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I. METABOLIC FATES OF AMINO GROUPS 
 

A. DEGRADATION OF PROTEIN 

 Dietary protein is enzymatically degraded to amino acids 

 Degradation of proteins begins in the stomach and not in the 
mouth. 

 Recall: The mouth would only have salivary amylase and 
salivary lipase. (NO salivary protease) 

 At the small intestine, amino acids are absorbed through the 
epithelial cell layer (intestinal mucosa) of the villi and enter the 
capillaries. 

 

Hormones and enzymes involved 

 Stomach 

 Gastrin 
 Hormone that activates secretion of HCl by parietal cells 

and pepsinogen by chief cells 

 Pepsinogen: inactive precursor or zymogen of the 
enzyme pepsin 

 Stimulated by the entry of dietary protein into the stomach 

 Hydrogen Chloride (HCl) 
 Responsible for creating an acidic stomach environment  
 The acidic gastric juice (pH 1.0 – 2.5) is both an 

antiseptic, killing most bacteria and other foreign cells, 
and a denaturing agent 

 Pepsin 
 Formed from the activation of pepsinogen in an acidic 

environment 
 Action: Hydrolyzes ingested proteins at peptide bonds on 

the amino-terminal side of the aromatic amino acid 
residues Phe, Trp, and Tyr cleaving long polypeptide 
chains into a mixture of smaller peptides. 

 Duodenum 

 Secretin 
 Hormone that regulated secretion of bicarbonate (HCO3

-) 
from the pancreas to the duodenum. 

 Stimulated by the low pH of the duodenum caused by the 
entry of acidic stomach contents 

 Note: Secretin is released into the blood and not directly 
into the duodenum. 

 
 

 Bicarbonate (HCO3
-) 

 Responsible for neutralizing gastic HCl entering 
 Abruptly increases the pH of the duodenum to about 7 

 Optimal pH for the other pancreatic enzymes (pH 7 – 8) 

 Cholecystokinin 
 Hormone that stimulates the release of other pancreatic 

enzymes 
 Stimulated by the arrival of amino acids in the duodenum 
 Note: Cholecystokinin is released into the blood 

 Pancreas 

 The following zymogens are synthesized and secreted by the 
exocrine cells of the pancreas. 
 Recall: Zymogens are inactive enzymes or proenzymes 

 Trypsinogen  Trypsin 
 Converted into its active form by enteropeptidase 

 Chymotrypsinogen  Chemotrypsin 
 Pepsin and chymotrypsin work on the same amino acids 

but have different sites of catalytic hydrolysis 

 Pepsin works on the amino side 

 Chymotrypsin works on the carboxyl side 

 Procarboxypeptidase A and B  Carboxypeptidase A and B 
 

 
 

 
Figure 1. Principal hormones of protein digestion [Adapted from Dr. Garvilles’ ppt] 

 

 

Table 1. Peptidases that function in the digestion of proteins in the stomach and 
small intestines [Adapted from Dr. Garvilles’ ppt] 

Peptidase Sites of Catalytic Hydrolysis 

Pepsin  Amino side of phe, tyr ,trp 

Trypsin Carboxyl side of lys and arg 

Chymotrypsin Carboxyl side of phe, tyr ,trp 

Carboxypeptidase 
Sequential removal of amino acids 

beginning at the C- terminus 

Aminopeptidase 
Sequential removal of amino acids 

beginning at the N- terminus 
 

*   

 = produced in the stomach, =converted to active form in the small intestine 
 
 
 
 

Why are zymogens produced and not its activated form? 

 It is important that these enzymes are synthesized as inactive 
precursors to protect the exocrine cells from destructive 
proteolytic attack 

 The pancreas further protects itself against self-digestion by 
making a specific inhibitor, a protein called pancreatic 
trypsin inhibitor 

  It effectively prevents premature production of active 
proteolytic enzymes within pancreatic cells. 

