarizes the T tuble memberane. This triggers a large-scale ca2+ influx from the sarcoplasimic recticulum to the sarcoplasm, raising the sarcoplasmic ca2+ concentration to 10-5 mol-1
. Ca2+ now binds with the TpC component of troponin to form Tpc 4ca2+. Which either alter the conformation of Factin through tropomyosin or rolls tropomyosin in to the center of the long helical grove of Factin, exposing the s1 binding sites of the latter. This nullifies the inhibitory action of TpI on actin myosin interaction and enables Factin of thin filaments to bind with the s1 domain of myosin heads of the thick filaments to form actomyosin. This actin myosin interaction accelerates myosin ATPase activity.
A muscle fiber ability to generate force and movements depends on the interactions of the two contractile protein, myosin in the thick filaments and actin in the thin filaments and the energy provided by ATP.Actin is a globular protein that polymerize to form the two intertwined helical chains that make up the core of the thin filaments. Myosin has a globular heads attached to a long tail. The tails lie along the axis of the sides, forming the cross bridges. Each globular head contains a binding site for actin and an enzymatic site an ATPase that catalyze the hydrolysis of ATP to ADP and pi, releasing the chemical energy stored in ATP.
The special events, chemical and physical occurring during the cross bridge cycle is illustrated in to five-step process.

1.The ATP bound myosin was split, releasing chemical energy. This energy was trans formed to myosin M producing an energized form of myosin M*  to which the product of ATP hydrolysis, ADP and pi are still bound.

M. ATP                                         M* .ADP.PI

2. The binding of energized myosin bind to actin. Then actin myosin complex formation is taking place. still  myosin head contain ADP.PI.

  M* .ADP.PI
A.M*.ADP.PI

3. After the formation of actin myosin complex .The myosin head contain ADP.PI.  it is released .

A.M*. ADP.PI
A.M*   +.  ADP.PI

4. With release of ADP.PI from the myosin head, which result power stroke in the myosin head. Because of power stroke myosin head moved from the postion, were it is binding with the thin filament. (This movement creating contraction of the skeletal muscle)

5. The dissociation of the actin myosin complex taking place by the attachment of ATP to the myosin head . Then the cycle repeast.
NEURO MUCULAR JUNCTION:

The contraction of the muscle is under control of the motor nervous system. The motor nerve initiates the contraction of the skeletal muscle. These motor neuron cell bodies are located in the brain stem or the spinal cord. The axons of the motor neuron are myelinated and are the largest diameter axons in the body. They are therefore able to propagate action potential at high velocities, allowing signals from the central nervous system to be transmitted to skeletal muscle fiber with minimal delay.

Within a muscle, the axon of motor neurons divides in to many branches each branches forming a single junction with muscle fibers. Thus single motor neurons innervates many muscle fibers, but each muscle fiber has only one nerve junction and therefore is controlled by only one motor neuron. A motor neuron plus the muscle fibers it innervates is called motor unit. When an action potential produced in a single motor neuron, all the muscle fiber in its motor unit contact. The myelin sheath surrounding the axon of a motor neuron ends near the surface of muscle fiber, and the axon divides in to a number of short processes that lie embedded in grooves on the muscle fiber surface. The region of the muscle fiber plasma membrane that lies directly under the terminal portion of the axon has special properties and is known as the motor end plate. The area of contact between neuron and muscle fiber called a neuromuscular junction. The axon terminal of a motor neuron contains membrane bound vescile. The vesicle contains chemical transmitter acetylcholine. When the action potential in a motor neuron arrives at an axon terminal, it depolarizes, the nerve plasma membrane causes opening of voltage sensitive calcium channels and thus allowing calcium ions to diffuse in to the axon terminal. This calcium tiggers from the vesicles in to the extra ceullar cleft or exocytosis cleft separating the axon terminal and motor end plate.
The acetylcholine diffuses across this cleft and binds the receptor sites on the motor end plates. The binding of acetylcholine activates the receptor, which open ions channels in the plasma membrane. Both NA+ and K+ can pass through these channels. Because of the difference in the electro chemical gradient across the plasma membrane, more NA+ moves than that of K+ out.  Producing local depolarization in the plasma membrane of muscle fiber. Because of the local depolarization in the muscle fiber contraction process is activated. 
SKELTAL MUSCLE ENERGY METABOLISM: 
ATP performs three functions directly related to muscle fiber contraction and relaxation. In no other cell types does the rate of ATP break down increase so much from one moments to the next as in a skeletal muscle fiber when it performed ATP that exits at the start of contractile activity is consumed within a few twitches. If this were the only source of energy, the muscle cross bridge would rapidly become located in a state equivalent to rigor mortis as the ATP was depleted 

There are three ways a muscle fiber can form ATP during contractile activity .1. Phosphorylation of ADP by creatine phosphate.2. Oxidative phosphorylation of ADP in mitochondria, and 3. Substrate level phosphorylation of ADP, primarly by the glycolytic pathway in the cytosol.

Phosphorylation of ADP by creatine phosphate CP provides a very rapid means of forming ATP at the onset of contractile activity. When the chemical bond between creatine C and pi is broken, the amount of energy released is about the same as the released when the terminal phosphate bond in ATP is broken. This energy, along with the phosphate group, can transfer to ADP to form ATP in a reversible reaction catalyzed by creatine kinase
.


CP + ADP    creatine kinase
C+ ATP
In a resting muscle fiber, the concentration of ATP is always greater than ADP, leading, by mass action, to the formation of creatine phosphate. During period of rest, muscle fibers build up a concentration of creatine phosphate to level approximately five times that of 
ATP.At the beginning of contraction, When the concentration of ATP begins to fall and ADP to rise owing to the increased rate of ATP break down, mass action favor the formation of ATP from creatine phosphate. This transfer of energy from creatine phosphate to ATP is so rapid that the concentration ofATP in a muscle fiber changes very little at creatine phosphate falls rapidly. Although the formation of ATP from creatine phosphate is very rapid, requiring only a single enzymatic reaction, the amount of ATP that can be formed by this process is limited by the initial concentration of creatine phosphate. If contractile activity is to be continued for more than a few seconds, the muscle must be able to form ATP from sources other than the limited creatine phosphate stores. The use of creatine phosphate at the start of contractile activity provides the few seconds necessary for the slower, multienzymes pathways of oxidative phosphorylation and gylcolysis to increase their rates of ATP formation to levels that match the rates of ATP break down.
At moderate level of muscular exercise, most of the ATP used for muscle contraction is formed by oxidative phosphorylation. During the first 5 to 10 min of exercise, the muscles own glycogen is the major fuel consumed. For the next 30 min or so, blood born fuels become dominant, blood glucose and fatty acid contributing approximately equally to the oxygen consumption of the muscle. Beyond this period, fattyacids become progressively more important as glucose utilization decreases.
A number of factors may limit the production of ATP by oxidative phosphorylation in a muscle fiber; 
1.the quantity of oxygen delivered by the blood 

2. The quantity of fuel molecules delivered by the blood and 

3.the rates at which the enzymes in the metabolic pathways can process the fuel molecules.

When the rate of exercise exceeds about 70% of the maximal rate of break down, glycolysis begins to contribute an increasingly significant fraction of the total ATP generated by the muscle. 
The gycolytic pathway, although producing only small quantities of ATP from each molecules of glucose metabolized, can produce large quantities of ATP rapidly when enough enzymes substrate are available, and it can do so in the absence of oxygen .The glucose for glycolysis can be obtained from two sources; the blood or the stores of glycogen within 

the muscle fibers. As the intensity of muscle activity increases, more and more of the ATP is formed by the anaerobic break down of muscle glycogen, with a corresponding increase in the production of lactic acid.
At the end of the muscle activity, creatine phosphate and glycogen level in the muscle are decreased. To return a muscle fiber to its original state, the store glycogen and creatine phosphate must be replaced. Both processes require energy, and so muscle continues to consume increased amount of oxygen for some time after it has ceased to contract. The longer and more intense the exercise, the longer it takes to restore the glycogen and creatine phosphate in a muscle fiber to their original concentrations.

