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Protein digestion

Introduction:

- Proteins are too large to be absorbed as it is by the intestine. Dietary proteins include animal (meat, eggs, milk and its products, chicken, fish, liver, etc.) and plant source (cereals, legumes, nuts, yeast, etc.). Therefore, they must be hydrolyzed at first to free amino acids, which can be absorbed.  There is no protein digestion in the mouth and three different organs produce enzymes needed for protein digestion: the stomach, the pancreas and the small intestine.

I- In the stomach: 

- Besides the HCl, gastric juice contains three digestive enzymes for protein that are rennin, pepsin and gelatinase.

A) HCl:

Formation of gastric HCl: This occurs in the parietal cells of the mucosa.  Carbonic anhydrase splits carbonic acid (H2CO3) into H+ that is actively transported into the lumen of the stomach in exchange with K+ activated by H+-K+-ATPase transporter and bicarbonate (HCO3) that returns back to the blood.  Chloride ions diffuse from the blood to these cells in exchange with the bicarbonate then to the gastric lumen to associate H+ to form HCl, see below.  Hyperchlorohydria is associated with gastric ulcer, whereas, hypochorohydria is associated with indigestion and putrefaction in the stomach.
HCl has the following functions:

Denaturation of native proteins into unfolded easily digested acid-proteans due to disruption of the secondary bonds of the protein.

Destroy most microorganisms that enter the gastrointestinal tract.

Create the optimum pH required for the proteolytic gastric enzymes.

Activation of proenzymes into active enzymes, e.g., pepsinogen into pepsin.

B) Pepsin (optimum pH: 1.6-2.5 and is inactive at pH 5.0 or higher):
Secretion and activation: It is secreted by the chief cells of the stomach body into the lumen in an inactive proenzyme, pepsinogen (362 amino acid residues). Gastric HCl activates pepsinogen to pepsin. It is also activated by autocatalysis by the activated pepsin into pepsin (320 amino acid residues) and 5 small inactive peptides and a short polypeptide with pepsin inhibitory activity are formed. It does not hydrolyze keratins, mucoproteins, or basic proteins.
Actions of pepsin:

Pepsin is an endopeptidase, i.e., acts on peptide bonds inside the polypeptide chains particularly those formed of COOH of aromatic amino acids (e.g., tyrosine, phenylalanine and tryptophan) and NH2 of other aromatic or dicarboxylic acid (e.g., glutamate or aspartate). It acts on other endopeptide bonds.
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Pepsin releases large peptides as proteoses, peptone, polypeptides and few free amino acids from dietary proteins. It hydrolyses casein of milk into paracaseinate and whey protein (a proteose). Paracaseinate is precipitated as calcium paracaseinate that is hydrolyzed further by pepsin into peptones.

C) Rennin (optimum pH: 4):
Secretion and activation: It is also called chymosin or rennet. It is present in infant's stomach and absent in adults. Rennin is important for infant because it coagulates milk in the stomach to prevent its rapid passage to the intestine. This gives the baby the satiety and fullness sensation. Rennin is secreted as inactive prorennin that is proteolytically activated and by association with calcium ions into active rennin. 

Actions: The mechanism is similar to that of pepsin in presence of calcium and renin (casein → soluble paracaseinate + whey protein → insoluble calcium paracaseinate (milk clot) that is digested by pepsin → peptones). 

D) Gelatinase:

- It is a component of gastric juice that works at acidic pH and hydrolyzes gelatin (i.e., collagen that is boiled for long time in water).

II- In the intestine:

- Two different organs, pancreas and intestine produce Enzymes acting on proteins in the intestine.

A. Pancreatic enzymes:

 - These include trypsin, chymotrypsin, carboxypeptidase, elastase and collagenase.

Trypsin (Optimum pH: 7.9):

Secretion and activation: Trypsin is secreted as an inactive trypsinogen (by pancreatic acini) and is proteolytically activated into trypsin by enterokinase (a glycoprotein secreted by intestinal mucosa with an optimum pH of 5.5) and by autocatalysis (i.e., trypsin activates its inactive form). Calcium enhances these activation processes. Raw egg white and soybeans and blood contain strong trypsin inhibitors.

[image: image2.wmf]T

r

y

p

s

i

n

o

g

e

n

T

r

y

p

s

i

n

e

n

t

e

r

o

k

i

n

a

s

e

,

t

r

y

p

s

i

n

,

 

c

a

l

c

i

u

m

6

 

a

m

i

n

o

 

a

c

i

d

s

 

p

e

p

t

i

d

e


Actions: It is an endopeptidase that hydrolyzes the peptide bonds having COOH group of basic amino acids (e.g., lysine and arginine) in native proteins (including basic proteins) and polypeptides including trypsinogen and chymotrypsinogen to activate them into trypsin and chymotrypsin, respectively. It releases smaller peptides and more free amino acids. It also converts fibrinogen into fibrin to clot blood. 

Chymotrypsin (optimum pH is 7-8):

Secretion and activation: Chymotrypsin is secreted in an inactive chymotrypsinogen form that is activated by trypsin and chymotrypsin into chymotrypsin and two inactive peptides.

Actions: It is an endopeptidase that hydrolyses peptide bonds with COOH of aromatic amino acids but also of methionine, histidine, leucine and asparagine. Products of trypsin and chymotrypsin digestion are mixtures of proteoses, peptones and polypeptides and free amino acids. It acts on milk protein like pepsin.

 Carboxypeptidase (optimum pH is 7.5):
Secretion and activation: It is a metallo-enzyme (contains Zn2+) secreted in an inactive procarboxypeptidase form that is activated by trypsin and itself. 

Actions: It is carboxy-exopeptidase, i.e., hydrolyzes the COOH-terminal amino acid of a polypeptide chains, i.e., amino acid with a free COOH group. It has two types: carboxypeptidase-A that prefers tyrosine, phenylalanine or tryptophan as terminal amino acid and carboxypeptidase-B that prefers arginine and lysine as terminal amino acid.  It releases one amino acid at a time.

4. Elastase and collagenase:

- Elastase is secreted as proelastase that is activated by trypsin and breaks peptide bonds with COOH of neutral aliphatic amino acids. It hydrolyzes yellow connective tissue fibers (elastin). Collagenase hydrolyzes white connective tissue fibers (collagen).

B. Intestinal enzymes:

 - They include aminopeptidases, enteropeptidase and tri and dipeptidases.

1. Aminopeptidase (optimum pH is 5-7):
- They are metallo-enzymes (contain Zn2+, Mg2+, and Mn2+) an amino-exopeptidase, i.e., hydrolyzes the amino terminal amino acids with a free-NH2 group of the polypeptide chain, releasing one amino acids at a time but can not hydrolyze tripeptides any further.

2. Enteropeptidase (enterokinase, optimum pH is 5.5): 

- A glycoprotein secreted by duodenal mucosa that is endopeptidase hydrolyzing peptide bonds with lysine residues particularly in trypsinogen to activate it.  Calcium activates the enzyme and bile salts free it into intestinal lumen.

3. Tripeptidase and dipeptidases:

- They require presence of Zn2+, Co2+, and Mn2+ as cofactors and secreted in an active form from duodenal mucosa and stay anchored on its brush borders. They complete the digestion of tripeptides and dipeptides into free amino acid in the intestinal lumen or inside the mucosa cells after absorption.

Hormones regulating protein digestion: 

- They are gastrointestinal hormones that include:

A. Gastrin: It is located in gastric antrum and duodenum mucosal cells and stimulates secretion of pepsinogen and the intrinsic factor from gastric mucosa.

B. Cholecystokinin (CCK): It is located in duodenum and jejunum and activates pancreatic proenzyme secretion.

C. Secretin: It is located in duodenum and jejunum and stimulates secretion of bicarbonate-rich pancreatic juice.
Absorption of Amino Acids

Nature of the absorbed protein: 

Under normal conditions the dietary proteins are almost completely digested into free amino acids.  These amino acids are absorbed from small intestine into the portal circulation. 

- In a few cases proteins may be absorbed intact as such in the following cases:

Normally in infants where (-globulins (antibodies) present in colostrum are absorbed to acquire passive immunity to the baby (colostrum is the milk secreted from mammary gland in the first few days after parturition).

Abnormally in adults in certain diseases that lead to allergic reaction, e.g., urticaria. Example is gluten of wheat in non-tropical sprue.

Site of Absorption: The jejunum.
Mechanisms of absorption of amino acid:

- Amino acids are absorbed by two mechanisms: active L-amino acids transporter and (-glutamyl cycle mechanisms where energy is directly or indirectly required and passive diffusion of D-amino acids that needs no energy.

I- Active transport for L-amino acids: 

It requires pyridoxal phosphate and is of two types:

Carrier protein transport system:

- L-amino acids are absorbed by specific carrier protein present in small intestine by mechanism similar to that of glucose absorption, i.e., the carrier has one site for the amino acid and another site for sodium. Sodium is pumped out again in exchange with potassium by Na+-K+-ATPase pump. For each amino acid, one ATP molecule is utilized.

- There are 3 or more different amino acid carrier systems.  Each carrier transports a group of structurally related amino acids. They are as follows:

Neutral amino acids transporter.

Phenyl alanine and methionine transporter.

Imino acids transporter.

Hartnup disease: 

It is named after the name of the family in which it was first discovered.  It is due to autosomal recessive inherited defect in intestinal and renal neutral amino acids transporter and also in the brain. This leads to defective transport of neutral amino acids particularly tryptophan. Its symptoms are: mental retardation, intermittent cerebellar ataxia and other neurological symptoms (mental retardation), Pellagra-like skin rash and hypersensitivity to sunlight.  These symptoms are due to reduced synthesis of serotonin and nicotinic acids.  Blood levels of tryptophan and other neutral amino acids are lower than normal.  Whereas, fecal and urine content is 5 - 10 times higher than normal (neutral aciduria). This is particularly clear for tryptophan and its metabolite, indole acetate, and indole acetate conjugate with glutamine that is produced due to degradation of unabsorbed tryptophan by intestinal bacterial.  

Glutathione transport system (the (-glutamyl cycle):

- This transport system is for absorption of L-amino acids into intestine, reabsorption into kidney and transport into brain, epididymus and seminal vesicle, see below.
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II. Facilitated transport of L-amino acids:

- It is sodium independent and has two types one is specialized for neutral and lipophilic amino acids (e.g., leucine) and the second is specialized for amino acids with positive charge (e.g., lysine).

III. Passive transport of D amino acids:

- They are very slowly absorbed by simple diffusion, i.e., needs no energy.

Amino Acid Pool

Definition:  The amino acids pool is the amount of amino acids available in free form in the whole body that is about 100 grams. 

Blood level: In the blood it is 30 - 40 mg/dL in the post-absorptive state and 45-100mg/dL after a high protein diet.  It is available for all tissue to take from and to add to it.  

Tissues and amino acids pool: The liver participation is about 50% of that amount compared to the whole body.  Amino acids participate by different % in this pool, some are at high concentrations, e.g., glutamine and glutamate that represent about 50% of this pool, and glycine, alanine, serine and valine, whereas, other have low concentrations, e.g., tryptophan, phenylalanine, methionine, cysteine, and tyrosine. 

Regulation: Insulin, growth hormone and testosterone are anabolic, i.e., stimulate uptake of amino acids by tissues.  Estradiol stimulates uptake of amino acids by the uterus. Epinephrine and glucocorticoids stimulate uptake of amino acids by the liver, whereas, they stimulate breakdown of protein in other tissues. 