 
In humans, animal globular proteins are completely 

hydrolyzed into amino acids in the GIT. Fibrous proteins, like 
keratin, are only partially hydrolyzed. Plant proteins are 
somehow protected from digestion due to their indigestible 
cellulose husks [Nelson & Cox, 2017] .    
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 Recall: 

 Phe, tyr, trp: aromatic amino acids 

 Lys, Arg: basic amino acids 

 “Proteins cleave into smaller peptides first, then once in the 
stomach, it will be degraded individually as amino acids” [Garvilles, 

2017] 
 

 
 

B. OVERVIEW OF AMINO ACID METABOLISM IN ANIMALS 

 
Figure 2. Amino acid metabolism [Adapted from Dr. Garvilles’ ppt] 

 

Intracellular proteins and Dietary proteins 

 Last resort for source of energy during starvation (First option is 
glucose then fatty acids) 

 Proteins, unlike glucose and fatty acids, cannot be stored 
 

Amino acids (AA) 

 Distinguishing feature: contains amino groups (containing N) 
released in the form of ammonium ion or ammonia (which will 
be brought into the urea cycle) 

 Breakdown: 

 Amino group  Urea Cycle  Urea 

 Carbon skeleton  Krebs Cycle  ATP  
 

Ammonia 

 When diluted in water:  Ammonium hydroxide 

 Used in synthesis of AA 

 Condenses with CO2 and ATP to form carbamoyl phosphate 
which enters the Urea Cycle 

 

C. AMINO ACID CATABOLISM* 

*Diagram in appendix (Fig 31) 
 

 When proteins undergo metabolism, the amino group and the 
carbon skeleton are separated. 

 Amino group acceptors: α-Ketoglutarate and Glutamine 

 Carbon skeletons will enter the Krebs cycle 
 

Important components 

1. α-Ketoglutarate 

 Found in the Krebs cycle 

 Receives an amino group to form glutamate (AA) 

2. Glutamate 

 Releases its amino group into the urea cycle to be released 
as urea 

3. Glutamine 

 Accepts an amino group in muscles and other tissues 

 Can form glutamate by giving up the amino group in the 
amide side of the AA 

4. Alanine  

 From muscles  

 Gives up amino group to form pyruvate; 

 α-Ketoglutarate will accept amino group from Alanine 
 

 

“Protein metabolism occurs primarily in the liver”[Garvilles, 2017] 
 

 

Forms of nitrogenous wastes 

1. Ammonia 

 Ammonotelic animals: most aquatic vertebrates, e.g. bony 
fishes, larvae of amphibians  

 Volatile and directly exposed to water; readily diffused across 
gills 

 Does not require the urea cycle 

2. Uric acid 

 Uricotelic animals: reptiles, birds 

3. Urea 

 Ureotelic animals: mammals, terrestrial vertebrates, sharks 

 Urea production occurs almost exclusively in the liver and is 
fate of most of the ammonia channeled there. 

 Urea passes into the bloodstream and thus to the kidneys 
and is excreted into the urine. 

 

Metabolic circumstances where AA undergo oxidative 
degradation 

1. During the normal synthesis and degradation of cellular 
proteins (protein turnover), excess AA produced from 
breakdown will undergo degradation. 

2. Too much protein in the diet and the ingested amino acids 
exceed the body’s needs for protein synthesis 

3. During starvation or uncontrolled diabetes mellitus, when 
carbohydrates are either unavailable or not properly utilized, 
cellular proteins are used as fuel. 

 

 

Protein Turnover: Humans do not have a storage form of protein 
:.  Amino acids must be constantly degraded and recycled 
 

 

II. NITROGEN EXCRETION AND THE UREA CYCLE 
 

A. BIOSYNTHESIS OF UREA 
 

 Occurs in 4 stages: 
1. Transamination 
2. Oxidative deamination of glutamate 
3. Ammonia transport 
4. Reactions of the urea cycle 

 

 
Figure 3.Biosynthesis of urea [Adapted from Dr. Garvilles’ ppt] 

 
 
 
 
 

Nice to know: 
In humans, animal globular proteins are completely 

hydrolyzed into amino acids in the GIT. Fibrous proteins, like 
keratin, are only partially hydrolyzed. Plant proteins are 
somehow protected from digestion due to their indigestible 
cellulose husks [Nelson & Cox, 2017].    
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1. Enzyme-catalyzed Transamination 
 

 
Figure 4.Transamination [Adapted from Dr. Garvilles’ ppt] 

 

 Enzyme: Aminotransferase/ transaminase 

 Transfers α-amino groups to α-ketoglutarate 

 All aminotransferases have the same prosthetic group/ 
coenzyme and reaction mechanisms. 