Metabolic path way producing the ATP utilized during muscle contraction 
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Smooth Muscle:



Smooth muscle is anatomically differed from skeletal and cardiac muscle.  The smooth muscle lacks visible cross striation. Actin and myosin II are present and they slide on each other to produce contraction.  However they are not arranged in regular arrays, and so striations are absent.  Instead of Z – lines, there are dense bodies in the cytoplasm and attached to the cell membrane, and these are bound by X – actin-to-actin filaments. Smooth muscle also contains tropomysin, but troponin appears to be absent.  Smooth muscle contains few mitochondria and depends to a large extent on glycolysis for their metabolic needs.

There are considerable variations in the structure and function of smooth muscle in different parts of the body.  In general, smooth muscle can be divided into visceral smooth muscle and multi unit Smooth muscle.  Visceral smooth muscle is found primarily in the walls of hollow Viscera. For e.g. the musculature of the intestine, the uterus and the Ureters.Multi– unit smooth muscle is made up of individual units without interconnecting bridges.

It is found in structures such as iris of the eye, in which fine, graded contractions occur.  It is not under voluntary control, but is has many functional similarities to skeletal muscle.

Because of proliferation of Vascular Smooth muscle cells contributes to arteriosclerosis, hyper tension, and thickening of blood vessel walls when the endothelium is damaged there will be considerable regulation in growth of smooth muscle.  The regulation is complex and involved a variety of different growth factors.  Catecholamines and proliferation, where as glucocarticoids inhibits the growth.
Cardiac Muscle:


The striations in Cardiac muscles are similar to those in skeletal muscle and Z – line present.  There are large numbers of elongated mitochondria in close contact with the muscle fibrils.  The muscle fibers branch and interdigitate, but each is a complete unit surrounded by a cell membrane where the end of one muscle fiber abuts on another.  The membranes of both fibers parallel each other through an extensive series of folds.  These areas, which always occur at Z – lines, are called intercalated disks.  They provide a strong union between fibers, maintaining cell-to-cell cohesion.
 Explain fibrous protein: Collagens
Collagens are extra cellular fibrous scleroprotein. Their oligosaccharide prosthetic groups have galactose, mannose, N-acetyl hexosamine, fructose, xylose and sialicacid residue, but no hexuronicacid. The oligosaccharides are bound to specific hydroxyl lysine residues by O-glycosidic linkages. The rod like collagen molecule, about .26 um long and 1.5 nm thick, consists of a triple helix, which is a right, handed super coil of three α peptide chains. Each α –chain is in turn coiled in to a left handed helix with 3 amino acid residues in each turn of the coil. The α –chain are held together by inter chain hydrogen bonds,aldol crosslinks,secondary peptide bonds and amide bonds.

.Collagenes are deficient in tryptophan, tyrosine,cysteine,cystine and methionine,but contain abundant numbers of glycine, proline,hydroxyproline ,alanine and hydroxyl lysine residue .about 21-23%of the amino acid residues consists of proline plus hydroxyproline while every third amino acid residue is glycine.Each  α –chain is made of more than 300 repeating tripeptide units of the type gly-x-y; x and y are the non glycine amino acid composition between different classes of  α –chains. Many proline and some 3- hydroxy proline residues occur in x positions in the gly x-y units while many 4-hydroxy proline and some hydroxy lysine residues occupy Positions. The tiny side chains of glycine residues of three α –chain lie buried in the interior of the narrowest part of the triple helix. The inflexibility of the rings of proline and hydroxy proline and the numerous covalent and non-covalent cross-links between the α –chain stabilize the triple helix.
Many triple helical molecules are bundled together in longitudinally staggered fashions to form a collagen fibril of 10-100 nm diameters. Inside each fibril, the ends of consecutive triple helical are separated by short gaps, but are overlapped by the surrounding triple helices. Combination of the different classes of α –chain from the triple helices of the different types of collagen fibrils. Many collagen fibrils are cross linked by covalent aldol bonds, secondary amide and peptide bonds and Schiff base formation so as to constitute a collagen fiber.
    According to the microscopic structure, physico chemical properties and triple helical molecules, collagen fibers are divided in to five types. Type I collagen is most widely distributed. it occurs in the areloar connective tissue of skin fascia, white fibrous tissues of fibrous joints, and the intercellular matrix of fibro cartilages, tendons, ligaments, bones and dentin. in electron micrographs, its thick fibril regularly cross banded with a periodicity of about 64-67 nm due to thick over lap zones alternating with thin hole zones free from the over lap between the ends of the adjacent triple helical molecule. The type I are made of of either two   α I (I) and one α 

III peptides chains, and are poor in hydroxyline residues and poor in oligosaccharides. Type II collagen occurs in the vitreous body and the inter cellular matrix of hyaline cartilage. Its molecules are made of three α I (II) peptide chains. Type III collagen occur as a fine net work of recticulin fibers in the reticular connective tissue forming the supporting frame work of lymph glands, uterus, GI tract, liver, endocrine glands and blood vessels. They are rich in hydroxyproline residue and made of triple helices containing three α I (III) peptide chains, but have few glycoslylated hydroxylysine residues. Type IV collagen occurs as a fine network of fibers in the basal lamina of the basement membrane of epilithelia and endothelia and in the lens capsule. The triple helical molecules of its fibril are made of α I (IV) and α2 (IV) peptide chains, which are rich in glycosylated hydroxylysine and also relatively rich in 3- hydroxyproline, but poor in alanine residues. TypeV collagen occurs in small amount in the basal lamina of vascular endothelia and in bones and cartilages. It is made of α I(V) , α2(V) and α 3(V) peptide chains, rich in glycosylated hydroxylysine, but poor in alanine residues. 
ELASTIN:
Elastin is found in most connective tissues in conjunction with collagen and polysaccharides. It is the major components of elastic fibers, which stretch to several times length and rapidly return to their original size and shape when the tension is released. Large amounts of elastin are found in the walls of blood vessels, particulary in the arch of the aorta near the heart, and in ligaments. The elastic ligaments prominent in the necks of grazing animals are an especially rich source of elastin. There is relatively little elastin in skin, tendons and loose connective tissue.
The amino acid composition of elastin is highly distinctive. As in collagen, one third of the residues are glycine. Also, elastin is rich in proline. In contrast with collagen, elastin contains very little hydroxy proline, no hydroxy proline, and few polar aminoacids. Elastin is rich in nonpolar aliphatic residues, such as alanine, valine, leucine and isoleucine.
Mature elastin contains many cross-links, which render it highly insoluble and there fore difficult to analyze. Howerever, a soluble precursor of elastin called pro elastin has been isolated from copper deficient pigs. Copper deficiency blocks the formation of aldehydes, which are essential for cross-linking, as in collagen. Amino acid sequence studies of proelastin, some interesting result has been obtained thus far. There are several regions that are highly rich in alanine and lysine residues. in particular ,each of the sequence
                        Lys-ala-ala-Lys

And 

                         -Lys-ala-ala-ala-Lys
Occur several times. Cross-links are formed in these regions. The aldol cross-links found in collagen is also present in elastin. Another types of cross links derived from lysine residues is lysinonorleucin.,which also occur in both collagen and elastin.Desmesine,found only in elastin,is derived from four lysine side .these cross links may be important in enabling elastin fiber to return to their original size and shape after stretching.

Regions of elastin between cross-links are rich in glycine, proline, and valine. The amino acid sequence of some of these regions displays regularities. The elucidation of the conformation of these regular regions and their relationship elasticity of elastin are challenging areas of inquiry.  

NERVOUS SYSTEM
The nervous system is the most important organs, which regulates the different body function. This system is absolutely necessary for the reception, storage and release of different information of regulating initiating the body function. It is composed of various kinds of tissues including nerve tissue, connective tissue & blood.

This system is divided in to two groups.

1. The centeral nervous system (CNS) which consists of brain & spinal cord

2. The peripheral nervous system (PNS), which consists of nerves that connect the CNS to other body parts.
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The nervous system has three important functions.

Sensory function.

This type of nervous system, which gather the information by detecting the changes that occur inside and outside the body.

Integrative function.

The gathered information is converted to signals in the form of nerve impulses, which are transmitted over peripheral nerves to the CNS.These signals are integrated as a result, conscious or subconscious division are made & then acted upon by means of motor function.

Motor function.

The motor function of nervous system is carried out by peripheral nerves, which carry impulse from the CNS to responsive parts called effectors.

NERVE IMPULSE CONDUCTION:

Nerve impulse is defined as an electrochemical changes occurring at membrane of nerve fibers, produced by a fiber to its other end.