Sources of blood amino acids:

Dietary proteins (absorbed amino acids).

Breakdown of the body proteins.

Synthesis of non-essential amino acids by transamination of (-keto acids.

Fates of blood amino acids:

 Anabolic Fates: 

Synthesis of structural and soluble proteins: tissue proteins, enzymes, hormones, etc.

Synthesis of amino acid-derived specialized products.  Each amino acid gives rise to a number of specialized products, e.g., glycine participates in the structure of creatine, haem, glutathione, choline, etc.

Synthesis of small peptides, e.g., oxytocin, bradykinin and glutathione.

Conversion into other amino acids, e.g., glycine into serine and vice versa.

Catabolic fates:

Transamination and deamination to remove the amino group.

(-Keto-acids are catabolized into CO2 and H2O or may be converted into glucose or ketone bodies or both.

Loss of amino acids and their derivatives and by-products in urine and other body excretions.

Nitrogen Balance

Nitrogen Intake:

- Most of the food nitrogen is from protein. Normal protein intake is 90 gm/day of which nitrogen forms about 16% of protein, i.e., each gm nitrogen comes from 6.25 gm protein and total nitrogen taken daily is 14.5 gm. 

- Very small amounts of inorganic nitrogenous substances (INS), e.g., nitrates, and organic non-protein nitrogenous substance (ONS), e.g., nucleic acids, phospholipids and mucopolysaccharides are taken in food. 

Nitrogen output: 
Nitrogen is excreted or lost from the body through:

Urine: This is the principal route of nitrogen excretion. Urinary nitrogen varies with protein intake and almost all of the urinary nitrogen is in the form of non-protein nitrogenous substances (NPN).  They are 20 - 30 gm/day and include:                           

Urea: 15 - 30 gm/day (25 gm/day).

Uric acid: 0.7 gm/day.

Ammonia: 0.7 gm/day.

Creatinine: 1.2 gm/day.

Creatine: 0 - 200 mg/day.

Glycine (as hippuric acid): 0.7 gm/day.

Stools (feces): Fecal nitrogen is not related to the nitrogen of the food proteins but varies with the bulk of feces.  It is 1 - 1.3 gm/day.

Sweat: Under normal conditions, sweat contains 0.3 gm of nitrogen daily, mostly in the form of urea.

Other routes: Variable amounts of nitrogen are lost in milk and menstrual blood in females and in the form of exfoliated skin and mucosal cells and hair.
Nitrogen balance:
- The nitrogen balance is the quantitative difference between nitrogen input into (i.e., gain) and output from (i.e., loss) the body.

- Since most of the nitrogen of the diet is protein nitrogen, and most of the nitrogenous excretory products are derived from protein catabolism, the balance between the two processes represents the balance between protein anabolism and catabolism.

- There is also no storage form of protein in the body like that of carbohydrates (glycogen) or fat (depot fat).  However, there is a labile reserve of protein, which is utilized to supply the essential nitrogen requirements of the animal when protein intake is inadequate.  Liver then kidney and plasma proteins undergo considerable depletion to supply the needs of other parts of the body for nitrogen during fasting. On the other hand, brain and some other organs are resistant to protein depletion.

There are 3 states of balance between nitrogen input and output:
A. Nitrogen equilibrium:

- Normally an adult person under a normal adequate diet is in a state of nitrogen equilibrium, i.e., nitrogen intake equals nitrogen loss.

B. Positive nitrogen balance:
- When intake exceeds the output, it means that the body is in a state of protein anabolism and anabolism of other nitrogenous substances.  It occurs in:
During growth (growing children).

During pregnancy.

During muscular training.

During convalescence from states of negative nitrogen balance, e.g., surgery.

During administration of anabolic hormones such as androgens, insulin and growth hormone.

C. Negative nitrogen balance:

- It means that the output exceeds the intake and indicates excessive breakdown of protein (catabolism) and tissues and muscles wasting.  It occurs in:
Increased protein catabolism: in chronic debilitating diseases such as,

Diabetes Mellitus.
Cushing's syndrome.

Hyperthyroidism.

Chronic illnesses, e.g., chronic renal, cardiac, hepatic and pulmonary diseases, infections and fevers.

Wasting diseases such as AIDS, cancer and tuberculosis.

Inadequate dietary intake of proteins: as in,

Starvation and deficiency of one or more of the essential amino acid.

Malnutrition, e.g., protein and energy deficiency syndromes such as kwashiorkor and marasmus.

Gastrointestinal diseases.

Loss of proteins: as in,

Chronic hemorrhage.

Extensive burns and trauma.

Albuminuria or proteinuria.

Lactation with inadequate diet.

Protein Requirements

- The needs or requirements for dietary proteins depend on:

Age: Children need more than adult does.  Infants: up to 2 years of age 3 - 4 gm/kg body weight/day, children above 2 years of age 2 - 3 gm/kg body weight/day.  Adults: 1 - 2 gm/kg lean body weight/day depending on activity.

Pregnancy and lactation: Increase protein needs, 2 gm/kg body weight/day.

Sex: Males need more than females due to their well-developed muscles.

Type of work:

Heavy muscular workers needs more than sedentary persons.

Mental workers need protein of high quality rather than quantity.

Diet content of carbohydrate and fat: Carbohydrates and fats spare (save) proteins because:

They provide an easy source of energy.

Non-essential amino acids are formed from carbohydrate intermediates.

Enough dietary carbohydrates prevent gluconeogenesis from amino acids.

Types of Protein taken: Biological value of protein taken is more important than its total amount despite the need for a minimum amount daily. In general, digestible animal proteins are better than plant proteins. 

- The biological value of protein depends on:

Content of essential amino acids in well-balanced proportions and sufficient amount.  Albumin, globulin, myosin, caseinogen and vitellin are complete proteins. Gliadins are poor in lysine and tryptophan and gelatin is poor in histidine, methionine and tryptophan. However, two incomplete proteins may replenish each other's deficiency when taken in the same meal.  Thus, maize flower supplements wheat flower to prevent tryptophan 
[image: image4.emf]
1“Nutritionally semiessential.” Synthesized at rates inadequate to support growth of children.

Coefficient of digestibility: It = Amount taken - Amount excreted in feces/Amount taken X 100.  It is 97% for animal proteins and 70% for legume proteins due to presence of cellulose.  

Source of proteins of high biological value:

- Animal proteins: meat, poultry, fish, eggs, milk, and cheese. Plant proteins: such as legumes, walnut, hazelnut, almonds, groundnut and sesame.

End product of protein metabolism: 
It includes urea, CO2, H2O, sulfate, ammonia, phosphate, creatinine and amino acid-conjugates.
General metabolic reactions of amino acids

- Liver catabolizes amino acids but for methionine and branched-chain amino acids, other organs also participate.  It involves the following reactions:

Transamination: It is the reversible removal of amino group (in the form of vitamin B6-bound ammonia) from the amino acids to give (-keto acids.

Deamination:  It is the reversible removal of amino group from the amino acid (in the form of free ammonia) associated with or without dehydrogenation (oxidative or non-oxidative) to give an (-keto acid.

Transdeamination: It is the sequential occurrence of the above two processes on one amino acid resulting in an (-keto acid and free ammonia ready for urea synthesis.

Decarboxylation: It is the removal of CO2 combined with or without dehydrogenation (oxidative or non-oxidative) to form corresponding amines.

Transamidation: It is the transfer of amino group from amino acid amide to a sugar for synthesis of sugaramines. Amidation is the addition of ammonia to non-(-COOH group to give amide of amino acid, e.g., asparagine and glutamine.

Transmethylation: It is the transfer of a methyl-group from methyl-FH4 or S-adenosyl-methionine to an amino acid to produce a new product.

I. Transamination

Definition:

- Transamination means the reversible transfer of an amino group from (-amino acid (in the form of vitamin B6-bound ammonia) to an (-keto acid forming a new amino acid and a new (-keto acid. Thus the amino acid is converted to its corresponding (-keto acid while the (-keto acid is converted to its corresponding (-amino acid. It occurs mainly in liver, kidney, brain and heart. Amino acids are transaminable except lysine, threonine, proline and hydroxyproline.

Mechanism:

- Transamination reactions are catalyzed by group of enzymes known as transaminases or aminotransferases.  They are intracellular enzymes, i.e., if they appear in the blood, it means presence of cellular damage somewhere in the body.  

- Transaminases require pyridoxal phosphate as a coenzyme. Pyridoxal phosphate is an intermediate acceptor of the amino group from the amino acid to be aminated into pyridoxamine phosphate and liberating a new (-keto acid.  Then, it transfers the amino group to the (-keto acid converting it into a new (-amino acid and renewing pyridoxal phosphate again, see below.
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Transaminases:

- All transaminases are present either in cytoplasm or in both cytoplasm and mitochondria of most tissues. Among transaminases, three are specific and present in most mammalian tissues and have clinical diagnostic importance.  

 - These are alanine transaminase (ALT, also is called glutamate pyruvate transaminase, GPT), Aspartate transaminase (AST, also is called glutamate oxaloacetate transaminase, GOT) and glutamate transaminase.

Alanine transaminase (ALT, glutamate-pyruvate transaminase, GPT):
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- It is a cytosolar liver enzyme that reversibly catalyzes transfer of amino group from alanine to (-ketoglutarate to form glutamate and pyruvate.  

- Normal plasma level is 0 - 42 IU/L increases in liver diseases particularly acute viral hepatitis (more than 250 IU/L).
Aspartate transaminase (AST, glutamate-oxaloacetate transaminase, GOT):

- AST is present in both cytosol and mitochondria of the cells of myocardium, liver mainly but also of muscles, pancreas, kidney, etc.  It catalyzes the transfer of amino group from aspartate to (-ketoglutarate to form glutamate and oxaloacetate in a reversible reaction. Normal plasma level is 0 - 41 IU/L and increases to a maximum within 24 hr of myocardial infarction, increases in liver diseases, muscular dystrophy and myositis, acute pancreatitis, and after prolonged severe exercise.


[image: image7.wmf]G

l

u

t

a

m

a

t

e

C

O

O

H

H

C

C

H

2

C

H

2

C

O

O

H

N

H

2

+

a

-

K

e

t

o

g

l

u

t

a

r

a

t

e

C

O

O

H

C

C

H

2

C

H

2

C

O

O

H

C

O

O

H

H

C

C

H

2

+

A

s

p

a

r

t

a

t

e

O

N

H

2

G

O

T

,

 

A

S

T

P

L

P

C

O

O

H

C

O

O

H

C

C

H

2

O

x

a

l

o

a

c

e

t

a

t

e

C

O

O

H

O


Glutamate (amino acid-(-ketoglutarate) transaminase:

- It is a cytosolar and mitochondrial enzyme that catalyzes amino group transfer from any transaminable amino acid to (-ketoglutarate producing glutamate. 
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- Similarly, there is another transaminase that transfers amino groups from transaminable amino acids into pyruvate producing alanine (amino acid-pyruvate transaminase).

Functions of transaminases:

Transfer of amino group from most amino acids to (-ketoglutarate to form glutamate. This is very important since glutamate is the only deaminable to give free ammonia suitable for urea synthesis, see transdeamination.

Transamination is important in synthesis of non-essential amino acids, through reactions of (-keto-acids with glutamate.