 Coenzyme: Pyridoxal phosphate (PLP)  

 Coenzyme form of Vitamin B6/ pyridoxine 

 Site: Occurs in the hepatocytes’ cytosol  

 Product: Glutamate and keto acid 

 Mechanism: 

 The α-amino group is transferred to the α-carbon group of 
the α-ketoglutarate, leaving behind the corresponding α-keto 
analog of the AA [Nelson & Cox, 2013] 

 The reaction is freely reversible 
 

Assays for Tissue Damage[Adapted from Dr. Garvilles’ ppt] 

 Alanine aminotransferase (ALT; also called glutamate-pyruvate 
transaminase, GPT) and aspartate aminotransferase (AST; also 
called glutamate-oxaloacetate transaminase, GOT)  

 Enzymes supposed to be confined in the liver are leaked out 
into the bloodstream 

 Increase in SGPT & SGOT (S = serum) → heart and liver 
damage caused by heart attack, drug toxicity, or infection. 

 

2. Oxidative deamination of glutamate 

 Enzyme: glutamate dehydrogenase 

 Only enzyme that can use either NAD+ or NADP+ as the 
acceptor of reducing equivalents (e.g. H) 

 Specifically L-glutamate dehydrogenase since amino acids 
are mostly in the L configuration. 

 Site: Occurs in the liver’s mitochondria  

 Product: α-ketoglutarate and ammonia 

 α-ketoglutarate will be used in the citric acid cycle for 
gluconeogenesis 

 Ammonia becomes urea 

 Mechanism: 

 Oxidative deamintaion: removal of the amino group from 
glutamate 

 Transdeamination occurs during the combined reaction of 
aminotransferases and glutamate dehydrogenase. 
 Some amino acids bypass transdeamination and directly 

undergo oxidative deamination 

 

Figure 5. Oxidative deamination [Adapted from Dr. Garvilles’ ppt] 
 

3. Ammonia transport 
 

 
Figure 6.Ammonia transport [Adapted from Dr. Garvilles’ ppt] 

 

 Glutamine transports ammonia in the blood stream 

 Enzyme: glutamine synthetase 
 Catalyzes the merging of glutamate and excess ammonia 

in tissues to yield glutamine [Nelson & Cox, 2013] 

 Glutamate = scavenger of ammonia in the bloodstream 

 Ammonia is toxic in the bloodstream 

 Products:  
 Glutamine in the bloodstream and tissues 
 Eventually glutamate and NH4

+ in the liver 

 Mechanism: 
 Step 1: Glutamate + ATP  γ-glutamyl phosphate 

intermediate + ADP 
 Step 2: Intermediate will react with NH3 to form glutamine 

and inorganic phosphate (Pi)  
 After transport in the bloodstream, the glutamine enters 

the liver  

 NH4
+ ion is liberated into the mitochondria  
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 The enzyme glutaminase converts glutamine to 
glutamate and NH4

+ 
o Some glutamate: further processed by glutamate 

dehydrogenase releasing more ammonia and 
carbon skeletons 

o Most glutamate: undergo transamination to form 
new AAs, and other reactions   

 
Figure 7.Alanine transport [Adapted from Dr. Garvilles’ ppt] 

 Alanine transports ammonia from the skeletal muscles to 
the liver 

 Occurs via Glucose-alanine cycle 

 In muscles, amino groups are collected in the form of 
glutamate by transamination [Nelson & Cox, 2013] 
 Glutamate formed can be converted to glutamine for 

transport to the liver (described in the previous bullet) or 
 Can be acted by alanine aminotransferase (described 

below) 

 Enzyme: Alanine aminotransferase 
 In the muscle, transfers α-amino group of glutamate to 

pyruvate (which is readily accessible in the muscle) 
forming alanine  

 Recall: pyruvate is a product of muscle glycolysis 
making it readily available 

 In the liver (cytosol of hepatocytes): transfers the amino 
group from alanine to α-ketoglutarate, forming pyruvate 
and glutamate [Nelson & Cox, 2013] 

 Note: Alanine aminotransferase acts in two sites, the 
muscle and the liver 

 Mechanism: 
 The alanine formed in the muscle travels to the liver, 

together with the Cori cycle (carries lactic acid from 
muscles to liver) 

 The glutamate formed in the liver can either: 
 Enter the mitochondria where the glutamate 

dehydrogenase reaction releases ammonia, or 

 Undergo transamination with oxaloacetate to form 
aspartate, another nitrogen donor in urea synthesis. 