   EXTERNAL STIMULI

IMPULSE (RECEIVED BY SENSORY NEURONS)

INTERMEDIATE NEURON 

EFFECTOR ORGAN
The passing of impulse along the nerve is called nerve impulse conduction. The transmission of nerve impulse is a metabolic process it involves the active trans port of ion across the membrane by nerve fiber. This process involves consumption of CO2, release of production heat. There are 4 different ways of nerve impulse conduction.

1. Conduction of impulse through non myelinated nerve

2. Conduction of impulse through the myelinated nerve

3. Conduction through synapse

4. Conduction through the neuro muscular junction.

  Conduction of impulse through non-myelinated nerve

The nerve fiber is in the from of long tube filled with axoplasm and is converted by a plasma membrane. During resting potential the axoplasm contain more K+ ions & large number number of negative charge organic ions out side at the nerve fiber. The ECF contain more NA + ion. During resting potential the plasma membrane is more permeable to K+ ion than the NA+ ion.

Hence K+ leaves the nerve fiber faster than NA+ enters in. therefore outside of the axon is positively charged & the axoplasm is negatively charged. The distribution of charges makes the membrane as polarized condition. The difference in electrical potential at nerve fiber is called as membrane potential or resting potential. In this state, the nerve fiber as followings features:

1. It is the resting state of nerve fiber

2. The axoplasm is negatively charges& ECF is positively charge.

3. Plasma membrane is more permeable to K+

4. More K+ moves out & less NA + moves in.

When the resting membrane is stimulated by an impulse, the membrane becomes more permeable to NA+ ion that k+ ion. As a result, the axoplasm becomes positively charges &the ECF becomes negatively charges. The action potential is produce in response to electro chemical impulse. As the depolarization waves passes away, the nerve fiber returns to resting stage called as repolarised state. Now the nerve fiber is ready to conduct the next impulse. The features of repolarised nerve are same as that of polarized sate.
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Conduction through myelinated fiber:

Myelin sheath has a highly electrical resistance and functioned as effective insulator. The insulation is broken at nodes of ranvior. Hence the action potential flows from one node over the myelin to the next node. This form of conduction of impulse is termed as saltatory propagation. Saltatory propagation increases the speed of sense nerve impulse conduction. It is about 20 times faster than non-myelinated nerve fiber.




Conduction through synapses:

 Synapses are sites where the nerve cells are very close to one other. The junction between the pre synaptic neuron and postsynaptic neuron is called as synapses. The neuron contributing the axon is called pre synaptic neuron &the other neuron, which contributes dendrites called as postsynaptic neuron. There lies a gap between pre synaptic neuron and postsynaptic neuron is called synaptic cleft.

The pre synaptic nerve fiber ends with expanded nerve terminal called synaptic knob. The membrane of pre synaptic fiber is called as pre synaptic membrane the postsynaptic fiber called as postsynaptic membrane. The synaptic knob contains mitochondria&sysnaptic vesicles.

Synaptic vescile are filled with chemical substance called neuro transmitter. The neuro transmitters mediate the transmission of impulse from presynaptic neuron to post synaptic neuron. The membrane of postsynaptic fiber contain special site called chemoreceptor.

Neuro transmitter substance.

This is the chemical substance present in synaptic vesicles of synapes. They are 2 types of neurotransmitters substance. They are.

Acetylcholine. Nor adrenaline.

Acetylcholine is present in synaptic vesicles of centeral nerve system &nor adrenaline is present synaptic vesicle of sympathetic nerve system. It is responsible for transmission of impulse from axon to dendrites through synapse.

Mechanism of synaptic transmission;

When the impulse reaches synaptic knob, the synaptic vesicle rapture &releases the transmitter substance acetylcholine. In the case of centeral nerves system is liberated, the acetylcholine diffuses in to synaptic cleft and becomes attached to chemoreceptor of the plasma membrane at dendrites. The combination of acetylcholine with chemoreceptor causes depolarization of the membrane &produced impulse. The impulse runs down dentron. Immediately after transmission of impulse acetylcholine is destroyed is destroyed by the enzymes called acetylcholine esterase present in the membrane of the dendrites.

The enzymes cleave the acetylcholine in to acetic acid and choline .All this events occurring in 0.6 milli seconds. Acetic acid &choline are return to axon by diffusion process where they are combined as acetylcholine. The dendron cannot produce acetylcholine and hence the impulse travels from axon to dendron and not dendron to axon.

Sequence of synaptic transmission as follows.

Nerve impulse coming from axon

  

           Synaptic knob    


Acetyl choline diffuse through the synaptic cleft

Acetylcholine combines with chemoreceptor of postsynaptic membrane  




Permeability of postsynaptic membrane is increased.

               


Depolarization of postsynaptic membrane



Impulse moves in postsynaptic membrane.



Acetylcholine is broken in to acetic acid & choline.
 NEURO MUCULAR JUNCTION:

The contraction of the muscle is under control of the motor nervous system. The motor nerve initiates the contraction of the skeletal muscle. These motor neuron cell bodies are located in the brain stem or the spinal cord. The axons of the motor neuron are myelinated and are the largest diameter axons in the body. They are therefore able to propagate action potential at high velocities, allowing signals from the central nervous system to be transmitted to skeletal muscle fiber with minimal delay.
Within a muscle, the axon of motor neurons divides in to many branches each branches forming a single junction with muscle fibers. Thus single motor neurons innervate many muscle fibers, but each muscle fiber has only one nerve junction and therefore is controlled by only one motor neuron. A motor neuron plus the muscle fibers it innervates is called motor unit. When an action potential produced in a single motor neuron, all the muscle fiber in its motor unit contact. The myelin sheath surrounding the axon of a motor neuron ends near the surface of muscle fiber, and the axon divides in to a number of short processes that lie embedded in grooves on the muscle fiber surface. 
The region of the muscle fiber plasma membrane that lies directly under the terminal portion of the axon has special properties and is known as the motor end plate. The area of contact between neuron and muscle fiber called a neuromuscular junction. The axon terminal of a motor neuron contains membrane bound vesicle. The vesicle contains chemical transmitter acetylcholine. When the action potential in a motor neuron arrives at an axon terminal, it depolarizes, the nerve plasma membrane causes opening of voltage sensitive calcium channels and thus allowing calcium ions to diffuse in to the axon terminal. This calcium triggers from the vesicles in to the extra ceullar cleft or exocytosis cleft separating the axon terminal and motor end plate.
The acetylcholine diffuses across this cleft and binds the receptor sites on the motor end plates. The binding of acetylcholine activates the receptor, which open ions channels in the plasma membrane. Both NA+ and K+ can pass through these channels. Because of the difference in the electro chemical gradient across the plasma membrane, more NA+ moves than that of K+ out.  Producing local depolarization in the plasma membrane of muscle fiber. Because of the local depolarization in the muscle fiber contraction process is activated. 

Nervous tissue consists of two types of cells; neurons and neuroglia.  Neurons provide most of the unique functions of the nervous system, such as sensing, thinking, remembering, controlling muscle activity and regulating glandular secretion.  Neuroglia support, nourish and protect neurons and maintain homeostasis in the interstitial fluid that bathes neurons.

NEURONS

Like muscle cells, neurons have the property of electrical excitability, the ability to produce action potentials or impulses in response to stimuli.  Once thy arise, action potentials propagate from one point to the next along plasma membrane due to the presence of specific types of ion channels.

Parts of neuron


Most neurons have three parts;

1. Cell body

2. Dendrites

3. Axon
The cell body contains a nucleus surrounded by cytoplasm that includes typical organelles such as lysosomes, mitochondria and a golgi complex.  Neuronal cell bodies also contain prominent cluster of endoplasmic reticulum, termed nissil bodies, the sites of protein synthesis in neurons.  Two kinds of processes or extensions emerge form the cell body of a neuron; multiple dendrites and a single axon.  Nerve fiber is a general term for any neuronal process.  

Dendrites (little trees) are the receiving or input portions of a neuron.  They usually are short, tapering and highly branched.  In many neurons the dendrites form a tree-shaped array of processes extending from the cell body.  Their cytoplasm contains nissil bodies, mitochondria and other organelles.