Transamidation to form sugaramines and convert amino acids into ketone bodies or glucose for energy production during starvation.

Diagnostic importance of transaminases (ALT and AST): Transaminases are normally intracellular enzymes. The presence of elevated levels of transaminases in the blood indicates damage to cells having these enzymes.  An elevated level of both ALT and AST indicate possible damage of liver cells. An elevated level of AST only suggests damage to heart muscle (myocardial infarction), skeletal muscle or kidney.

Role of pyridoxal phosphate in transamination:

- Pyridoxal phosphate (PLP) acts as an intermediate carrier of amino group. Transamination reactions can connect between carbohydrate and protein metabolism through Krebs' cycle, e.g.,
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- By reversibility of these reactions, the process of gluconeogenesis from amino acids released from breakdown of body protein during starvation takes place.

II. Deamination

- It is the reversible removal of amino groups from amino acids as free ammonia to their corresponding (-keto acids.  Most of the amino acids are deaminable. 

- It is of several types as follows:

Oxidative deamination: (combined with removal of hydrogen).
Non-oxidative deamination:

Dehydratase (combined with removal of water). 

Desulfhydrase (combined with removal of hydrogen sulfide, H2S).

Specific deamination (is not associated with other reactions).

Hydrolytic deamination (combined with addition of water).

Reductive deamination (combined with addition of hydrogen).

1) Oxidative deamination:

- The reversible removal of the amino group as ammonia secondary to dehydrogenation of the amino acid.  Thus, it is oxidative conversion of the (-amino acid to its corresponding (-keto acids. There are three oxidative deaminases as follows:

L-amino acid oxidase

D-amino acid oxidase.

L-glutamate dehydrogenase.

- The amino acid oxidases are autooxidizable flavoprotein, i.e., the FMN or FAD is reoxidized directly by molecular oxygen forming H2O2 without transferring hydrogen to cytochromes or other electron carriers.

- The H2O2 is then detoxicated into O2 and H2O by catalase which is widely distributed accompanying these oxidases.

- Although amino acid oxidase reactions are reversible, genetic deficiency of catalase leads to oxidative decarboxylation of the produced (-keto acids non-enzymatically by H2O2 to form carboxylic acids with one less carbon atom. This makes the reaction irreversible.

1. L-amino acid oxidase:

- It is specific for the natural isomers of amino acids, i.e., L-amino acids but does not act on glycine, acidic, basic or (-hydroxy amino acids. It is an example of aerobic dehydrogenase allowing transfer of hydrogen from the L-amino acid to molecular O2 with formation of H2O2.
- It is an FMN-linked flavoprotein. It’s found only in a few organs as liver and kidney but its activity is very low. Therefore, its participation as a mechanism of deamination of L-amino acid is very negligible (i.e., a minor pathway), see above.
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2. D-amino acid oxidases:

- It is a FAD-linked flavoprotein and a type of aerobic dehydrogenases present in liver and kidney. It acts on D-amino acids which are unnatural amino acids (except in bacteria) and catalyzes their oxidative deamination.

- These enzymes although highly active than L-amino acid oxidase they are not specific since they act on other substrates such as L-proline and glycine, see below.
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Differences between L- and D-amino acid oxidases:

	D-amino acid Oxidase
	L-amino acid Oxidase

	Soluble (extractable with water).

FAD-linked.

Acts on D-amino acid but less specific.

Higher activity with unknown role.

In the liver and Kidney.
	Insoluble particle-bound, non-extractable.

FMN-linked.

Acts on L-amino acid and is strictly specific.

Lower activity with possible role.

In the liver and Kidney.


3. L-Glutamate dehydrogenase:

- Transamination channels amino groups from all transaminable amino acids into (-ketoglutarate to produce L-glutamate that is oxidatively deaminated by this enzyme into (-ketoglutarate and liberates ammonia that enters urea cycle. This gives it a central position in nitrogen metabolism. 

- It is an aerobic dehydrogenase locates in the mitochondrial matrix and is a metalloenzyme (contains Zn2+) that is NAD- or NADP-dependent.  In the liver, it is allosterically inhibited by ATP, GTP and NADH.H+ and is activated by ADP. Inhibition by NADH.H+ prevents the depletion of (-ketoglutarate required for Krebs' cycle during, e.g., (-oxidation and the enzyme changes its specificity towards other amino acids such as alanine.  Also certain hormones appear to influence its activity (insulin inhibits and glucocorticoids stimulates).

- It has high activity and is widely distributed in tissues.  Its reaction is freely reversible and functions both in amino acid catabolism and biosynthesis. Therefore, it removes free ammonia from glutamate to be utilized in urea synthesis and catalyzes amination of (-ketoglutarate by free ammonia.

- Accumulation of ammonia as in liver disease push the reaction towards conversion of (-ketoglutarate into glutamate causing depletion of (-ketoglutarate from Krebs' cycle and inhibiting it.  This leads to energy failure in the ammonia-sensitive tissues such as the brain, a one cause of hepatic coma, see urea cycle, see below.
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2) Non-oxidative deamination:

- It is the removal of amino group (in the form of free ammonia) from the amino acid without oxidation (removal of hydrogen) and its conversion into (-keto acids.  Certain amino acids are susceptible to this type of deamination, namely:

Dehydratases: They catalyze primary dehydration of the hydroxy amino acid (serine, threonine and homoserine). Molecular rearrangement and spontaneous hydration associated with deamination forms (-keto acid.  Dehydratases require pyridoxal phosphate as a coenzyme and each enzyme is specific for its corresponding hydroxy amino acid, see below.
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Desulfhydrases: They catalyze the removal of the sulfhydryl group (SH) in the form of H2S from sulfur-containing amino acids (cysteine and homocysteine). Molecular rearrangement and spontaneous hydration combined with deamination forms (-keto acid.  Each enzyme is specific for its corresponding amino acid. Desulfhydrases require pyridoxal phosphate as a coenzyme, see below.
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Specific Deamination: These are deamination reactions that is considered specific and allows removal of amino group (as free NH3) from certain amino acids without oxidation or addition or removal of water.  It takes place during processes of putrefaction in large intestine. These include: 

Histidase: It removes the amino group of histidine to form urocanic acid without any accompanying reactions, see below.
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3) Hydrolytic deamination:

- It is the removal of free ammonia by addition of H2O molecule. It is mainly important for deamination of nitrogenous bases: purines and pyrimidines (see their catabolism). 

                           Gaunase                                   Adenosine deaminase

Guanine + H2O → Xanthine + NH3.      Adenosine + H2O → Inosine + NH3.
4) Reductive deamination:

- It occurs in the processes of putrefaction in the large intestine due to effect of bacteria.  Ammonia is removed by addition of two hydrogen atoms to the amino acid to form the corresponding carboxylic acid (i.e., fatty acid), as follows:
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III. Transdeamination

Definition: 
- It is the transamination of amino groups from all transaminable amino acids into (-ketoglutarate to produce glutamate that is then subjected to oxidative deamination (by glutamate dehydrogenase) to liberate free ammonia required for urea synthesis. 

- However, transamination collects the amino groups of most amino acids into (-ketoglutarate to form L-glutamate. 
- This is followed by the efficient liberation of free ammonia from glutamate to reproduce (-ketoglutarate catalyzed by glutamate dehydrogenase. The liberated ammonia from these two sequential processes is the substrate for urea synthesis.

- Since transdeamination is a reversible process, it is used both for deamination of (-amino acids to their corresponding (-keto acids and for re-synthesis of non-essential amino acids from NH3 and (-keto acids. See the following figure.
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IV- Amino acid Decarboxylation

- Decarboxylation of amino acids is the removal of their carboxylic group as CO2 catalyzed by amino acid decarboxylases which require pyridoxal phosphate as a coenzyme. Amino acid decarboxylases are found in a variety of tissues especially in the liver, kidney and brain. 

- Large intestinal bacteria catalyze decarboxylation of amino acids as a part of protein putrefaction. The product of decarboxylation of mono-amino mono-carboxylic amino acids is the corresponding amine, e.g.:

Serine gives thioethanolamine that is transmethylated into choline.

Glutamic acid gives (-aminobutyric acid (GABA, a presynaptic inhibitory neurotransmitter) in the gray matter of the brain. 

Tyrosine gives tyramine (vasoconstrictive and stimulates uterine contraction) in kidney and by intestinal bacteria. 

Histidine gives histamine (a hypothalamic neurotransmitter, inflammatory agent in allergy, vasodilator and increase vascular permeability and increase HCl and pepsin secretion) in mast cells, basophils, gastric mucosa, and hitaminergic neurons and by intestinal bacteria. 

Tryptophan gives tryptamine (vasoconstrictive) in liver, kidney and by intestinal bacteria. It is also converted into serotonin and melatonin, see tryptophan metabolism.

- Decarboxylation of diamino-mono-carboxylic amino acids produces diamines that are toxic in large amounts leading to ptomaine-poisoning, e.g., arginine gives agmatine, ornithine gives putrescine and lysine gives cadaverine. Putrescine is converted into spermidine and spermine; the three of them are called polyamines.  They stimulate cell proliferation and in large doses they are hypothermic and hypotensive.

- Both mono-amines and diamines are absorbed and catabolized by monoamine oxidases or diamine oxidases which require pyridoxal phosphate as a coenzyme.

V-Transmethylation

Definition: 

- It is the transfer of a methyl group from a methyl donor to a methyl acceptor catalyzed by methyltransferases to produce biologically active products or is a detoxifying conjugation process to excrete xeno- and endo-biotics.   It occurs in many tissues particularly the liver.

Methyl donors: 

- The major donor of methyl groups in the body is the active form of methionine, i.e., S-adenosyl-methionine. Methyl-cobalamin (the coenzyme form of B12) is a methyl donor in regeneration of methionine from homocysteine catalyzed by methionine synthase (a methyltransferase). A methyl group from N5-methyl-tetrahydrofolate regenerates methyl-cobalamin. Glycine-betaine (see choline cycle) is another methyl donor for regeneration of methionine from homocysteine catalyzed by methyltransferase.  Thus, although their contribution as direct methyl donor is little, methyl-cobalamin, N5-methyl-tetrahydrofolate (N5-methyl-FH4) and glycine-betaine are very essential for regeneration of methionine, otherwise it would be depleted and homocysteine appears as such or as homocystine in blood and urine. Homocysteine is catabolized also through cystathionine into cysteine (see cysteine metabolism).
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Examples of methyl acceptors: They comprise an important long list such as:

Conversion of noradrenaline into adrenaline, see adrenaline synthesis.

Conversion of uracil into thymine, see pyrimidine synthesis.

Conversion of guanidoacetic acid into creatine, see creatine synthesis.

Conversion of ethanolamine into choline as a part of glycerophospholipids.

Conversion of N-acetylserotonin into melatonin, see tryptophan metabolism.

Conversion of carnosine into anserine, see histidine metabolism.

Conversion of nicotinic acid into N-methyl nicotinic acid then into pyridine.

Coenzymes required: 

- Transmethylation requires ATP, GSH, coenzyme B12 and N5-methyl-FH4.

Enzymes required: 
- Two types of methyltransferases catalyze transmethylation: O-methyltransferases (i.e., put the methyl group on an O-) and N-methyltransferases (i.e., put the methyl group on an N-).
VI-Deamidation

- Deamidation, e.g., removal of ammonia from amide group. - Examples are (-ketoglutaramate ((-amide of (-ketoglutarate) to give (-ketoglutarate, asparagine to give aspartate and from glutamine to form glutamate, see glutamine cycle.
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VII-Transamidination

- Transamidination of amino groups from glutamine to sugars to produce sugaramines, or (-ketoglutarate to give (-ketoglutaramate, to xanthine to give guanine, to glutamate to give glutamine and asparatic acid to give asparagine.