  
 

4. Urea Cycle* (4 steps) 

*Figure in appendix (Fig. 32) 
 

 
 

 Initiates the Urea cycle: formation of carbamoyl phosphate 

 Enzyme: Carbamoyl Phosphate Synthase I  
 Initiates urea biosynthesis by condensation of CO2, 

ammonia, and ATP to form carbamoyl phosphate 
 A regulatory enzyme that is distinct from the cytosolic (II) 

form  

 Product is used as an activated carbamoyl group donor for 
urea cycle to begin 

 Occurs in the mitochondrial matrix 
 

4 Steps of the Urea Cycle [Nelson & Cox, 2013] 

1. Carbamoyl phosphate donates its carbamoyl group to ornithine 
to form citrulline 

 Catalyzed by ornithine transcarbamoylase 

 Citrulline passes from the mitochondrion to the cytosol 

 Ornithine acts as a receptor of material at each turn of the 
cycle (similar to oxaloacetate in the citric acid cycle) 

 

 
Figure 8. Carbamoyl group structure (Kummu, et al. 2014)  

 

2. A condensation reaction between the amino group of aspartate 
and the ureido (carbonyl) group of citrulline forms 
argininosuccinate 

 Catalyzed by argininosuccinate/-ic acid synthetase 

 Cytosolic reaction that requires ATP and proceeds through a 
citrullyl-AMP intermediate 

 A second amino group enters from aspartate which was 
generated in the mitochondria by transamination and 
transported into the cytosol 

3. Argininosuccinate is cleaved by argininosuccinase to form free 
arginine and fumarate 

 Enzyme: argininosuccinase 

 Fumarate: converted to malate before entering the 
mitochondria to join the citric acid cycle 

 The only reversible step in the urea cycle  

4. Cytosolic enzyme arginase cleaves arginine to yield urea and 
ornithine 

 Enzyme: arginase 

 Ornithine is transported back to the mitochondria to initiate 
another round of urea cycle 

 

 

Tips from Sensei: 
For exam: know order of enzymes, where enzymes are present, 
also, remember the diagram in Figure 9.  
 

 

Sites: 

 Occurs in the mitochondria: step 1 

 Occurs in the cytosol: steps 2 to 4 
 

Since pyruvate and lactate are transported out of the 
muscle and into the liver through the glucose-alanine cycle 
and Cori cycle, these transports help muscle ATP be 
devoted to muscle contraction. The liver then bears the 
energetic burden of gluconeogenesis. 
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Figure 9.Sources of nitrogen in urea [Adapted from Dr. Garvilles’ ppt] 

 

B.CATABOLISM OF CARBON SKELETONS 
 

 
Figure 10.Catabolism of carbon skeletons [Adapted from Dr. Garvilles’ ppt] 

 

 Ketogenic amino acids 

 Amino acids that can yield ketone bodies in the liver [Nelson & 

Cox, 2013] 

 Carbon skeleton will be released as Acetyl-CoA and/or 
Acetoacetyl-CoA 
 Acetoacetyl-CoA will be converted to acetoacetate then to 

acetone and β-hydroxybutarate (ketone bodies) 

 Exclusively ketogenic AA: Leucine and Lysine 

 Glucogenic amino acids 

 Amino acids that are degraded to pyruvate, α-ketoglutarate, 
succinyl-CoA, fumarate, and/or oxaloacetate and can be 
converted to glucose and glycogen  

 Can enter gluconeogenesis  
 

Some human genetic disorders affecting amino acid 
catabolism 

 Albinism 

 Cannot synthesize melanin (from tyrosine) 

 Alkaptonuria 

 Defective enzyme: homogentisate dioxygenase 

 Exposed urine in the air (oxidation of homogentisate in the 
urine) = black 

 Homocystinuria 

 Too much homocysteine in the body 

 Maple syrup urine disease 

 Defective branched-chain α-keto acid dehydrogenase 
complex [Nelson & Cox, 2013] 

 Cannot degrade branched AA: Iso, Leu, Val  

 Smells like maple syrup 

 Phenylketonuria (PKU) 

 Defect in phenylalanine hydroxylase 

 Elevated phenylalanine levels (hyperphenylalaninemia) 

 Cannot metabolize the phenylalanine to become tyrosine  

 Tested in newborn screening  

 One cause of PKU is a defect in the enzyme that catalyzes 
the regeneration of tetrahydrobiopterin (which is required for 
the conversion of Phe to Tyr) 