The single axon (axis) of a neuron propagates nerve impulses toward another neuron, muscle fiber, or gland cell.  An axon is a long, thin, cylindrical projection that often joints the cell body at a cone-shaped elevation called the axon hillock (Hilloxan).  The first part of the axon is the initial segment.  An axon contains mitochondria, microtubules and neurofibrils.  Because rough endoplasmic reticulum is not present the protein synthesis does not occur in the axon.  The cytoplasm of an axon, called axoplasm, is surrounded by plasma membrane known as the axolemma.  Along the length of an axon, side branches called axon collaterals may branch off, typically at a fight angle to the axon.  The axon and its collateral end by dividing into much fine process called axon terminals.

The site of communication between two neurons or between neuron and an effectors cell is called a synapse.  The tips of some axon terminals swell into a bulb-shaped structures called synaptic bulbs, whereas others exhibit s string of swollen bumps called varicosities.  Both synaptic end bulbs and varicosities contain many tiny membrane-enclosed sacs called synaptic vesicles that store chemical neurotransmitters.
Neuroglia


Neuroglia or glia constitutes about half the volume of CNS.  Generally, neuroglias are smaller than neurons and they are 5 to 50 times numerous.  In contrast to neurons glia do not generate action potentials and they can multiple and divide in the mature nervous system.  In cases of injury or disease, neroglia multiply to fill in the spaces formerly occupied by neurons.
Myelination


A multilayered lipid and protein covering called the myelin sheath, which is produced by neuroglia, surround the axons of most mammalian neurons.  The sheath electrically insulates the axon of a neuron and increases the speed of nerve impulse conduction.  Axons without such a covering are said to be unmyelinated, whereas those with it are myelinated.  The two types of neuroglia produce myelin sheath; Schwann cells in PNS and oligodendrites in CNS.  Gaps in the myelin sheath, called nodes of Ranvier, appear at intervals along the axon.

Neurotransmitters
Introduction

The neurotransmitters mainly belong to the following categories Acetylcholine, Biogenic amines, a few amino acids and a large number of peptides.  All transmitters are of smaller molecular weights & water-soluble compounds they are synthesizes from their precursors from the larger molecules.  The Amino acid and peptides are formed circulating glucose.  Individual neurons may contain more than one neurotransmitters.
 The synaptic transmission involves not only the secretion of transmitters but also involves their specific affinity for receptors at the postsynaptic cell.  The transmitters may be excitatory or inhibitory depending upon the receptors present at the postsynaptic cell.  The single postsynaptic cell may contain more than one receptor.  The transistor receptor complexes by their influence by different ion channels determine the effect on the postsynaptic cell.  Except local anesthetics which blocks transmission in axon, the drugs that influence the nervous system functions namely, analgesics, narcotics, sedatives, anticonvulsant drugs and other psycho tropic drugs produce their effects by acting at the synapses, pre synoptically or post synoptically.  These drugs interfere with the metabolism of the neurotransmitters or with its synthesis; storage, release or reuptake mechanisms or they activate or inhibit the receptors. 
The well-known Neurotransmitters are acetylcholine, nor epinephrine, epinephrine, dopamine, serotonin, histamine substances glycine, GABA.   The neuro peptides Vasopressin, oxytocin, GH releasing factors, thyrotrophin releasing factors, somatostain and gonad tropic hormone releasing factor, corticotrophin releasing factors, prolactin, encephalin, glutamates and aspartates.  The others include cholestokinin, vasoactive intestinal eptides, gastrin, secretin, glucogon, angiotensinII, neurotensin, calcitonin, adinosin, and neuropeptide
Several compounds have been supposed to function as neurotransmitters. They are called as “putative neurotransmitters”. It’s difficult to prove that a special chemical is a transmitter at a particular synapse.

A compound, which satisfies the following contain the substance, serves as Neuro transmitters

1. The pre-synaptic neuron must contain the substance & must be capable of synthesizing 2. It must be released by the pre-synaptic neuron by specific stimulation

3. Micro application of the substance to the postsynaptic membrane should mimic the effect of stimulation of pre-synaptic neurons

  Some of the transmitters have a rapid but transient effect on the postsynaptic cell. Others have much slower onset & may last for several minutes or hours

The well established Neuro transmitters are nor adrenaline, dopamine, 5 OH typtamine, acetyl choline, histamine, GABA (gamma amino butyric acid) & certain amino acids like glycine, glutamic acid, aspartic acids, alanine & glutamine
   Excitatory transmitters in the brain are nor adrenaline, DOPA, glutamicacid, acetylcholine.

 Inhibitory transmitters are GABA, acetylcholine, & other polypeptides

 Small molecule neurotransmitters

Acetylcholine


The best-studied neurotransmitter is acetylcholine (Ach), which released by many PNS neurons and by some CNS neurons.  Ach is an excitatory neurotransmitter at some synapses, such as the neuromuscular junction, where it acts directly to open ligand-gated cation channels.  It is also an inhibitory neurotransmitter at other synapses.  Ach slows heart rate at inhibitory synapses made by parasympathetic neurons of the vagus nerve.  The enzyme acetyl cholinesterase (Ach) inactivates Ach by splitting it into acetate and choline fragments.

Amino acids


Several amino acids are neurotransmitters in the CNS.  Glutamate (glutamic acid) and aspartate (aspartic acid) have powerful excitatory effects.  Most excitatory neurons in the CNS and perhaps half of the synapses in the brain communicate via glutamate.  At some glutamate synapses, binding of the neurotransmitter to its receptors opens Calcium channels.  The consequent inflow of calcium ions produces an EPSP.  Inactivation of glutamate occurs via reuptake. 


Gamma amino butyric acid (GABA) and glycine are important inhibitory neurotransmitters.  Both cause 

Inhibitory effects

Biogenic amines


Certain amino acids are modified and decarboxylated to produce biogenic amines.  Those that are prevalent in the nervous system include nor epinephrine, epinephrine, dopamine and serotonin.


Nor epinephrine Plays roles in arousal (awakening from deep sleep), dreaming and regulating mood.  A smaller number of neurons in the brain use epinephrine as a neurotransmitter.  Both epinephrine and 

Nor epinephrine also serves as hormones.  Dopamines are active during emotional responses, addictive behaviors and pleasurable experiences.  Serotonin is concentrated in the neurons in apart of the brain.  It is thought to be involved in sensory perception, temperature regulation, and control of mood, appetite and the induction of sleep.

ATP and other Purines


ATP and purine ring also acts as neurotransmitter in certain areas of CNS and PNS.  They cause excitatory effects.

Nitric oxide


The simplest gas nitric gas (NO) is an important neurotransmitter that has widespread effects through out the body.  NO diffuse into the muscle cell and cause relaxation. (Dilation of blood vessels).

Nor adrenaline

 Released intracellularly either spontaneously or by binding mechanisms with the receptors. The remaining nor adrenalin is disposed 

   Neuronal uptake
1. After re –entering the cell it’s stored in granules or inactivated by monoamine Oxidase (MAO) which is located in the outer mitochondrial membrane. This results in the formation of 3,4 dihyroxyoxyamndelic & 3,4 dihyroxy phenyl glycol

2. Secondary “o” methyaltion by catecol o methyl transferase (COMT) occurs in the cell cytoplasm. This is followed by deamination by MAO to form 3 methyoxy 4 OH phenyl glycol & 3 methyoxy 4 OH vanil mandelic acid (VMA).
Neuropept

Neurotransmitters consisting of 3 to 40 amino acids linked by peptide bonds are called neuropeptides.  Numerous and widespread in both CNS and the PNS, neuropeptides have both excitatory and inhibitory actions.  
Endorphins (opioid peptides) are the body’s natural painkillers, they have also been linked to improved memory and learning; feelings of pleasure; control of body temperature; regulation of hormones that affect the onset of puberty, sexual drive and reproduction and mental illness such as depression.
Their actions are very slow, not synthesized in the cytosol of pre-synaptic terminal but has a integral part of protein molecule by ribosome in the neuronal cells i.e. endoplasmic reticulum & later in golgi apparatus.The enzymatically split product of precursor of neuropeptide is stored in the vesicles & are released into  the synaptic cleft in response to action potential & these vesicles are not reused s that of nor adrenalin.Neuro peptides are slowly acting transmitters having the prolonged effect E.g.: vasoactive intestinal peptide (VIP), Insulin, Neurotensin, Motilin, Glucogon, Leucine encephalin, Methionine enkephalin, and substance P.
Excitatory & Inhibitory post synaptic potentials
Excitatory postsynaptic potential (EPSP) –When an excitatory impulse excites a motor neuron, depolarization of cell membrane occurs, this is known as EPSP. When the stimulus is stronger, excitatory postsynaptic potential reaches the threshold level & the nerve impulses are set up. The ionic events underlying the development if EPSP is presumably due to increased Na+ permeability to post synaptic membrane. If more excitatory knobs become active by prolonged action potential then the liberation of excitatory transmitters material from the synaptic vesicles is maximum. This state enhances the Na+ permeability of postsynaptic membrane, producing excitatory postsynaptic potential.
Inhibitory postsynaptic potential (IPSP) -When a motor neuron receives inhibitory impulses, hyper polarization of cell membrane occurs. This is called as IPSP. It has longer latency. The hyper polarization exerts an inhibitory effect on IPSP & depolarization of cell membrane at axon hillock & causes inhibition in settling up the nerve impulse