Fructose-6-P + glutamine → Glutamate + glucosamine-6-P

Blood Ammonia

Introduction:

- If ammonia were allowed to accumulate in the body, it would be toxic. Normally the blood contains 10 - 80 (g/dL ammonia that is controlled by the liver. If the concentration becomes higher, it results in ammonia intoxication (hyperammonemia) that is particularly toxic to the brain by causing coma and may be death if uncontrolled. Thus, it is rapidly removed from the circulation by the liver (mainly) and converted either to glutamate, glutamine, or urea.

- In liver cirrhosis ammonia is not converted into urea.  Ammonia passes directly to systemic blood due collaterals and reaches toxic concentration to the brain. The brain detoxifies ammonia into glutamine that depletes (-ketoglutarate of Krebs' cycle.  This leads to energy failure in the brain cells.  Moreover, abnormal reaction of ammonia with (-ketoglutarate produces the toxic (-ketoglutaramate.  

Sources and Fates of blood ammonia:

1. Sources of blood ammonia:

Main source is transamination followed by deamination of amino acids.

Intestinal bacterial activity on dietary proteins (putrefaction), urea secreted in gastrointestinal juice, other nitrogenous bases. This becomes significant source in constipation, gastrointestinal hemorrhage and high protein diet. It is very important to be prevented in liver disease, otherwise ammonia intoxication would occur.  Intestinal antiseptic antibiotics such as neomycin are very beneficial in such cases.

Deamination of other nitrogenous base, e.g., purines and pyrimidines and monoamines.

2. Fates of (i.e., disposal of) blood ammonia:

Anabolic fates: The free ammonia removed by deamination enters the ammonia pool of the body and may be used for synthesis of:

Synthesis of non-essential amino acids by the reversible transamination of (-keto acids.

Synthesis of purines, pyrimidines, porphyrins and sugaramines. N1, N3, N9 of purines are derived from ammonia (from aspartate and glutamine). N1 of pyrimidine is derived from ammonia (as carbamoyl phosphate).  Prophyrins have glycine incorporated in their structure.

Glutamine synthesis (glutamine cycle): It is one of the mechanisms for detoxification of ammonia in extra-renal tissues particularly brain, kidney, retina, muscles and liver as glutamine. Glutamate reacts with ammonia in presence of ATP, Mg2+ and the mitochondrial glutamine synthetase to produce glutamine.  This is particularly important for the brain and nervous tissue.  
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- Glutamine goes via the blood from the various tissues to the kidney (also in liver, brain and retina) where it is hydrolyzed by glutaminase enzyme into glutamate and ammonia.  Normal blood glutamine level is 6 - 12 mg/dl and becomes 30 - 54 mg/dL during hepatic coma. The ammonia is then excreted in the urine in exchange with sodium and represents 60% of the total urinary ammonia. Glutamine has several other fates, e.g., transamidination, detoxication by conjugation and purines and pyrimidines synthesis.

Synthesis of urea: See below.

Catabolic fate of ammonia (direct excretion): Ammonia is excreted directly into the urine as it is. 
60% of that ammonia is derived from the glutaminase reaction as the kidney catabolic part of glutamine cycle. 
40% of that ammonia comes from direct deamination of other amino acids by different deaminases in the kidney. Urine contains also other nitrogenous non-protein compounds such as creatinine and uric acid.

Hyperammonemia (Ammonia intoxication):

- It is the presence of higher than normal blood ammonia level (10 - 80 (g/dL), e.g., during hepatic failure comatosed state. 

Its symptoms include flapping tremors, slurring of speech, blurring of vision, vomiting in infancy and finally coma and may be death.

It is could be due to (Possible mechanisms): 
Depletion of (-ketoglutarate of Krebs' cycle in brain leading to energy failure. 
Depletion of brain glutamate leading to deficiency of GABA (an inhibitory neurotransmitter) that is synthesized from it.  
Increased synthesis of the toxic (-ketoglutaramate.  
Increased entrance of tryptophan to the brain (in exchange with glutamine) leading to increased level of serotonin (a stimulatory neurotransmitter).

Types of hyperammonemia: 

Acquired hyperammonemia due to liver cirrhosis and damage to liver cells due alcoholism, Bilharziasis, hepatitis, biliary obstruction or cancer and the development of collaterals directly connecting the portal and general circulation by-passing the liver (naturally or surgically).

Inherited hyperammonemia due to genetic defects in specific enzyme(s) of urea cycle, see below for details.

Urea Cycle (Krebs-Henseleit Cycle) 

Definition: 
It is a five-reaction cyclic cascade that utilizes two amino groups and a CO2 to synthesis urea in mitochondria and cytosol of the liver. It is a major pathway of nitrogen excretion in man as urea that is synthesized by the liver and diffuses to the blood to be cleared by the kidneys. It constitutes about 80-90% of the nitrogen excreted. Thus, urea formation is the principal pathway of disposal of ammonia as an end product of protein nitrogen disposal.

Site: Mitochondria and cytoplasm of the liver cells.

Steps:

A) Synthesis of carbamoyl-phosphate: Condensation of one mole of ammonia, one mole of CO2 and one mole of phosphate derived from ATP to form carbamoyl phosphate is catalyzed by the mitochondrial carbamoyl phosphate synthetase I, an enzyme present in the liver mitochondria of ureotellic organism including man.  There is a liver cytosolar carbamoyl phosphate synthetase II that is utilized in pyrimidine biosynthesis.  The reaction requires Mg2+ or Mn2+ as cofactor and N-acetyl glutamate as an allosteric activator (increases the enzyme affinity to ATP).

B) Synthesis of citrulline: Transfer of the carbamoyl residue from carbamoyl phosphate into ornithine to form citrulline with liberation of phosphate is catalyzed by the mitochondrial ornithine carbamoyl transferase (ornithine transcarbamoylase). Citrulline goes to cytosol (facilitated by a specific transporter) to complete the cycle.  Ornithine carbamoyl transferase is used as a test for liver function.  The level of this enzyme in blood is increased by many diseases, e.g., liver metastasis in breast cancer and in malignant lymphomas.

C) Synthesis of argininosuccinate: Citrulline is joined to the amino group of aspartate to form argininosuccinate, catalyzed by argininosuccinate synthetase that requires ATP and Mg2+ with liberation of H2O.  Citrullyl-AMP is an active intermediate formed during the reaction.
D) Cleavage of Argininosuccinate: It is catalyzed by the argininosuccinase found in liver and kidney tissues. Fumarate formed by this cleavage joins Krebs' cycle.
E) Cleavage of arginine into urea and ornithine: Liberation of urea is brought about by cleavage of arginine catalyzed by arginase.   The formed ornithine returns back to mitochondrial (facilitated by a specific transporter).   This enzyme is present mainly in the liver of all ureotellic organisms.  However, smaller quantities also occur in testes, skin and mammary gland.
Regulation of urea synthesis:

- Regulation is concentrated on the key regulatory steps of carbamoyl phosphate synthetase I and also on glutamate dehydrogenase as preparatory step that provide substrate (ammonia).  

- Thus, glutamate dehydrogenase channels ammonia from all transaminable amino acids to carbamoyl phosphate synthetase I for synthesis of carbamoyl phosphate and urea. The major allosteric activator for carbamoyl phosphate synthetase I is the N-acetyl-glutamate.  

- Urea formation increases during starvation and lack of energy to cope with the increased rate of protein breakdown. High protein diet in non-growing individuals increases urea synthesis.
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Blood urea and uremia:

- Urea is the main metabolic end product of protein metabolism. Normal blood urea concentration is 8 - 25 mg/dL. Urea is excreted in the urine by the kidney and its concentration ranges between 20 - 40 gm/day.  Urea concentration in blood is increased in advanced renal diseases (renal failure) that may reach 200 - 300 mg/dL or more what is called uremia.  Blood urea level decreases in advanced liver diseases with increased ammonia concentration leading to ammonia intoxication as in hepatic failure.  

- Uremia has 3 types depending on location of the defect along the urinary pathway:

Pre-renal uremia, due to blood volume as in salt and water depletion, severe prolonged vomiting or diarrhea, hemorrhagic or burn shock, hematemesis, ulcerative colitis and adrenal hypofunction.

Renal uremia, due to all forms of kidney diseases.

Post-renal uremia, due to all type of obstruction to urine flow, e.g., tumors, stones, strictures, and inflamed prostate.
Inherited metabolic defects of urea cycle (Inherited ammonia intoxication or hyperammonemia):

- Result from genetic deficiency of one of the five enzymes of urea cycle. In each case, the failure to synthesize urea leads to hyperammonemia during the first week after birth. All inherited hyperammonemias lead to mental retardation.   The most common inherited enzyme deficiencies are:

Carbamoyl phosphate synthetase I leading to hyperammonemia type I. 

Ornithine carbamoyl transferase leading to hyperammonemia type II. It is an X-chromosome linked enzyme. Blood has high ammonia, ornithine and glutamine levels and the patient dislikes protein food. These two types could be treated by taking benzoic acid that conjugates to glycine to produce hippurate (see glycine metabolism) or phenylacetate the conjugates with glutamine to produce phenylacetylglutamine (see tyrosine metabolism)

Citrullinemia: Due to defective argininosuccinate synthetase (due to mutation) with very high Km (Michaelis constant) to citrulline and blood has high level of ammonia and citrulline and urine has high level of citrulline. Feeding arginine increases citrulline excretion and alleviates the disease. Also, feeding benzoic acid shifts ammonia as glycine to react with it to form hippuric acid that goes into urine.

Argininosuccinate aciduria: Due to deficiency of argininosuccinase. It is fatal in the first 2 years of age.  Along with high ammonia, blood and urine have high level of argininosuccinate.  Arginine and benzoic acid in the diet improve the case as in citrullinemia.

Argininemia: Due to deficiency of arginase. Along with high ammonia, blood has high level of arginine and urine has high level of arginine, ornithine, lysine and cystine (due to competition for reabsorption with arginine).  Low protein diet improves the case. 

Fate of (-keto acids

- It is the fate of the carbon-skeleton of the amino acids.  After removal of amino groups, the carbon skeleton of L-amino acids has the following fates:

Recycling into amino acids: This occurs by the reversible transamination process for synthesis of non-essential amino acids.

Gluconeogenesis (or conversion to glucose precursors): Majority of amino acids is convertible to glucose, i.e., are glucogenic amino acids and include: glycine, cysteine/cystine, serine, asparatic acid, alanine, threonine, glutamic acid, valine, methionine, histidine, proline/hydroxyproline, arginine and ornithine.

Ketogenic amino acids are converted into ketone bodies precursors, i.e., ketogenic (acetoacetate).  Leucine is the only ketogenic amino acid.

Mixed function amino acids, i.e., glucogenic and ketogenic: The carbon skeleton of these amino acids is catabolized into both glucogenic and ketogenic precursors and include: isoleucine, lysine, phenylalanine, tyrosine and tryptophan.