 

 
Figure 11. Some human genetic disorders affecting amino acid catabolism [Nelson 

& Cox, 2013] 
 

Catabolic pathways for the three branched-chain amino acids 
(Leucine, isoleucine, and valine)* 

*Figure in appendix (Fig 38) 

 Oxidized as fuels primarily in muscle, adipose, kidney, and brain 
tissue, but not in the liver 

 These extrahepatic tissues contain an aminotransferase ― 
branched-chain aminotransferase― absent in liver  that 
acts on the branched AA [Nelson & Cox, 2013] 

 Branched-chain α-keto acid dehydrogenase complex 

 Catalyzes oxidative decarboxylation of all three α-keto acids, 
releasing the carboxyl group as CO2 and producing the acyl-
CoA derivative 

 Complex similar to the pyruvate dehydrogenase complex in 
the metabolism of carbohydrates and oxidation of α-
ketoglutarate to succinyl-CoA by the α-ketoglutarate 
dehydrogenase complex 

 With deficient branched-chain α-keto acid dehydrogenase 
complex: ↑ branched AA in urine = Maple syrup urine disease  

 

Catabolic pathways for phenylalanine and tyrosine 

 Phenylalanine and its oxidation product, tyrosine (both have 9 
carbons), are degraded into two fragments which enter the citric 
acid cycle 

 4 Carbons acetoacetate  acetoacetyl-CoA  acetyl-CoA 

 4 Carbons fumarate 

 1 Carbon CO2 

 Phenylalanine hydroxylated to tyrosine is the precursor of 
dopamine, norepinephrine, epinephrine, and melanin. 
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Figure 12. Catabolic pathways for phenylalanine and tyrosine [Adapted from Dr. Garvilles’ 

ppt] 

 

 

 

 

 

The citric acid and urea cycles can be linked [Explanations from Nelson & Cox, 2013] 

 
Figure 13. Citric acid and urea cycle [Adapted from Dr. Garvilles’ ppt] 

 Kreb’s bicycle 

 another name for the interconnectedness of the citric acid 
cycle (CAC) and urea cycle 

 Although interconnected these cycles can proceed 
independently of each other  

 Aspartate-arginosuccinate shunt 

 Metabolic links between the cycles which involve the 
processing of AAs and the carbon skeletons 

 Fumarate produced in the argininosuccinase reaction of urea 
cycle (step 3) is also an intermediate of the citric acid cycle  

 Presence of fumarase/ fumarate hydratase and malate 
dehydrogenase in both the mitochondria and the cytosol  
 Cytosolic fumarate can be converted to cytosolic malate 

which can either be further metabolized or brought to the 
mitochondria for the CAC. 

 Aspartate produced in the mitochondria can be transported 
to the cytosol as a nitrogen donor for the urea cycle  
 

III. BIOSYTNHESIS OF AMINO ACIDS 
 

A. OVERVIEW OF AMINO ACID BIOSYNTHESIS 

 All AAs (carbon skeleton precursors) come from the 
intermediates of glycolysis, CAC, and PPP. 

 Nitrogen enters these pathways through glutamate and 
glutamine. 

 Mammals can only synthesize about half of the 20 AAs 

 Nonessential AAs: can be synthesized from essential AAs 

 Essential AAs: required in the diet because they cannot be 
produced by the body 

 

3 sources for biosynthesis of AA (Fig 14) 

1. Glycolysis 

 3-Phosphoglycerate 

 Phosphoenolpyruvate (PEP) 

 Pyruvate 

2. Citric acid cycle 

 Oxaloacetate 

 α-ketoglutarate 

3. Pentose phosphate pathway 

 Ribose-5-phosphate 

 Erythrose-4-phosphate 
 

Biosynthetic Families (Fig 33) 

 The biosynthetic pathways for AA synthesis are organized into 6 
families according to their metabolic precursors. (See appendix 
Fig 33 for summary slide. The summary slide should be 
memorized for the exam.)  
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Figure 14. Amino acid biosynthesis in bacteria (notice production of both 

essential and non-essential amino acids) [Nelson & Cox, 2013t] 
 

 

Table 2. Essential and Non-essential amino acids [Adapted from Dr. Garvilles’ ppt] 

Essential (PVT. TIM HALL) Nonessential 

Phenylalanine Alanine 

Valine Asparagine 

Threonine Aspartate 

Tryptophan Cysteine 

Isoleucine Glutamate 

Methionine Glutamine 

Histidine* Glycine 

Arginine* Proline 

Leucine Serine 

Lysine Tyrosine 
* essential in juveniles but not adults 

 

Synthesis of some non-essential amino acids 

 
Figure 15. Synthesis of non-essential amino acids [Adapted from Dr. Garvilles’ ppt] 

 

 The two biosynthetic pathways in Figure 15 are simple and 
present in all animals. 