Ionic basis of inhibitory postsynaptic potential is presumably due to increased permeability of K+ & Cl- but not due to Na+. Under such condition K+ from post synaptic cell begins to come out (efflux) & Cl- begins to enter producing the negativity within the postsynaptic cell. This negativity is hyper polarization of membrane & membrane potential is -90 mv. The decreased excitability of nerve during IPSP is due to hyper polarization which hinder the membrane potential to reach firing level

Classes of some the chemicals known or presumed to be neurotransmitters.

	1. Acetyl choline

	2. Bio genic amines

      Catecholamines

      Nor epinephrine (NE)

      Dopamine (DA)

      Nor epinephrine (NE)

      Epinephrine (Epi)

      Serotonine

      Histamine

	3. Amino acid neurotransmitters.

      Excitatory amino acid

       Glutamate

        Aspatate

      Inhibitory amino acids

        Gamma amino butyric acid GABA

        Glycine

        Taurine

	4. Neuropeptide

       Endorphins, Substance P, Somatostatin, Vasoactive intestinal peptide, Cholecystokinin like peptide        Neuro tension, Insulin, Gastrin, Glucagons, Thyrotropin releasing hormone (TRH), Gonadotropin releasing hormone (GnRH), Andernocorticotropin (ACTH), Angio tensionII, Bradykinin, Vasopressin -antidiuretic hormone (ADH), Oxytocin, Epidermal growth factor, Prolactin, Bombesin, Motilin  - Peptide histidine isoleucine (PHI), Peptide histidine methionine (PHM), Secretin, Neuro peptide Y - Peptide YY,Pancreatic polypeptide, Growth hormone releasing hormone (GHRH), Neurokinin &

 Interferon.        




UNIT V

Cell membrane







Illustration of a Eukaryotic cell membrane

The cell membrane is a biological membrane that separates the interior of all cells from the outside environment.[1] The cell membrane is selectively-permeable to ions and organic molecules and controls the movement of substances in and out of cells. It consists of the phospholipid bilayer with embedded proteins. Cell membranes are involved in a variety of cellular processes such as cell adhesion, ion conductivity and cell signaling and serve as the attachment surface for the extracellular glycocalyx and cell wall and intracellular cytoskeleton.

	

	


Function
The cell membrane surrounds the protoplasm of a cell and, in animal cells, physically separates the intracellular components from the extracellular environment. Fungi, bacteria and plants also have the cell wall which provides a mechanical support for the cell and precludes passage of the larger molecules. The cell membrane also plays a role in anchoring the cytoskeleton to provide shape to the cell, and in attaching to the extracellular matrix and other cells to help group cells together to form tissues.

The barrier is differentially permeable and able to regulate what enters and exits the cell, thus facilitating the transport of materials needed for survival. The movement of substances across the membrane can be either passive, occurring without the input of cellular energy, or active, requiring the cell to expend energy in moving it. The membrane also maintains the cell potential.

Prokaryotes
Gram-negative bacteria have plasma membrane and outer membrane separated by the periplasmic space. Other prokaryotic species have only plasma membrane. Prokaryotic cells are also surrounded by a cell wall.

Structure
Fluid mosaic model
According to the fluid mosaic model of S. J. Singer and Garth Nicolson 1972, the biological membranes can be considered as a two-dimensional liquid where all lipid and protein molecules diffuse more or less easily. This picture may be valid in the space scale of 10 nm. However, the plasma membranes contain different structures or domains that can be classified as: (a) protein-protein complexes; (b) lipid rafts, and (c) pickets and fences formed by the actin-based cytoskeleton.

Lipid bilayer




Diagram of the arrangement of amphipathic lipid molecules to form a lipid bilayer. The yellow polar head groups separate the grey hydrophobic tails from the aqueous cytosolic and extracellular environments.

Lipid bilayers go through a self assembly process in the formation of membranes. The cell membrane consists primarily of a thin layer of amphipathic phospholipids which spontaneously arrange so that the hydrophobic "tail" regions are shielded from the surrounding polar fluid, causing the more hydrophilic "head" regions to associate with the cytosolic and extracellular faces of the resulting bilayer. This forms a continuous, spherical lipid bilayer. Forces such as Van der Waal, electrostatic, hyrdogen bonds, and noncovalent interactions, are all forces that contribute to the formation of the lipid bilayer. Overall, hydrophobic interactions are the major driving force in the formation of lipid bilayers.

Lipid bilayers have very low permeability for ions and most polar molecules.The arrangement of hydrophilic heads and hydrophobic tails of the lipid bilayer prevent polar solutes (e.g. amino acids, nucleic acids, carbohydrates, proteins, and ions) from diffusing across the membrane, but generally allows for the passive diffusion of hydrophobic molecules. This affords the cell the ability to control the movement of these substances via transmembrane protein complexes such as pores and gates.

Flippases and Scramblases concentrate phosphatidyl serine, which carries a negative charge, on the inner membrane. Along with NANA, this creates an extra barrier to charged moieties moving through the membrane.

Membranes serve diverse functions in eukaryotic and prokaryotic cells. One important role is to regulate the movement of materials into and out of cells. The phospholipid bilayer structure (fluid mosaic model) with specific membrane proteins accounts for the selective permeability of the membrane and passive and active transport mechanisms. In addition, membranes in prokaryotes and in the mitochondria and chloroplasts of eukaryotes facilitate the synthesis of ATP through chemiosmosis.





Alpha intercalated cell

The apical membrane of a polarized cell is the surface of the plasma membrane that faces the lumen. This is particularly evident in epithelial and endothelial cells, but also describes other polarized cells, such as neurons.

The basolateral membrane of a polarized cell is the surface of the plasma membrane that forms its basal and lateral surfaces. It faces towards the interstitium, and away from the lumen.

"Basolateral membrane" is a compound phrase referring to the terms basal (base) membrane and lateral (side) membrane, which, especially in epithelial cells, are identical in composition and activity. Proteins (such as ion channels and pumps) are free to move from the basal to the lateral surface of the cell or vice versa in accordance with the fluid mosaic model.

Tight junctions that join epithelial cells near their apical surface prevent the migration of proteins from the basolateral membrane to the apical membrane. The basal and lateral surfaces thus remain roughly equivalent to one another, yet distinct from the apical surface.

Integral membrane proteins
The cell membrane contains many integral membrane proteins, which pepper the entire surface. These structures, which can be visualized by electron microscopy or fluorescence microscopy, can be found on the inside of the membrane, the outside, or membrane spanning. These may include integrins, cadherins, desmosomes, clathrin-coated pits, caveolaes, and different structures involved in cell adhesion. Integral proteins are the most abundant type of protein to span the lipid bilayer. They interact widely with hydrocarbon chains of membrane lipids and can be released by agents that compete for the same nonpolar interactions.

Peripheral membrane proteins
Peripheral proteins are proteins that are bounded to the membrane by electrostatic interactions and hydrogen bonding with the hydrophilic phospholipid heads. Many of these proteins can be found bounded to the surfaces of integral proteins on either the cytoplasimic side of the cell or the extracellular side of the membrane. Some are anchored to the bilayer through covalent bond with a fatty acid.

Membrane skeleton
The cytoskeleton is found underlying the cell membrane in the cytoplasm and provides a scaffolding for membrane proteins to anchor to, as well as forming organelles that extend from the cell. Indeed, cytoskeletal elements interact extensively and intimately with the cell membrane. Anchoring proteins restricts them to a particular cell surface — for example, the apical surface of epithelial cells that line the vertebrate gut — and limits how far they may diffuse within the bilayer. The cytoskeleton is able to form appendage-like organelles, such as cilia, which are microtubule-based extensions covered by the cell membrane, and filopodia, which are actin-based extensions. These extensions are ensheathed in membrane and project from the surface of the cell in order to sense the external environment and/or make contact with the substrate or other cells. The apical surfaces of epithelial cells are dense with actin-based finger-like projections known as microvilli, which increase cell surface area and thereby increase the absorption rate of nutrients. Localized decoupling of the cytoskeleton and cell membrane results in formation of a bleb.