Glucose: Nitrogen ratio (G:N ratio) or Dextrose: Nitrogen ratio (D:N ratio):

- This is an experiment that explain which of the amino acids is glucogenic, mixed function or ketogenic. When a starved dog is treated with phlorhizin to prevent glucose reabsorption at the kidney, the dog's body breaks its proteins down for energy production.  Ammonia released from carbon skeleton of amino acids liberated from protein breakdown goes in various forms into urine as total nitrogen (N).  Carbon skeletons are converted into glucose (gluconeogenesis) that is also lost in urine (G) due to phlorhizin. 

- The normal G:N ratio is 3.65:1.  Each 1 gm nitrogen comes from 6.25 gm body protein.  Thus, 3.65 gm glucose comes from 6.25 gm protein.  Therefore, the average conversion rate of protein into glucose is 3.65/6.25 X100=58%. 

- If the animal is fed one amino acid at a time, the amino acids that gives glucose only is glucogenic, the amino acids that gives glucose and acetoacetate is mixed function, and the amino acids that gives acetoacetate only is ketogenic.

	Ketogenic
	Ketogenic & glucogenic
	Glucogenic

	Leucine
	Lysine
	Rest of amino acids

	
	Isoleucine
	

	
	Tyrosine
	

	
	Tryptophan
	

	
	Phenyl alanine
	


Metabolism of Individual Amino Acids

Glycine 
Nature: 
- Glycine is an amino acid with extreme importance since it participates in synthesis of several biologically active compounds. It is a neutral, aliphatic, glucogenic and non-essential amino acid.   It is the simplest amino acid (2C).

Synthesis: 

- It produced denovo (CO2 + NH3), from threonine, serine, glyoxylic acid & choline:

Threonine.
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Serine.
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Glyoxylic acid, transamination catalyzed by glycine transaminase in the cytosol of liver is a salvage process for regenerating glycine on the expense of glutamate or alanine. Failure of this salvage process delivers glyoxylate into oxalate formation leading to primary hyperoxaluria.

[image: image24.wmf]N

H

2

C

H

C

O

O

H

H

G

l

u

t

a

m

a

t

e

 

o

r

 

a

l

a

n

i

n

e

G

l

y

c

i

n

e

G

l

y

c

i

n

e

 

t

r

a

n

s

a

m

i

n

a

s

e

O

H

C

C

O

O

H

G

l

y

o

x

y

l

i

c

 

a

c

i

d

a

-

k

e

t

o

g

l

u

t

a

r

a

t

e

 

o

r

 

p

y

r

u

v

a

t

e


 Choline, see choline cycle in the catabolic fates.

Denovo synthesis, by reversal of glycine cleavage catalyzed by glycine synthase, a liver mitochondrial enzyme, 
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Catabolic fates:

It is catabolized into CO2 and NH3 through glycine synthase, or into CO2 and formyl-FH4 and/or oxalate through glyoxylate and formate, into pyruvate through serine or methylglyoxal. It is also reversibly transaminated into glyoxylate that gives formate with conversion of (-ketoglutarate into glutamate catalyzed by glycine transaminase.
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Detoxication by conjugation reactions: It is conjugated in the liver with benzoic acid (a toxic food additive) giving hippuric acid, which is excreted in the urine. Glycine conjugation is used to detoxify several other drugs.  This reaction is used as a liver function test.
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Anabolic fates:

Protein synthesis, e.g., collagen (every third amino acid in the helix is glycine).

Synthesis of porphyrins (haem): 
- Succinyl-CoA condenses with glycine and the COOH of glycine is liberated as CO2 to give (-aminolevulinate catalyzed by (-aminolevulinate synthase, a mitochondrial enzyme, then two molecules of (-aminolevulinate are condensed together with the releases of two water molecules to form porphobilinogen, the building unite of haem, see metabolism of porphyrins.  (-Aminolevulinate can be oxidatively deaminated into (-ketoglutarate and succinate.
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Synthesis of bile salts: 

- Glycine conjugates with cholic or chenodeoxycholic acids to form glycocholate or glycochenodeoxycholate (see cholesterol metabolism).

Synthesis of purines: 

- Carbons 4 and 5 and nitrogen 7 of purines are derived from glycine.
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Synthesis of glutathione: 

- It is a tripeptide formed from 3 amino acids ((-glutamic acid, cysteine and glycine). It is formed in the cytoplasm of the liver by the help of ATP and (-glutamyl-cysteine synthetase and glutathione synthetase. Glutathione exists in 2 states reduced with a free SH group, GSH and oxidized without a free SH group but a disulfide linkage, GSSG.
- Reduced glutathione has the following functions:

Amino acid transport across the cell membrane (including absorption).

It is a coenzyme for maleylacetoacetate isomerase enzyme, see tyrosine. It is also a coenzyme in S-adenosylmethionine and heme synthesis, and for formaldehyde dehydrogenase, glycogen synthase and glyoxylase.

Synthesis of leukotrienes (see prostaglandins).

Detoxication by conjugation (see metabolism of xenobiotics).

It functions as hydrogen donor in oxidation reduction reactions that include:

It protects hemoglobin against oxidation by hydrogen peroxide.

Keeps the integrity of the cell membrane against damage by oxidants, e.g., H2O2.  Thus, it prevents lipid peroxidation of the membrane lipids of RBCs and thence its hemolysis by various oxidants because it is the most liable among cells, sees Favism. 

It maintains the SH group(s) at the active site of several enzymes that is essential for their activity, e.g., glyceraldehyde dehydrogenase.

It inactivates insulin in the liver by reductive cleaving of the 2 disulfide linkages of insulin into separate polypeptide chains catalyzed by insulin-glutathione transhydrogenase.
It protects the (-cells of pancreas from the degenerative action of alloxan or dehydroascorbic acid.  This protective action is due to antioxidant properties of glutathione, which reduces alloxan to inactive substance and reduces dehydroascorbic acid to ascorbic acid.
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Synthesis of creatine: 

- Creatine is formed from glycine and parts of arginine and methionine.  Creatine presents in muscle (98%), brain (1.3%), liver, testes, whereas, phosphocreatine is intracellular only. 

- It is synthesized in two steps, the first in the mitochondria of kidney, pancreas and to a limited extent in liver, and the second (transmethylation) in the liver and pancreas, and goes to blood to be extracted by tissues particularly the muscles and nerves.  Synthesis is regulated by growth hormone and creatine level.

- Creatine phosphate (phosphagen) is the main store of high energy in muscles. During muscular contraction, creatine phosphate regenerates ATP from ADP catalyzed by creatine kinase and during rest ATP regenerates creatine phosphate catalyzed by ATP-creatine transphosphorylase and the kinase, also. 
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- 1 - 2% of the total body creatine phosphate is spontaneously dephosphorylated dehydrated daily into creatinine that diffuses to blood and then through the kidney to urine.  Creatinine clearance rate from blood into urine is a kidney function test.  Males excrete 1.5 - 2 gm and females 0.8 - 1.5/daily, but no creatine normally except in children, pregnancy and after parturition, fevers, thyrotoxicosis, muscle damage, low carbohydrate diet, diabetes mellitus, wasting diseases and starvation. Blood level of creatine is 0.2 - 0.9 mg/dL and creatinine is 0.8 - 2.0 mg/dL.

Synthesis of serine, choline and Glycine betaine: 

- Choline is synthesized from glycine through serine and is then catabolized again into glycine, forming what is called choline cycle. It is used for lecithin, plasmalogens, sphingomyelin and acetyl-choline synthesis. It is a lipotropic factor that prevents fatty liver.
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Metabolic disorders of glycine metabolism:

Primary hyperoxaluria: It is due to failure of catabolism and/or transamination of glyoxylate either to formate or glycine, respectively. The accumulated glyoxylate is oxidized to oxalate that causes bilateral calcium oxalate stones, nephrocalcinosis, recurrent urinary infection, and early mortality from renal failure or hypertension.

Glycinuria: It is due to defective renal reabsorption of glycine leading to excretion of 0.6 - 1.0 gm glycine/day with normal blood glycine level. The patient has tendency to precipitate renal oxalate stones.

Serine

Nature: 
- It is a hydroxyl containing, glucogenic and non-essential, amino acid that can be synthesized in the body.

Synthesis:

From glycine: By hydroxymethyl transferase, see glycine metabolism.

From 3-phosphoglycerate: By two mechanisms as follows,
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Catabolic fates:

- Serine is converted to pyruvate by serine dehydratase and pyridoxal phosphate as a coenzyme. It is also converted through glycine into other products of glycine catabolism, see glycine metabolism.

Anabolic fates:

It participates in protein synthesis.  It is especially important as a part of proteins because it is a site for covalent modification of its OH group by phosphorylation and dephosphorylation regulatory mechanisms. 

Glycine synthesis: See glycine metabolism.
Ethanolamine and choline synthesis: See choline cycle in glycine metabolism.

Sphingosine synthesis: sphingosine enters in structure of sphingolipids, see metabolism of sphingolipids.

Cephalins synthesis: They contain serine as a nitrogenous base, see cephalins metabolism. 

Thymine synthesis: Serine last carbon (as methylene-FH4) may be used as a source of methyl group for conversion of UMP into TMP, see synthesis of pyrimidines.

Synthesis of cysteine: Homocysteine formed during transmethylation reaction is regenerated into methionine by methionine synthase, methyl-FH4 and methylcobalamin, see transmethylation. The majority of homocysteine, however, is converted into cysteine on the expense of serine that is converted into homoserine, then (-ketobutyrate that is converted into propionyl-CoA then succinate.
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Sulfur-containing amino acids

1. Methionine
Nature:
- It is a glucogenic (gives propionate), essential, and sulfur-containing amino acid. Its major role is being a methyl donor giving its methyl group after activation by ATP into S-adenosyl-methionine, see transmethylation.  Methionine is a lipotropic factor preventing fatty liver by being a methyl donor.

Catabolic fate: 

- It is a transaminable amino acid that gives methyl-thio-butyrate that is hydrolyzed into (-keto-(-butyrate and methylmercaptan in the liver.  It is also catabolized after giving its methyl group into homocysteine, then cysteine and homoserine that gives propionyl-CoA that give succinate, see serine metabolism. Thus, high dietary methionine content spares cysteine and vice versa.  

Anabolic fates: It is mainly being a methyl donor, see transmethylation and regeneration of cysteine from it.

Metabolic defects: 

Homocystinurias (with >16.3 - 100 μM/L homocysteinemia, in blood) are genetic defects in methionine metabolism. They are four types depending on site of the defect.  Cystathionine synthase deficiency, defective B12 absorption and activation, and deficiency of methylene-FH4 reductase are all causes.  They are due to accumulation of homocysteine produced from methionine after transmethylation.  Homocysteine is converted into homocystine, which appears in urine at up to 300 mg/day, a condition called overflow aminoaciduria.  S-adenosyl-methionine may appear in urine. There is metal retardation, hepatomegaly, dislocated eye lenses, skeletal deformities, premature osteoporosis, and intravascular thrombosis.  Low-methionine high-cysteine diet and large doses of folate, pyridoxine and B12 may improve certain subtypes of this case.

High blood homocysteine: Metabolic failure to convert homocysteine into cysteine or methionine leads to its accumulation in the blood. This is connected to long list of diseases including coronary artery disease, cerebrovascular disease, peripheral vascular disease and oxidative stress. It is lowered by dietary folate (provides methyl-FH4), B12 (provides methyl-cobalamin) and B6 (provides pyridoxal phosphate for cystathionine synthase and cystathionase), all activates homocysteine conversion into methionine and cysteine, respectively.