 
 

 Alanine 

 synthesized from pyruvate by transamination with glutamate  

 Enzyme: alanine aminotransferase 

 Aspartate 

 Synthesized from oxaloacetate by transamination with 
glutamate  

  Enzyme: aspartate aminotransferase 
 

B. SYNTHESIS OF ESSENTIAL AMINO ACIDS IN PLANTS AND 
BACTERIA 

 

 This part focuses on the production of aromatic amino acids, i.e. 
Phe, Trp, Tyr, in bacteria and plants. 

 The chemical names quinate, shikimate, and chorismate 
are derived from plants where these intermediates are 
abundant.  

 All of the carbons in this process are derived from erythrose 
4-phosphate and phosphoenolpyruvate (PEP) 

 Important intermediates 

 Shikimate (7 carbon structure) is derived from PEP and 
erythrose 4-phophate. 

 Chorismate: key intermediate in the synthesis of aromatic 
amino acid, first branch point of the pathway 

 Summary of mechanism: 

 Steps 1-4: Production of shikimate 

 Steps 5-7: Shikimate will be converted to chorismate which 
will then branch into two pathways:  
 Tryptophan branch 
 Phenylalanine and tyrosine branch     

 
Figure 16. Synthesis of chorismate  [Nelson & Cox, 2013] 
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Tryptophan branch 

 Chorismate  is converted to anthranilate 

 Glutamine donate N that will be part of Trp’s indole ring 

 Anthranilate condenses with 5-phosphoribosyl-1-pyrophosphate 
(PRPP) 
 

 
 Enzyme used in the final reaction: tryptophan synthase 

 Has α2β2 subunit which can catalyze different parts of the 
overall reaction 
 Indole-3-glycerol phosphate 

𝛼−𝑠𝑢𝑏𝑢𝑛𝑖𝑡
→        indole + 

glyceraldehydes 3-phosphate 
 Indole + Serine 

𝛽2−𝑠𝑢𝑏𝑢𝑛𝑖𝑡
→         tryptophan + H2O 

 
Figure 17. Tryptophan branch starting from chorismate [Adapted from Dr. Garvilles’ ppt] 

 
Phenylalanine-Tyrosine branch 

 Pathway is much less complex than the Trp pathway 

 Chorimate is converted to prephenate  

 The pathway will then branch into two 

 Final step in both sub-branches is transamination with 
glutamate  

 In animals, if they have phenylalanine, you can produce 
tyrosine given that you have phenylalanine hydroxylase 

 Phe is hydroxylated at the phenyl group at C-4 using 
phenylalanine hydroxylase 

 Cannot proceed if you have PKU 
 

 
Figure 18. Synthesis of Phenylalanine and Tyrosine from chorismate [Adapted from Dr. 

Garvilles’ ppt] 
 

Some herbicides block synthesis of aromatic AA 

 Chorismate/shikimate pathway is target of herbicides 

 Glyphosate  

 Potent competitive inhibitor for 5-enoylpyruvylshikimate-3-
phosphate synthase 

 Interacts with the erythrose-4-phosphate instead of the 
phosphoenolpyruvate 

 No effect if we ingest glyphosate because, ideally, we don’t 
have chorismate and shikimate in our bodies 

 

IV. MOLECULES DERIVED FROM AMINO ACIDS 
 

A. GLYCINE IS A PRECURSOR OF PORPHYRINS 

 Glycine 

 Precursor of porphyrins  
 Porphyrin nucleus: important in heme proteins such as 

hemoglobin and the cytochromes 

 Cytochromes: heme containing molecules in 
photosynthesis; also part of the ETC 

 Porphyrins 

 Constructed from protoporphyrin which is made up of 4 
molecules of porphobilinogen, which is derived from 2 
molecules of δ-aminolevulinate 

 Ferrochelatase: enzyme that incorporates the iron atom into 
the protoporphyrin 

 
 