Composition
Cell membranes contain a variety of biological molecules, notably lipids and proteins. Material is incorporated into the membrane, or deleted from it, by a variety of mechanisms:

· Fusion of intracellular vesicles with the membrane (exocytosis) not only excretes the contents of the vesicle but also incorporates the vesicle membrane's components into the cell membrane. The membrane may form blebs around extracellular material that pinch off to become vesicles (endocytosis).

· If a membrane is continuous with a tubular structure made of membrane material, then material from the tube can be drawn into the membrane continuously.

· Although the concentration of membrane components in the aqueous phase is low (stable membrane components have low solubility in water), there is an exchange of molecules between the lipid and aqueous phases.

Lipids




Examples of the major membrane phospholipids and glycolipids: phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn), phosphatidylinositol (PtdIns), phosphatidylserine (PtdSer).

The cell membrane consists of three classes of amphipathic lipids: phospholipids, glycolipids, and cholesterols. The amount of each depends upon the type of cell, but in the majority of cases phospholipids are the most abundant. In RBC studies, 30% of the plasma membrane is lipid.

The fatty chains in phospholipids and glycolipids usually contain an even number of carbon atoms, typically between 16 and 20. The 16- and 18-carbon fatty acids are the most common. Fatty acids may be saturated or unsaturated, with the configuration of the double bonds nearly always cis. The length and the degree of unsaturation of fatty acid chains have a profound effect on membrane fluidity as unsaturated lipids create a kink, preventing the fatty acids from packing together as tightly, thus decreasing the melting temperature (increasing the fluidity) of the membrane. The ability of some organisms to regulate the fluidity of their cell membranes by altering lipid composition is called homeoviscous adaptation.

The entire membrane is held together via non-covalent interaction of hydrophobic tails, however the structure is quite fluid and not fixed rigidly in place. Under physiological conditions phospholipid molecules in the cell membrane are in the liquid crystalline state. It means the lipid molecules are free to diffuse and exhibit rapid lateral diffusion along the layer in which they are present. However, the exchange of phospholipid molecules between intracellular and extracellular leaflets of the bilayer is a very slow process. Lipid rafts and caveolae are examples of cholesterol-enriched microdomains in the cell membrane.

In animal cells cholesterol is normally found dispersed in varying degrees throughout cell membranes, in the irregular spaces between the hydrophobic tails of the membrane lipids, where it confers a stiffening and strengthening effect on the membrane. 

Phospholipids forming lipid vesicles
Lipid vesicles or liposomes are circular pockets that are enclosed by a lipid bilayer. These structures are used in laboratories to study the effects of chemicals in cells by delivering these chemicals directly to the cell, as well as getting more insight into cell membrane permeability. Lipid vesicles and liposomes are formed by first suspending a lipid in an aqueous solution then agitating the mixture through sonication, resulting in a uniformly circular vesicle. By measuring the rate of efflux from that of the insideof the vesicle to the ambient solution, allows researcher to better understand membrane permeability. Vesicles can be formed with molecules and ions inside the vesicle by forming the vesicle with the desired molecule or ion present in the solution. Proteins can also be embedded into the membrane through solubilizing the desired proteins in the presence of detergents and attaching them to the phospholipids in which the liposome is formed. These provide researchers with a tool to examine various membrane protein functions.

Carbohydrates
Plasma membranes also contain carbohydrates, predominantly glycoproteins, but with some glycolipids (cerebrosides and gangliosides). For the most part, no glycosylation occurs on membranes within the cell; rather generally glycosylation occurs on the extracellular surface of the plasma membrane.

The glycocalyx is an important feature in all cells, especially epithelia with microvilli. Recent data suggest the glycocalyx participates in cell adhesion, lymphocyte homing, and many others.

The penultimate sugar is galactose and the terminal sugar is sialic acid, as the sugar backbone is modified in the golgi apparatus. Sialic acid carries a negative charge, providing an external barrier to charged particles.

Proteins
Proteins within the membrane are key to the functioning of the overall membrane. These proteins mainly transport chemicals and information across the membrane. Every membrane has a varying degree of protein content. Proteins can be in the form of peripheral or integral.

	Type
	Description
	Examples

	Integral proteins
or transmembrane proteins
	Span the membrane and have a hydrophilic cytosolic domain, which interacts with internal molecules, a hydrophobic membrane-spanning domain that anchors it within the cell membrane, and a hydrophilic extracellular domain that interacts with external molecules. The hydrophobic domain consists of one, multiple, or a combination of α-helices and β sheet protein motifs.
	Ion channels, proton pumps, G protein-coupled receptor

	Lipid anchored proteins
	Covalently bound to single or multiple lipid molecules; hydrophobically insert into the cell membrane and anchor the protein. The protein itself is not in contact with the membrane.
	G proteins

	Peripheral proteins
	Attached to integral membrane proteins, or associated with peripheral regions of the lipid bilayer. These proteins tend to have only temporary interactions with biological membranes, and, once reacted the molecule, dissociates to carry on its work in the cytoplasm.
	Some enzymes, some hormones


The cell membrane plays host to a large amount of protein that is responsible for its various activities. The amount of protein differs between species and according to function, however the typical amount in a cell membrane is 50%.http://en.wikipedia.org/wiki/Cell_membrane - cite_note-flashbio-5 These proteins are undoubtedly important to a cell: Approximately a third of the genes in yeast code specifically for them, and this number is even higher in multicellular organisms. 

The cell membrane, being exposed to the outside environment, is an important site of cell-cell communication. As such, a large variety of protein receptors and identification proteins, such as antigens, are present on the surface of the membrane. Functions of membrane proteins can also include cell-cell contact, surface recognition, cytoskeleton contact, signaling, enzymatic activity, or transporting substances across the membrane.

Most membrane proteins must be inserted in some way into the membrane. For this to occur, an N-terminus "signal sequence" of amino acids directs proteins to the endoplasmic reticulum, which inserts the proteins into a lipid bilayer. Once inserted, the proteins are then transported to their final destination in vesicles, where the vesicle fuses with the target membrane.

Variation
The cell membrane has different lipid and protein compositions in distinct types of cells and may have therefore specific names for certain cell types:

· Sarcolemma in myocytes
· Oolemma in oocytes
· Historically, the plasma membrane was also referred to as the plasmalemma.

Permeability
The permeability of a membrane is the ease of molecules to pass through it. Permeability depends mainly on the electric charge of the molecule and to a lesser extent the molar mass of the molecule. Electrically neutral and small molecules pass the membrane easier than charged, large ones.

The inability of charged molecules to pass through the cell membrane results in pH parturition of substances throughout the fluid compartments of the body.

Ion channel





Schematic diagram of an ion channel. 1 - channel domains (typically four per channel), 2 - outer vestibule, 3 - selectivity filter, 4 - diameter of selectivity filter, 5 - phosphorylation site, 6 - cell membrane.

Ion channels are pore-forming proteins that help establish and control the small voltage gradient across the plasma membrane of cells (see cell potential) by allowing the flow of ions down their electrochemical gradient. They are present in the membranes that surround all biological cells. The study of ion channels involves many scientific techniques such as voltage clamp electrophysiology (in particular patch clamp), immunohistochemistry, and RT-PCR.

	· 


 Basic features
Ion channels regulate the flow of ions across the membrane in all cells. Ion channels are integral membrane proteins; or, more typically, an assembly of several proteins. They are present on all membranes of cell (plasma membrane) and intracellular organelles (nucleus, mitochondria, endoplasmic reticulum, golgi apparatus and so on). Such "multi-subunit" assemblies usually involve a circular arrangement of identical or homologous proteins closely packed around a water-filled pore through the plane of the membrane or lipid bilayer. For most voltage-gated ion channels, the pore-forming subunit(s) are called the α subunit, while the auxiliary subunits are denoted β, γ, and so on. Some channels permit the passage of ions based solely on their charge of positive (cation) or negative (anion). However, the archetypal channel pore is just one or two atoms wide at its narrowest point and is selective for specific species of ion, such as sodium or potassium. These ions move through the channel pore single file nearly as quickly as the ions move through free fluid. In some ion channels, passage through the pore is governed by a "gate," which may be opened or closed by chemical or electrical signals, temperature, or mechanical force, depending on the variety of channel.