Hypermethioninemia: is due to deficiency of methionine-S-adenosyltransferase in the liver.

2. Cysteine/Cystine

Nature: 

- Cysteine and cystine (dicysteine) are inter-convertible in the body by removal/addition of two hydrogens catalyzed by cystine reductase. They are glucogenic, sulfur-containing and non-essential amino acids synthesized in the body from methionine (as homocysteine) coupled with serine.
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Catabolic fates: 

The major source of inorganic sulfate in the body is cysteine.  Sulfate is used for sulfation reactions after activation into 3-phosphoadenosine-5-phosphosulfate (active sulfate or PAPS, 2 ATP + SO42- → PAPS + ADP + PPi) catalyzed by sulfotransferases.  Sulfate detoxifies phenol or indole into phenyl sulfate or indoxyl sulfate (indican), respectively, that go to urine.  Sulfated steroids and sulfated sugar derivatives are also produced by sulfation with PAPS.
Cysteine is transaminated (in presence B6) into (-mercaptopyruvate that loses sulfur as H2S catalyzed by transulfurase to give pyruvate. Or, cysteine is oxidized into cysteine-sulfinic acid in the liver and then transaminated to give 3-sulfinylpyruvate that is desulfinylated into sulfite (SO2-) and pyruvate.  SO2- is oxidized into SO42- by sulfite oxidase with lipoic acid and hypoxanthine, then sulfates go to urine or activated for sulfation.  Or, cysteine is oxidized into cysteine-sulfinic acid in the liver that is oxidized again into cysteic acid that is then transaminated into sulfonylpyruvate to be desulfonated into pyruvate and sulfate (SO42-).  This cysteic acid is decarboxylated into taurine in presence of pyridoxal phosphate and GSH.
Desulfhydrase converts cysteine into pyruvate, H2S and ammonia, see non-oxidative deamination. It is decarboxylated into mercaptoethanolamine (that is a part coenzyme A structure) by decarboxylase and PLP.  Thiosulfate produced from cysteine is used for detoxication of cyanide into thiocyanate and sulfite, (HCN + Na2S2O3 → HCNS + Na2SO3).

Anabolic fate: 

Synthesis of proteins: particularly scleroproteins and certain hormones, e.g., insulin and vasopressin.

Synthesis glutathione, see glycine metabolism.

Synthesis of cystine: 2 molecules of cysteine give cystine.

Detoxication: Cysteine, as it is, reacts with aromatic compound, e.g., benzene, polycyclic hydrocarbons, e.g., naphthalene and ring halogenated hydrocarbons, e.g., bromobenzene that are then acetylated and go into urine.

Cysteine + Bromobenzene + acetic acid → Bromophenylmercapturic acid

Cysteine + naphthalene + acetic acid → Naphthaylmercapturic acid
5- Selenocysteine. While not normally considered an amino acid present in proteins, selenocysteine occurs at the active sites of several enzymes. Examples include the human enzymes thioredoxin reductase, glutathione peroxidase, and the deiodinase that converts thyroxine to triiodothyronine. Unlike hydroxyproline or hydroxylysine, selenocysteine arises co-translationally during its incorporation into peptides. The UGA anticodon of the unusual tRNA designated tRNASec normally signals STOP. The ability of the protein synthetic apparatus to identify a selenocysteine-specific UGA codon involves the selenocysteine insertion element, a stem-loop structure in the untranslated region of the mRNA. Selenocysteine-tRNASec is first charged with serine by the ligase that charges tRNASer. Subsequent replacement of the serine oxygen by selenium involves selenophosphate formed by selenophosphate synthase.
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Metabolic disorders:

Cystinosis (cystine storage disease): It is a lysosomal genetic disease characterized by the deposition of cystine crystals in many tissues especially reticuloendothelial system due to defective carrier-mediated transport of cystine. It is accompanied by impaired renal function and generalized aminoaciduria.  The patient dies at young age from acute renal failure.

Cystinuria (cystine-lysinuria): It is a genetic disease characterized by marked increase in urinary cystine (20 - 30 times normal) together with basic amino acids (lysine, arginine and ornithine).  It is due to defective renal tubular reabsorption of these 4 amino acids with possible formation of cystine stones.

Phenylalanine and Tyrosine

Nature: 

- Phenylalanine is essential amino acid that is irreversibly convertible into tyrosine (a non-essential amino acid) in the liver by hydroxylation. They are mixed function amino acids giving both glucogenic and ketogenic intermediates. The reaction required tetrahydrobiopterin (a simple form of FH4) as a hydrogen donor that is renewed by NADPH.H+.
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    [image: image38.emf]
- Deficiency of phenylalanine hydroxylase causes its accumulation in blood and appearance in urine in abnormal amounts and tyrosine is not formed.  

- Alternative pathways for oxidation of phenylalanine in the liver leads to the formation of phenylpyruvate, phenyl lactate and phenylacetate and its conjugated form with glutamate, phenyl acetylglutamate.  These abnormal products increase in blood and appear in urine, a condition called phenyl ketonuria.

Catabolic fates of tyrosine:

Conversion into fumarate and acetoacetate:
- Conversion into fumarate (i.e., glucogenic) and acetoacetate (i.e., ketogenic), through homogentisic acid. Autosomal recessive congenital deficiency of homogentisic acid oxidase results in accumulation of homogentisic acid and its appearance in urine, a condition called alkaptonuria, see below.  As an alternative pathway, the accumulated p-hydroxyphenylpyruvate is converted into p-hydroxyphenyl-lactate and p-hydroxyphenylacetate.
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Putrefaction into phenol: 

- Large intestinal bacteria activate this pathway; hence, it is an example of putrefaction reactions.  Phenol is toxic and must be detoxicated by conjugation with phenyl sulfate.   Tyramine produced during this process is vasoconstrictive.
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Anabolic fates of tyrosine:

Synthesis of adrenaline and melanin: 

- As depicted in the above figure, tyrosine is hydroxylated into by tyrosinase (tyrosine hydroxylase) dihydroxyphenylalanine (DOPA) which gives adrenaline and melanin.

- DOPA gives melanin through the formation of dopachrome.  Melanin is the dark pigment formed of several compounds (boxed in the following figure).
- Melanin is stored in melanocytes of the skin, hair and iris of the eyes and tumor of melanocytes (melanoma). The main function of melanin is protection of skin against ultraviolet rays; it is the strongest natural antioxidant.  

- Congenital deficiency of tyrosinase (a copper-dependent enzyme) causes absence of melanin pigments, a condition called albinism, see below.

- Adrenaline is synthesized in adrenal medulla and noradrenaline is synthesized at the adrenergic nerve endings and dopamine in hypothalamus.
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Synthesis of thyroxine: 
- This is the hormone produced by the thyroid gland. Iodine is concentrated in the follicular cells of thyroid gland by active transport; it is oxidized by peroxidase and then iodinates tyrosine residues of thyroglobulin, a glycoprotein present in the follicular space of the thyroid follicles. Mono- and di-iodinated tyrosine residues couple to form triiodothyronine (T3) or tetraiodothyronine (T4, thyroxine). Thyroglobulin is taken up by phagocytosis and pinocytosis into the cells to be hydrolyzed by lysosomes into free T3 and T4 to be secreted into blood bound to thyroxine-binding globulin and prealbumin.
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Metabolic disorders of phenylalanine and tyrosine:

Phenylketonuria:

- This is a congenital disease (5 subtypes) due to complete to mild deficiency of phenylalanine hydroxylase or defective dihydrobiopterin synthesis. 

- Thus, phenylalanine accumulates in the blood and appears in urine. Excess phenylalanine is converted to phenylpyruvate, phenyllactate and phenylacetate.  The later is activated into phenylacetyl-CoA and conjugates with glutamate or glutamine as a detoxication mechanism (phenylacetylglutamate, give the urine a mousy odor) which are excreted in urine. 

- Infants and children develop mental retardation for unknown reason. The plasma of the newly born infant should be tested (FeCl3 test) for high level of phenylalanine 4 days after birth. Children are maintained on a diet containing very low level of phenylalanine, tyrosine should be provided or administration of DOPA. This diet treatment can be terminated at 6 years of age. There is decreased serotonin synthesis due to competitive inhibition of tryptophan intestinal absorption by phenylalanine (secreted back to the intestine) leading to mental retardation, seizures, psychosis and eczema. The skin and hair have fair color.

Tyrosinosis:

- Inborn error due to deficiency of p-hydroxyphenylpyruvate hydroxylase, fumarylacetoacetate hydrolase or maleylacetoacetate isomerase. Blood has high tyrosine level and large amounts of p-hydroxyphenylpyruvate, p-hydroxyphenyllactate and acetate are excreted in urine. It causes liver damage and death due to liver failure. Diet low in phenylalanine and tyrosine helps.

Alkaptonuria:

- Autosomal recessive inborn error due to deficiency of homogentisic acid oxidase.  In this condition, the urine is normal in color when freshly voided but is readily changed to brownish-black color due to oxidation of homogentisic acid by oxygen of the air.   This occurs in vivo, too, where connective tissue become dark (Ochronosis) with arthritis. Homogentisic acid is a reducing substance gives red precipitate with Fehling’s test. It may be improved (in premature infants) by vitamin C.

Albinism: 

- In the oculo-cutaneous type there is low to absence of melanin depending on degree of tyrosinase deficiency.   Ocular form is X-linked or autosomal recessive with absence of pigment in the iris only.

Pheochromocytoma: 

- This is a benign tumor affecting the cells of adrenal medulla. The affected cells secrete abnormal amounts of adrenaline and noradrenaline.  This leads to hypertension, which may be paroxysmal, attacks of palpitation, headache, nausea, dyspnea, anxiety, pallor and profuse sweating.

Tryptophan

Nature:

- It is an aromatic heterocyclic, essential (synthesized by the body), and mixed function amino acid that gives glucogenic (alanine) and ketogenic (acetoacetic acid) intermediates.

Catabolic fates:

Putrefaction of tryptophan:
Large intestinal bacteria putrefy tryptophan into indole and skatole. Indole and skatole pass with feces and give the characteristic odor of the stools.  This is the normal fate of indole, but during constipation, it is reabsorbed by intestinal mucosa to be hydroxylated into indoxyl that is conjugated with active sulfate in the liver and is excreted in urine as potassium indoxyl sulfate (or indican). 
Therefore, indican is one of the abnormal constituents of urine, where it is a marker for increased putrefaction in the intestine due to e.g., constipation, or Hartnup disease and putrefaction in large abscesses somewhere in the body.

Formation of acetoacetate: 

- The main catalytic pathway for tryptophan carbon skeleton is through kynurenine to (-ketoadipate that give acetoacetyl-CoA (ketogenic). This pathway starts with tryptophan oxygenase, a liver enzyme inducible by tryptophan and adrenal cortical hormones and allosterically inhibited by nicotinic acid and its derivatives including NADPH.H+. Then formylase, a liver enzyme releases formate and kynurenine. Hydroxylase that requires NADPH.H+ and vitamin B2 gives 3-hydroxykynurenine that is cleaved by kynureninase and water into alanine and 3-hydroxyanthranilate.  This enzyme requires pyridoxal phosphate (PLP, B6). Deficiency of vitamin B6 leads to shift of 3-hydroxykynurenine into xanthurenate by deamination. Appearance of xanthurenate in urine is used as a marker for vitamin B6 deficiency. B6 deficiency leads also to nicotinic acid deficiency because it is synthesized from tryptophan by the 3-hydroxyanthranilate pathway.
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Conversion into tryptamine:

- Normal catabolic fate of tryptophan is decarboxylation in kidney and liver (besides putrefaction by large intestinal bacteria) in presence of pyridoxal phosphate into tryptamine (is vasoconstrictive) that is oxidatively deaminated into indole-3-acetate that is partially hydroxylated into 5-hydroxyindoleacetate and both go to urine. 