 

Nice to know: 
PRPP is an important intermediate for amino acid and 
nucleotide synthesis. It is made from ribose 5-phosphate in 
the PPP. 
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 In higher eukaryotes: 

 Glycine reacts with succinyl-CoA  α-amino-β-
ketoadipate

𝑑𝑒𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑎𝑡𝑖𝑜𝑛 
→              δ-aminolevulinate then proceed to 

making porphyrins 
 

 
Figure 19. Production of δ-aminolevulinate in higher eukaryotes[Nelson & Cox, 2013]  
 

 In plants, algae, and most bacteria:  

 δ-aminolevulinate is formed from glutamate  

 ATP is required in the first step 

 NADH is required for reduction in the second step 
 

 
Figure 20. Production of δ-aminolevulinate from plants, algae, and most bacteria 

[Nelson & Cox, 2013]  

 Porphyria 

 Defect in porphyrin production leading to an accumulation of 
pathway intermediates 

 Cannot produce heme so blood must be taken from a 
different source 

 Many individuals with porphyria are anemic 

 Y-linked 

 Common in kings and “vampires” 
 Ex. King George III 
 One of the rarer porphyrias may result in accumulation of 

Uroporphyrionogen I[Nelson & Cox, 2013]. This compound: 

 Causes teeth to fluoresce in UV light 

 Makes skin abnormally sensitive to sunlight 

 Stains the urine red 
 
 

 
Figure 21. Different types of porphyria [Nelson & Cox,2013] 

 

B.  BILIRUBIN AND ITS BREAKDOWN PRODUCTS 

 Heme (iron-porphyrin complex) in dying RBCs is degraded to 
yield free Fe3+, and ultimately, bilirubin[Nelson & Cox, 2013] 

 

Mechanism 

 Step 1: Heme converted to biliverdin  

 Catalyzed by heme oxygenase 

 Biliverdin: linear tetrapyrrole derivative 

 Other products formed: Fe2+ and CO 
 Fe2+ will be bound by ferritin 
 CO: poison that binds to hemoglobin, 

 In low doses, CO can serve as a regulator/ signaling 
molecule   

 Even in the absence of environmental exposure, about 
1% of an individual’s heme is complexed with CO. 

 Step 2: Biliverdin (green) converted to bilirubin (yellow) 

 Catalyzed by biliverdin reductase 
 

Breakdown products 

 Bilirubin 

 Largely insoluble 
 Travels in the bloodstream as a complex with serum 

albumin 

 Most abundant antioxidant in mammalian tissues 

 In the liver, it is transformed to the bile pigment bilirubin 
diglucuronide 
 Product is sufficiently water-soluble to be secreted with 

other components of bile into the duodenum where 
microbial enzymes convert it to urobilinogen  

 Urobilinogen [Nelson & Cox, 2013] 

 Some are reabsorbed into the blood and transported to the 
kidney, where it is converted to urobilin 
 Urobilin gives the yellow color of urine 

 Some remaining in the intestine are converted to stercobilin 
 Stercobilin gives the red-brown color of feces 

 

Diseases associated 

 Impaired liver functions or blocked bile secretion causes 
bilirubin to leak from liver into the blood, leads to jaundice 

 Glucoronyl bilirubin transferase  
 Converts bilirubin into a more soluble form through 

photochemical conversion 
 Newborn infants develop jaundice if they have not yet 

produced enough of this  

 Yellow babies are put under UV light to degrade bilirubin, or 
breastfed to expel the bilirubin in the baby’s first poo-poo 
(meconium) 

 
Figure 22. Color of feces in different stages of biliverdin breakdown  [Adapted from Dr. 

Garvilles’ ppt] 
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C. BIOSYNTHESIS OF SOME NEUROTRANSMITTERS FROM 
AMINO ACIDS 

 Tyrosine: thyroxine (two molecules of tyrosine), melanin, 
dopamine, norepinephrine, epinephrine 

 Glutamate decarboxylation: γ-amino-butyrate (GABA) 

 Tryptophan: serotonin (happy hormone) 

 Serotonin can be converted to melatonin 

 Histidine decarboxylation: histamine 

 Powerful vasodilator in animal tissues 
 

D. BIOSYNTHESIS OF NITRIC OXIDE 

 Nitric Oxide (NO) 

 Important biological messenger 

 Diffuses readily through the membranes (although has 
limited movement away from site of synthesis) 