Biological role
Because "voltage-activated" channels underlie the nerve impulse and because "transmitter-activated" channels mediate conduction across the synapses, channels are especially prominent components of the nervous system. Indeed, most of the offensive and defensive toxins that organisms have evolved for shutting down the nervous systems of predators and prey (e.g., the venoms produced by spiders, scorpions, snakes, fish, bees, sea snails and others) work by modulating ion channel conductance and/or kinetics. In addition, ion channels are key components in a wide variety of biological processes that involve rapid changes in cells, such as cardiac, skeletal, and smooth muscle contraction, epithelial transport of nutrients and ions, T-cell activation and pancreatic beta-cell insulin release. In the search for new drugs, ion channels are a frequent target.[4]

HYPERLINK "http://en.wikipedia.org/wiki/Ion_channel" \l "cite_note-pmid19153558-4"[5]

HYPERLINK "http://en.wikipedia.org/wiki/Ion_channel" \l "cite_note-pmid19161833-5"[6]
 Diversity
There are over 300 types of ion channels in a living cell. Ion channels may be classified by the nature of their gating, the species of ions passing through those gates, the number of gates (pores) and localization of proteins.

Further heterogeneity of ion channels arises when channels with different constitutive subunits give rise to a specific kind of current. Absence or mutation of one or more of the contributing types of channel subunits can result in loss of function and, potentially, underly neurologic diseases.

Ion channels may be classified by gating, i.e. what opens and closes the channels. Voltage-gated ion channels open or close depending on the voltage gradient across the plasma membrane, while ligand-gated ion channels open or close depending on binding of ligands to the channel.

Voltage-gated
Voltage-gated ion channels open and close in response to membrane potential.

· Voltage-gated sodium channels: This family contains at least 9 members and is largely responsible for action potential creation and propagation. The pore-forming α subunits are very large (up to 4,000 amino acids) and consist of four homologous repeat domains (I-IV) each comprising six transmembrane segments (S1-S6) for a total of 24 transmembrane segments. The members of this family also coassemble with auxiliary β subunits, each spanning the membrane once. Both α and β subunits are extensively glycosylated.

· Voltage-gated calcium channels: This family contains 10 members, though these members are known to coassemble with α2δ, β, and γ subunits. These channels play an important role in both linking muscle excitation with contraction as well as neuronal excitation with transmitter release. The α subunits have an overall structural resemblance to those of the sodium channels and are equally large. 

· Cation channels of sperm: This small family of channels, normally referred to as Catsper channels, is related to the two-pore channels and distantly related to TRP channels.

· Voltage-gated potassium channels (KV): This family contains almost 40 members, which are further divided into 12 subfamilies. These channels are known mainly for their role in repolarizing the cell membrane following action potentials. The α subunits have six transmembrane segments, homologous to a single domain of the sodium channels. Correspondingly, they assemble as tetramers to produce a functioning channel.

· Some transient receptor potential channels: This group of channels, normally referred to simply as TRP channels, is named after their role in Drosophila phototransduction. This family, containing at least 28 members, is incredibly diverse in its method of activation. Some TRP channels seem to be constitutively open, while others are gated by voltage, intracellular Ca2+, pH, redox state, osmolarity, and mechanical stretch. These channels also vary according to the ion(s) they pass, some being selective for Ca2+ while others are less selective, acting as cation channels. This family is subdivided into 6 subfamilies based on homology: classical (TRPC), vanilloid receptors (TRPV), melastatin (TRPM), polycystins (TRPP), mucolipins (TRPML), and ankyrin transmembrane protein 1 (TRPA).

· Hyperpolarization-activated cyclic nucleotide-gated channels: The opening of these channels is due to hyperpolarization rather than the depolarization required for other cyclic nucleotide-gated channels. These channels are also sensitive to the cyclic nucleotides cAMP and cGMP, which alter the voltage sensitivity of the channel’s opening. These channels are permeable to the monovalent cations K+ and Na+. There are 4 members of this family, all of which form tetramers of six-transmembrane α subunits. As these channels open under hyperpolarizing conditions, they function as pacemaking channels in the heart, particularly the SA node.

· Voltage-gated proton channels: Voltage-gated proton channels open with depolarization, but in a strongly pH-sensitive manner. The result is that these channels open only when the electrochemical gradient is outward, such that their opening will only allow protons to leave cells. Their function thus appears to be acid extrusion from cells. Another important function occurs in phagocytes (e.g. eosinophils, neutrophils, macrophages) during the "respiratory burst." When bacteria or other microbes are engulfed by phagocytes, the enzyme NADPH oxidase assembles in the membrane and begins to produce reactive oxygen species (ROS) that help kill bacteria. NADPH oxidase is electrogenic, moving electrons across the membrane, and proton channels open to allow proton flux to balance the electron movement electrically.

Ligand-gated
Also known as ionotropic receptors, this group of channels open in response to specific ligand molecules binding to the extracellular domain of the receptor protein. Ligand binding causes a conformational change in the structure of the channel protein that ultimately leads to the opening of the channel gate and subsequent ion flux across the plasma membrane. Examples of such channels include the cation-permeable "nicotinic" Acetylcholine receptor, ionotropic glutamate-gated receptors and ATP-gated P2X receptors, and the anion-permeable γ-aminobutyric acid-gated GABAA receptor.

Ion channels activated by second messengers may also be categorized in this group, although ligands and second messengers are otherwise distinguished from each other.

Other gating
Other gating include activation/inactivation by e.g. second messengers from the inside of the cell membrane, rather as from outside, as in the case for ligands. Ions may count to such second messengers, and then causes direct activation, rather than indirect, as in the case were the electric potential of ions cause activation/inactivation of voltage-gated ion channels.

· Some potassium channels 

· Inward-rectifier potassium channels: These channels allow potassium to flow into the cell in an inwardly rectifying manner, i.e., potassium flows effectively into, but not out of, the cell. This family is composed of 15 official and 1 unofficial members and is further subdivided into 7 subfamilies based on homology. These channels are affected by intracellular ATP, PIP2, and G-protein βγ subunits. They are involved in important physiological processes such as the pacemaker activity in the heart, insulin release, and potassium uptake in glial cells. They contain only two transmembrane segments, corresponding to the core pore-forming segments of the KV and KCa channels. Their α subunits form tetramers.

· Calcium-activated potassium channels: This family of channels is, for the most part, activated by intracellular Ca2+ and contains 8 members.

· Two-pore-domain potassium channels: This family of 15 members form what is known as leak channels, and they follow Goldman-Hodgkin-Katz (open) rectification.

· Light-gated channels like channelrhodopsin are directly opened by the action of light.

· Mechanosensitive ion channels are opening under the influence of stretch, pressure, shear, displacement.

· Cyclic nucleotide-gated channels: This superfamily of channels contains two families: the cyclic nucleotide-gated (CNG) channels and the hyperpolarization-activated, cyclic nucleotide-gated (HCN) channels. It should be noted that this grouping is functional rather than evolutionary. 

· Cyclic nucleotide-gated channels: This family of channels is characterized by activation due to the binding of intracellular cAMP or cGMP, with specificity varying by member. These channels are primarily permeable to monovalent cations such as K+ and Na+. They are also permeable to Ca2+, though it acts to close them. There are 6 members of this family, which is divided into 2 subfamilies.

· Hyperpolarization-activated cyclic nucleotide-gated channels
· Temperature Gated Channels: Members of the Transient Receptor Potential ion channel superfamily, such as TRPV1 or TRPM8 are opened either by hot or cold temperatures.

`

By ions
· Chloride channels: This superfamily of poorly-understood channels consists of approximately 13 members. They include ClCs, CLICs, Bestrophins and CFTRs. These channels are non-selective for small anions; however chloride is the most abundant anion, and hence they are known as chloride channels.

· Potassium channels 

· Voltage-gated potassium channels e.g., Kvs, Kirs etc.

· Calcium-activated potassium channels e.g., BKCa or MaxiK, SK, etc.