Formation of indole acetate or lactate:

- Tryptophan is also transaminated or oxidatively deaminated into indole pyruvate that is reduced into indole lactate or decarboxylated into indole acetate.

Synthesis of nicotinic acid:
- This is the most important pathway of tryptophan catabolism through which 60 mg of tryptophan give 1 mg of nicotinic acid and the excess tryptophan is catabolized into acetoacetyl-CoA, see reactions in the figure below.  Zein (main protein of corn) of maize is deficient in tryptophan, thus people depending on corn diet deficient in tryptophan or niacin suffer from a pellagra disease. Vitamins B2 and B6 are coenzymes in synthesis of niacin.  Deficiency of vitamin B2 in reaction (3) leads to formation of kynurenic acid.  Deficiency of vitamin B6 (PLP) leads to formation of xanthuronic acid.

- An oxidase converts 3-hydroxyanthranilate into 2-acrolyel-3-aminofumarate that is dehydrated to quinolinic acid then to nicotinic acid and nicotinamide. Or, decarboxylated into 2-amino-cis-muconate semialdehyde that is dehydrogenated and deaminated into oxalocrotonate that is reduced into (-keto-adipate. The later gives acetoacetyl-CoA, a ketogenic compound.
Anabolic fates:

Synthesis of serotonin:


- Tryptophan is hydroxylated by phenylalanine hydroxylase in the liver (see conversion of phenylalanine into tyrosine) and 5-hydroxytryptophan produced is 5-hydroxytryptophan decarboxylated in liver, kidney and stomach into 5-hydroxytryptamine (Serotonin) is synthesized in:

Intestine “argentaffine cells”.  In the tumor of these cells (argentaffinoma) there is over-production of serotonin leading to increased N-acetyl-serotonin glucuronide and 5-hydroxyindoleacetate and its glycine conjugate in urine of the patient. There is deficiency of tryptophan conversion into niacin and the patient exhibit symptoms of pellagra.

Blood platelets (where it is stored), gastric mucosa, brain and mast cells.

- It has the following functions:

Potent vasoconstrictor on blood vessels and inducer of apoptosis.

Potent stimulator of smooth muscle contraction (e.g., bronchospasm and diarrhea).

Stimulatory transmitter of cerebral activity (excitation). In psychic conditions (depression), stimulation by iproniazid as a treatment is due to the inhibition of serotonin catabolism by monoamine oxidase into 5-hydroxyindoleacetate. Oppositely, reserpine (a hypotensive drug) make serotonin available for monoamine oxidase, therefore, it is depresses cerebral activity and cause vasodilation. 
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Synthesis of melatonin (N-acetyl-5-methoxyserotinin):

- This is a hormone secreted by the pineal body and peripheral nerves. Melatonin is derived from serotonin by acetylation followed by O-transmethylation. The methylation reaction is localized in pineal body tissue.   Serotonin-N-acetylase is the rate-limiting enzyme.  Its synthesis and secretion have diurnal variations controlled by the light-sleeping cycle.  It circulates in the blood and is taken up by all tissues including the brain.

- It has the following functions (The youth hormone):

It lightens skin color in lower animals, e.g., frogs.

It has a strong antioxidant and anticancer effect.

It appears to depress the gonadal function and may mediate the light-induced seasonal reproductive cycles.

It has a regulatory effect on sleeping cycle and the biological clock.

- Melatonin goes to urine after hydroxylation at C6 and conjugation with sulfate or glucuronic acid in the liver.

Metabolic disorders of tryptophan metabolism:

Hartnup disease: See the absorption of amino acids.

Acidic Amino Acids

1.Glutamic Acid 

Nature: 
- It is a non-essential (formed from histidine, proline, arginine and (-ketoglutarate), glucogenic (gives (-ketoglutarate), and acidic (dicarboxylic-mono-amino) amino acid.

Catabolic fates:

Conversion into (-ketoglutarate:

- By transamination and/or deamination glutamate gives (-ketoglutarate that is an intermediate in Krebs' cycle for oxidation to produce energy and/or conversion into glucose. The ammonia liberated is the major supply for urea synthesis.  

Synthesis of (-amino butyric acid (GABA):
- It is formed mainly in the gray matter of the brain (also in kidney and pancreatic islets) from glutamic acid by decarboxylation in the presence of pyridoxal phosphate. GABA is a very important compound in the brain where it functions as synaptic inhibitory neurotransmitter by increasing potassium permeability.  Vitamin B6 deficiency causes a decreased in the level of GABA in the brain causing convulsions (over-activity) especially in children. GABA is also formed from putrescine, see ornithine metabolism. GABA is catabolized by transaminase into succinate-semialdehyde that is reduced into (-hydroxybutyrate by lactate dehydrogenase or oxidized into succinate by dehydrogenase.  This forms a shunt from Krebs' cycle.
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Anabolic fates:

Synthesis of glutathione (see glycine metabolism).

Synthesis of folic acid, a member of vitamin B complex, is formed from para-aminobenzoic acid, pteridine ring and a few glutamate molecules.
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Synthesis of N-acetyl-glutamate:

- It is a major allosteric activator for carbamoyl phosphate synthetase the key regulatory enzyme for urea synthesis.

Synthesis of Glutamine:

- Glutamic acid is important for the brain in other aspects more than GABA synthesis, e.g., synthesis of proline and ornithine and it removes ammonia as glutamine, see glutamine cycle in fates of blood ammonia. Its synthesis is stimulated by growth hormone that increases its blood level.

Functions of glutamine:

Glutamine gives its amide ammonia to purines (N3 and N9), pyrimidines (N3), fructose-6-phosphate to give glucosamine-6-phosphate, (-keto acids to give amino acids, and aspartate to give asparagine.  These reactions are activated by transamidases.

Glutamine formation in the brain removes excess NH3.

Glutamine is used in detoxication of phenyl acetate and other toxic metabolites. Glutamine then goes through the blood to the kidney where it is hydrolyzed by glutaminase (deamidation of CO-NH2) to give free ammonia that passes to urine and glutamate that recycle to the brain. 

It is a major source for energy for cells of the immune system.

Synthesis of asparagine from aspartate.

Synthesis of proline and hydroxyproline.

2. Asparatic acid

Nature:
- It is an acidic, non-essential, glucogenic, dicarboxylic amino acid, being reversibly convertible to oxaloacetate by transamination catalyzed by Aspartate-transaminase.

Anabolic fates:

Synthesis of purines: It provides N1 during their synthesis.

Pyrimidines synthesis, through formation of carbamoyl-aspartate.
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Urea synthesis, through formation of argininosuccinate by coupling with citrulline.

Synthesis of asparaginate by condensation with ammonia catalyzed by asparagine synthetase and ATP or by transamidation with glutamine.  Asparagine also enters in the synthesis of proteins where it is an important site for N-glycosylation and is a donor for amino group in transamidation reaction.

Synthesis of proteins.

Catabolic fates:

By transamination, it is converted into oxaloacetate, which is glucogenic through gluconeogenesis. Also, asparagine by asparaginase (deamidation) gives aspartate that is transaminated into oxaloacetate.

By decarboxylation (in microorganisms only), it is converted to (-alanine which enters in the structure of phosphopantetheinate, coenzyme A, carnosine and anserine.  (-Alanine in the animals and human body is derived from catabolism of cytosine, uracil, carnosine and anserine. It is oxidatively decarboxylated and deaminated into acetate, CO2 and ammonia.
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Basic amino acids

1. Arginine
Nature: 
- It is a basic (diamino-mono-carboxylic), semi-essential and glucogenic amino acid.  Semi-essential means that the rate of arginine synthesis is sufficient for the needs of the adult but insufficient in diseases, trauma, growing and both pregnant and lactating human or animal. It is glucogenic because it is synthesized from and is convertible to ornithine through urea-cycle.  Ornithine is synthesized and is convertible to glutamate through pyrroline-5-carboxylate.

Anabolic fates:

Synthesis of creatine, it provides the formimino group, see glycine.

Synthesis of urea, ornithine and polyamines, in which it is converted to ornithine and urea by arginase, see urea cycle and ornithine.

Arginine phosphate in vertebrate muscles that replaces creatine phosphate.

[image: image51.wmf]N

H

2

C

H

C

O

O

H

C

H

2

C

H

2

C

H

2

N

H

C

N

H

2

N

H

A

r

g

i

n

i

n

e

 

k

i

n

a

s

e

A

r

g

i

n

i

n

e

N

H

2

C

H

C

O

O

H

C

H

2

C

H

2

C

H

2

N

H

C

H

N

O

A

T

P

A

D

P

A

r

g

i

n

i

n

e

p

h

o

s

p

h

a

t

e

P

O

H

O

H

O


Synthesis of proteins and stimulate secretion of growth hormone, insulin, glucagon and prolactin.

Catabolic fates:
Synthesis of nitric oxide (NO●): NO● is an intracellular second messenger that mediates action of several hormones, e.g., atrial natriuretic factor, acetylamine and angioactive peptides.  NO● is synthesized by NO●-synthases. They are haem-containing flavoproteins that convert O2 + arginine into NO● + citrulline in presence of calcium-bound calmodulins, FMN, FAD, tetrahydrobiopterin, NADPH.H+.  NO● synthesis induced by inflammatory cytokines, and bacterial endotoxins. There are three known types of NO●-synthase, endothelial, neural and inducible from different genes.  NO● is very short-living (a few seconds) and relaxes smooth muscles by increasing cGMP.  
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- Thus, NO● works as neurotransmitter, vasodilator, smooth muscle relaxant, modulate platelet adhesion and WBCs functions and has a role in male impotence.  Its second messenger for these actions is the cGMP from soluble guanylate cyclase. Some hypotensive drugs are nothing but NO● donors such as nitroglycerine and sodium nitroprusside and other enzymes such as xanthine oxidase produces NO●.  However, NO● in large amounts is an oxidant and causes hypotensive shock, e.g., in some systemic infections.

Putrefaction (decarboxylation) by intestinal bacteria of arginine produces agmatine.
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2. Ornithine 

Nature:

- It is basic, non-essential and glucogenic amino acid, being convertible to glutamate and synthesized from arginine during urea cycle and creatine synthesis, see these sites.  It is a free amino acid that does not participate in protein structure.

Anabolic fates:

Synthesis of citrulline in urea cycle (see urea cycle).
Ornithine is important in the detoxication of aromatic acids, e.g., phenyl-acetic acid, it forms diphenylacetyl-ornithine. 