· Inward-rectifier potassium channels
· Two-pore-domain potassium channels: This family of 15 members form what is known as leak channels, and they follow Goldman-Hodgkin-Katz (open) rectification.

· Sodium channels 

· voltage-gated sodium channels NaVs

· epithelial sodium channels (ENaC)

· Calcium channels CaVs

· Proton channels 

· Voltage-gated proton channels
· Non-selective cation channels: These let many types of cations, mainly Na+, K+ and Ca2+ through the channel. 

· Most Transient receptor potential channels
There are other types of ion channel classifications that are based on less normal characteristics, e.g. multiple pores and transient potentials.

Almost all ion channels have one single pore. However, there are also those with two:

· Two-pore channels: This small family of 2 members putatively forms cation-selective ion channels. They are predicted to contain two KV-style six-transmembrane domains, suggesting they form a dimer in the membrane. These channels are related to catsper channels channels and, more distantly, TRP channels.

There are channels that are classified by the duration of the response to stimuli:

· Transient receptor potential channels: This group of channels, normally referred to simply as TRP channels, is named after their role in Drosophila phototransduction. This family, containing at least 28 members, is incredibly diverse in its method of activation. Some TRP channels seem to be constitutively open, while others are gated by voltage, intracellular Ca2+, pH, redox state, osmolarity, and mechanical stretch. These channels also vary according to the ion(s) they pass, some being selective for Ca2+ while others are less selective, acting as cation channels. This family is subdivided into 6 subfamilies based on homology: canonical (TRPC), vanilloid receptors (TRPV), melastatin (TRPM), polycystins (TRPP), mucolipins (TRPML), and ankyrin transmembrane protein 1 (TRPA).

Detailed structure
Channels differ with respect to the ion they let pass (for example, Na+, K+, Cl−), the ways in which they may be regulated, the number of subunits of which they are composed and other aspects of structure. Channels belonging to the largest class, which includes the voltage-gated channels that underlie the nerve impulse, consists of four subunits with six transmembrane helices each. On activation, these helices move about and open the pore. Two of these six helices are separated by a loop that lines the pore and is the primary determinant of ion selectivity and conductance in this channel class and some others. The existence and mechanism for ion selectivity was first postulated in the 1960s by Clay Armstrong.[9] He suggested that the pore lining could efficiently replace the water molecules that normally shield potassium ions, but that sodium ions were too small to allow such shielding, and therefore could not pass through. This mechanism was finally confirmed when the structure of the channel was elucidated. The channel subunits of one such other class, for example, consist of just this "P" loop and two transmembrane helices. The determination of their molecular structure by Roderick MacKinnon using X-ray crystallography won a share of the 2003 Nobel Prize in Chemistry.

Because of their small size and the difficulty of crystallizing integral membrane proteins for X-ray analysis, it is only very recently that scientists have been able to directly examine what channels "look like." Particularly in cases where the crystallography required removing channels from their membranes with detergent, many researchers regard images that have been obtained as tentative. An example is the long-awaited crystal structure of a voltage-gated potassium channel, which was reported in May 2003.[10]

HYPERLINK "http://en.wikipedia.org/wiki/Ion_channel" \l "cite_note-10"[11] One inevitable ambiguity about these structures relates to the strong evidence that channels change conformation as they operate (they open and close, for example), such that the structure in the crystal could represent any one of these operational states. Most of what researchers have deduced about channel operation so far they have established through electrophysiology, biochemistry, gene sequence comparison and mutagenesis.

Channels can have single (CLICs) to multiple transmembrane (K channels, P2X receptors, Na channels) domains which span plasma membrane to form pores. Pore can determine the selectivity of the channel. Gate can be formed either inside or outside the pore region.

Diseases of ion channels
There are a number of chemicals and genetic disorders which disrupt normal functioning of ion channels and have disastrous consequences for the organism. Genetic disorders of ion channels and their modifiers are known as Channelopathies. See Category:Channelopathy for a full list.

Chemicals
· Tetrodotoxin (TTX), used by puffer fish and some types of newts for defense. It blocks sodium channels.

· Saxitoxin, is produced by a dinoflagellate also known as "red tide". It blocks voltage dependent sodium channels.

· Conotoxin, is used by cone snails to hunt prey.

· Lidocaine and Novocaine belong to a class of local anesthetics which block sodium ion channels.

· Dendrotoxin is produced by mamba snakes, and blocks potassium channels.

· Iberiotoxin is produced by the Buthus tamulus and blocks potassium channels.

· Heteropodatoxin is produced by Heteropoda venatoria and blocks potassium channels.

Genetic
· Shaker gene mutations cause a defect in the voltage gated ion channels, slowing down the repolarization of the cell.

· Equine hyperkalaemic periodic paralysis as well as Human hyperkalaemic periodic paralysis (HyperPP) are caused by a defect in voltage dependent sodium channels.

· Paramyotonia congenita (PC) and potassium aggravated myotonias (PAM)

· Generalized epilepsy with febrile seizures plus (GEFS+)

· Episodic Ataxia (EA), characterized by sporadic bouts of severe discoordination with or without myokymia, and can be provoked by stress, startle, or heavy exertion such as exercise.

· Familial hemiplegic migraine (FHM)

· Spinocerebellar ataxia type 13
· Long QT syndrome is a ventricular arrhythmia syndrome caused by mutations in one or more of presently ten different genes, most of which are potassium channels and all of which affect cardiac repolarization.

· Brugada syndrome is another ventricular arrhythmia caused by voltage-gated sodium channel gene mutations.

· Cystic fibrosis is caused by mutations in the CFTR gene, which is a chloride channel.

· Mucolipidosis type IV is caused by mutations in the gene encoding the TRPML1 channel

History
The fundamental properties of currents mediated by ion channels were analyzed by the British biophysicists Alan Hodgkin and Andrew Huxley as part of their Nobel Prize-winning research on the action potential, published in 1952. They built on the work of other physiologists, such as Cole and Baker's research into voltage-gated membrane pores from 1941.[12]

HYPERLINK "http://en.wikipedia.org/wiki/Ion_channel" \l "cite_note-12"[13] The existence of ion channels was confirmed in the 1970s by Bernard Katz and Ricardo Miledi using noise analysis. It was then shown more directly with an electrical recording technique known as the "patch clamp", which led to a Nobel Prize to Erwin Neher and Bert Sakmann, the technique's inventors. Hundreds if not thousands of researchers continue to pursue a more detailed understanding of how these proteins work. In recent years the development of automated patch clamp devices helped to increase significantly the throughput in ion channel screening.

CYSTIC FIBROSIS

Cystic fibrosis (SIS-tik fi-BRO-sis), or CF, is an inherited disease of your secretory glands, including the glands that make mucus and sweat.

"Inherited" means that the disease is passed through the genes from parents to children. People who have cystic fibrosis inherit two faulty cystic fibrosis genes—one from each parent. The parents likely don't have the disease themselves. 

Cystic fibrosis mostly affects the lungs, pancreas, liver, intestines, sinuses, and sex organs. 

Mucus is a substance made by the lining of some body tissues. Normally, mucus is a slippery, watery substance. It keeps the linings of certain organs moist and prevents them from drying out or getting infected. However, if you have cystic fibrosis, your mucus becomes thick and sticky. 

The mucus builds up in your lungs and blocks your airways—the tubes that carry air in and out of your lungs. The buildup of mucus makes it easy for bacteria to grow. This leads to repeated, serious lung infections. Over time, these infections can severely damage your lungs.

The thick, sticky mucus also can block tubes, or ducts, in your pancreas. As a result, the digestive enzymes that your pancreas makes can't reach your small intestine. 

These enzymes help break down the food that you eat. Without them, your intestines can't fully absorb fats and proteins. This can cause vitamin deficiency and malnutrition because nutrients leave your body unused. It also can cause bulky stools, intestinal gas, a swollen belly from severe constipation, and pain or discomfort. 

Cystic fibrosis also causes your sweat to become very salty. As a result, your body loses large amounts of salt when you sweat. This can upset the balance of minerals in your blood and cause a number of health problems. Examples include dehydration (a condition in which your body doesn't have enough fluids), increased heart rate, tiredness, weakness, decreased blood pressure, heat stroke, and, rarely, death. 

If you or your child has cystic fibrosis, you're also at increased risk for diabetes or a bone-thinning condition called osteoporosis. Cystic fibrosis also causes infertility in men, and it can make it harder for women to get pregnant
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