Synthesis of polyamines: 
They require S-adenosylmethionine and include putrescine, spermidine & spermine.  They have diverse physiological functions.  They have a prominent role in stimulating cell cycle and proliferation, where ornithine decarboxylase (ODC) activity is a proliferation marker and increases in tumors and its inhibitors induces apoptosis. In pharmacological doses they are hypothermic and hypotensive.
- Polyamines associate RNA and DNA, affect protein synthesis, and inhibit certain enzymes including protein kinases. ODC and S-adenosyl-methionine decarboxylase are the key regulatory enzymes and are induced to 10-200-folds by growth hormone, corticosteroids, epidermal growth factor (EGF).  Polyamines are catabolized in opposite direction to synthesis, i.e., spermine into spermidine by polyamine oxidase and spermidine into putrescine by polyamine oxidase and aminopropionaldehyde is released in each step. Putrescine is partially oxidized into CO2 and NH3 but is mostly conjugated with acetyl-CoA and goes to urine.
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Catabolic fates: Conversion into glutamate then (-ketoglutarate.
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3. Lysine and Hydroxylysine
Nature:
- Lysine is an essential amino acid while hydroxylysine is non-essential amino acid. They are ketogenic and glucogenic amino acids. It is untransaminable.

Anabolic fates:

Lysine at active site of carboxylases combines with biotin to form biocytin, which acts acceptor for bicarbonate during CO2 fixation reactions (i.e., carboxylation).

Protein synthesis: particularly collagen, where it is hydroxylated into hydroxylysine with the hydroxyl group serves as site for glycosylation. 
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Synthesis of carnitine (vitamin T): It is synthesized from lysine, methionine and (-ketoglutarate in the liver mainly but also in the kidney and brain. Transmethylation of lysine three time by active methionine give( N-trimethyl-lysine that is (-deaminated and decarboxylated into (-butyrobetaine that is hydroxylated in presence of (-ketoglutarate (is oxidatively decarboxylated into succinate and CO2), vitamin C, Fe2+, and O2 to give carnitine catalyzed by dioxygenase.  Carnitine helps transport fatty acids for oxidation into mitochondria, transports product of peroxisomal oxidation into cytoplasm then into mitochondria, and renew cytosolar CoASH pool and spare methionine.

Catabolic fates:

- It condenses with (-ketoglutarate to give saccharopine, that is dehydrogenated and then hydrated to be split into glutamate and (-amino-adipate semialdehyde. The later is transaminated with (-ketoglutarate to form glutamate and (-keto-adipate.  The later is oxidatively decarboxylated into glutaryl-CoA that is converted into crotonyl-CoA and acetoacetyl-CoA.
Alanine

Nature:
- It is a non-essential amino acid because it can be formed in the body from pyruvic acid by transamination, decarboxylation of aspartate, cleavage of kynurenine or 3-hydroxykynurenine and related compounds (tryptophan metabolism), during threonine catabolism, thyroxine synthesis, and desulfination of cysteine-sulfinic acid.

- It is glucogenic (alanine-glucose cycle) because it gives pyruvic acid. It probably has few special functions in the body. It is mainly deaminated to pyruvic acid which is degraded to CO2 + H2O, see transamination.

- It enters in peptides and protein biosynthesis.

Threonine

Nature:
- It is a hydroxy and essential amino acid. It is a glucogenic amino acid because it gives pyruvate and succinyl-CoA. It is untransaminable.

Catabolic fates:

Cleavage into glycine and acetaldehyde by threonine aldolase.

It is non-oxidatively deaminated by dehydratase into (-ketobutyrate that is oxidatively decarboxylated into propionyl-CoA that gives succinyl-CoA.
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Anabolic fates:

- It participates in synthesis of proteins where its hydroxyl-group is a site for regulation of these proteins by covalent modification through phosphorylation/dephosphorylation mechanisms.

Histidine

Nature:
- It is glucogenic, heterocyclic and essential amino acid.

Catabolic fates:

Synthesis of histamine: 

- Histidine is decarboxylated into histamine. Histamine is a hypothalamic neurotransmitter, inflammatory agent in allergy, vasodilator (leads to vascular collapse) and increase vascular permeability and increase HCl and pepsin secretion. It is synthesized by mast cells, basophils, gastric mucosa, histaminergic neurons and intestinal bacteria.  It acts through specific H1 and H2 receptors.  Blockers of these receptors prevent these actions such as cimetidine (prevent HCl secretion and treats hyperacidity and gastric ulcer). 

- Histamine is catabolized by the kidney (histaminase) into (-imidazole acetaldehyde in presence of pyridoxal phosphate. (-Imidazole acetaldehyde is oxidized in liver by aldehyde dehydrogenase into (-imidazole acetate that conjugates with ribose and goes to urine.  Histamine may be methylated first before the previous two steps and goes to urine as methyl-(-imidazole acetate-ribose conjugate.

Conversion into glutamate: 

- It is deaminated into urocanic acid that is converted into 4-imidazolone-5-propionate by urocanase that is hydrated into formiminoglutamate that is converted into glutamate in presence of FH4.  In folate deficiency, formiminoglutamate appears in urine in large amount after a loading dose of histidine, a marker for folate deficiency. In normal pregnancy there is increased histidine excretion in urine due a change in renal function.

Anabolic fates:

Synthesis of carnosine and anserine: Histidine combines with (-alanine to form carnosine catalyzed by carnosine synthetase.  (-Alanine is derived from catabolism of cytosine, uracil, carnosine and anserine, it needs to be activate into (-alanine-AMP by reacting with ATP and release of PPi. The reversed reaction catabolizes carnosine by carnosinase, zinc-containing.  Carnosine is methylated forming anserine in animals only.  Thus, anserine in human body is of dietary source (meat of these animals).  Carnosine and anserine are present in skeletal but not cardiac muscles of vertebrates that are characterized by rapid contractile activity (e.g., rabbit and birds).

- They buffer pH in anaerobic conditions of muscles and activate myosin-ATPase activity.  They chelate copper and enhance its uptake. This may implicate them in pathogenesis of Wilson's diseases (copper storage disease). Homocarnosine presents in high level in human brain and is synthesized also by carnosine synthetase. 
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Ergothionine: Histidine is present in blood as ergothionine. Ergothionine is a reducing substance present in liver, RBCs, and semen. Ergothionine acts as an antioxidant like vitamin E and protects these tissues from free radicals.

Metabolic disorders of histidine metabolism:

Histidinemia: is a benign inborn error due to defective histidase and so histidine is not converted into urocanate and appears in blood and urine at high levels.

Urocanic aciduria: it is a benign autosomal recessive deficiency of urocanase leading to increased excretion of urocanate in urine. 

Branched chain amino acids 

(Valine, Leucine and Isoleucine)

Nature:

- They all are essential amino acids.  Valine is glucogenic because it forms succinyl-CoA. Leucine is the only purely ketogenic amino acid as it forms HMG-CoA. Isoleucine is a mixed function (glucogenic and ketogenic) amino acid because it gives propionyl-CoA and acetyl-CoA.

Catabolic fates:

- They are catabolized by same first three sequential reactions then they are differentially catabolized to glucogenic and/or ketogenic intermediate is reached.  This occurs in the liver, kidney, muscle, heart and adipose tissue following the transporter-mediated uptake of these amino acids.  Transamination by same enzyme is followed in mitochondria by oxidative decarboxylation and activation with CoASH with (-keto acid dehydrogenase complex (similar to the pyruvate dehydrogenase reaction and utilizes same coenzymes) into (-ketoacyl-CoA that is then oxidized. The complex is regulated by phosphorylation-dephosphorylation mechanism, being active in the dephospho-state and low energy conditions.  The third dehydrogenase reaction is similar to the acyl-CoA dehydrogenase reaction of (-oxidation. 
- For leucine, carboxylation (requires CO2, biotin and ATP) is followed by hydration and HMG-CoA is cleaved by its lyase in mitochondria of liver, kidney and heart into acetoacetate and acetyl-CoA.
- For valine, hydration, deacylation by thiolase, alcohol dehydrogenation, transamination or activation again into acyl-CoA and finally isomerase in presence of B12 gives succinyl-CoA. Deficiency of B12 leads to dietary metabolic defect in ruminants because the same enzyme catalyzes conversion of propionyl-CoA, a major energy source from fermentation of fibers in rumen of these animals, into succinyl-CoA.  It also leads to methylmalonic aciduria in human that is due to decreased affinity of the isomerase to coenzyme B12 and is treated by pharmacological or massive dose of vitamin B12.

- For isoleucine, hydration is followed by dehydrogenation and them cleavage between carbon 2 and 3 give acetyl-CoA and propionyl-CoA.
Metabolic disorders:

Maple Syrup Urine Disease (branched-chain ketonuria): 

- It is a hereditary autosomal recessive disease caused by absence or greatly reduced activity of the (-ketoacid decarboxylase activity (and/or the dihydrolipoate reductase activity) of the (-ketoacid dehydrogenase complex that catalyzes the conversion of the three branched-chain (-ketoacids to CO2 and acyl-CoAs. 

- This causes accumulation of these amino acids, their (-ketoacids, some (-ketohydroxy acids in blood and tissues leading to elevation of their levels in urine. The characteristic maple syrup or burnt sugar odor of the urine is the pathognomonic feature of this disease.   By the end of the first week of extra-uterine life the infant is difficult to feed, may vomit and may be lethargic with extensive brain damage and without treatment death occurs by the end of first year. 

- Treatment from the first week eliminates these consequences by replacement of dietary protein with a mixture of amino acids without any leucine, isoleucine or valine.  Later, protein as milk can be taken.  
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Isovaleric acidemia: 

- Deficiency of isovaleryl-CoA dehydrogenase leads to excretion of isovalerate in urine and sweat giving the body and breath cheesy odor, vomiting, acidosis, and coma particularly after high protein diet.

Methylmalonic aciduria: 

- Deficiency of B12 leads to accumulation of methylmalonate in urine due to inhibition of the isomerase that converts it into succinate. It is treated by B12 supplementation. 

Propionic acidemia:

- Deficiency of propionyl-CoA carboxylase leads to accumulation of propionate in blood that is treated by low protein diet and buffers to ameliorate acidosis. 

Proline and Hydroxyproline

Nature:

- They are non-essential amino acids as they are formed from glutamic acid through the formation of glutamic semialdehyde and pyroline carboxylic acid. They are glucogenic amino acids through giving glutamate and pyruvate.

Anabolic fates:

Synthesis of protein: Both proline and hydroxyproline are important in synthesis of collagen. Collagen contains one-third glycine and one-third proline and hydroxyproline.  Proline is incorporated in the protein as it is and is hydroxylated after wards into hydroxyproline that is very important for cross-linkage of collagen triple fibers. 

Synthesis of hydroxyproline: proline is hydroxylated, after incorporation in the polypeptide, by prolyl hydroxylase in microsomes of skin, liver, lung, heart, skeletal muscle, and granulating wounds.
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Synthesis of glutamate and  -ketogluterate: 
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- These steps are utilized in the opposite direction for synthesis of proline from glutamate, as follows. Dehydroxyproline (Δ2-Pyrrolidine- 5-carboxylate) is hydrated and dehydrogenated to glutamate-semialdehyde then glytamate which is transaminated into (-ketogluterate.
Metabolic disorders:

Hyperprolinemias: due to deficiency of proline and/or glutamate-semialdehyde dehydrogenase(s) that leads to accumulation of proline and/or hydroxyproline in blood and urine. There may be mental retardation. 

Hyperhydroxyprolinemia: is benign defect that is due to deficiency of hydroxyproline dehydrogenase with high blood level of hydroxyproline. Urinary hydroxyproline is used as a diagnostic marker for connective tissue and collagen degenerative diseases and diseases with rapid tissue turn over such as cancer and osteoporosis.
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