 For neurotransmission, blood clotting, and the control of 
blood pressure (potent vasodilator) 

 Arginine: precursor of NO 

 NO is synthesized from Arginine in an NADPH-dependent 
reaction catalyzed by nitric oxide synthase [Nelson & Cox, 2013] 

 Nitric oxide synthase is a heme-containing cytochrome 

 NO is an unstable molecule and can’t be stored 

 Viagra is a medication that works on the NO pathway, 
enhancing the effects of NO more blood flow  

 

V. NUCLEOTIDE METABOLISM 
 

A. BIOSYNTHESIS OF NUCLEOTIDES 

 De novo pathway 

 “Start from scratch” 

 Begins with the metabolic precursors: AA, ribose-5-
phosphate, CO2 and NH3 

 Salvage pathway  

 Recycles free bases and nucleosides released from nucleic 
acid breakdown  
 

B. DE NOVO PATHWAY 

 Similarities in the de novo pathways for both pyrimidines and 
purines : 

 Precursor: PRPP 

 Structure of ribose is retained in the product nucleotide 

 Glutamine is the most important source of amino groups  
 Aspartate for pyrimidines  
 Glycine for purines  

 

Pyrimidine Synthesis (See appendix for diagram Fig 34) 

 Pyrimidines: Uracil, thymine, cytosine 

 “Produce uracil first, before cytosine” [Garvilles, 2017] 

 Made from aspartate, 5-phosphoribosyl-1-pyrophosphate 
(PRPP), and carbamoyl phosphate 

 Carbamoyl phosphate will utilize a different enzyme from the 
intermediate in the urea cycle because this one is located in 
the cytosol and not in the mitochondria. 

 Pyrimidine ring is synthesized first as orotate, then attached to 
ribose phosphate, and then converted to pyrimidine nucleotides 

 

 
Figure 23. The pyrimidines[Adapted from Dr. Garvilles’ ppt]. 

 

 Step 1: The carbamoyl phosphate is synthesized in the cytosol  

 Enzyme: carbamoyl phosphate synthetase II 

 Step 2: Carbamoyl phosphate reacts with aspartate  N-
carbamoylaspartate 

 Committed step 

 Catalyzed by aspartate transcarbamoylase 

 Step 3: Water is removed from N-carbamoylaspartate 

 Pyrimidine ring is closed to form L-dihydroorotate 

 Catalyzed by dihydroorotase  

 Step 4: L-dihydroorotate is oxidized orotate 

 NAD+ serves as ultimate e- acceptor 

 Step 5: PRPP gives ribose 5-phophate (side chain) to orotate 
orotidylate 

 Step 6: Orotidylate is decarboxylated uridylate 

 Step 7: Uridylate is phosphorylated to UTP 

 Step 8: UTP CTP 

 Enzyme: cytidylate synthetase 

 Reaction requires ATP 

 Glutamine: N-donor (because cytosine has one more amino 
group than uracil) 

 

Purine Synthesis (See appendix for diagram Fig 35) 

 
Figure 24. The purines[Adapted from Dr. Garvilles’s ppt, 2017] 

 

 Purines: Adenine and Guanine 

 Glycine is an important precursor for purines 

 Purine ring structure is built up one or a few atoms at a time, 
attached to ribose throughout the whole process 

 
Figure 25. Origin of the ring atoms of purines  

*colors match the reaction that is found in the de novo purine biosynthesis 

diagram in the appendix [Nelson & Cox, 2017] 

  Inosinate/inosine monophosphate (IMP) 

 First intermediate with a complete purine ring   

 Forms adenylate (AMP) (See appendix for diagram) 
 Aspartate is used as an amino-group donor 
 GTP is used as the source of high-energy phosphate to 

produce adenylosuccinate 

 Forms guanylate (GMP)  
 Glutamine is used as amino group donor 
 Requires NAD+ 
 ATP is cleaved in the final reaction leading to guanylate 

 Enzyme adding another phosphate in  both reactions yielding 
GDP and ADP: nucleoside monophosphate kinases 

 

C. SALVAGE PATHWAY 
 

 
Figure 26. Salvage pathway of nucleotide synthesis [Adapted from Dr. Garvilles’ ppt] 

 

 90% of the nitrogen bases we ingest in food or synthesized are 
recycled 

 Alternative and economical route of nucleotide synthesis 

 A similar salvage pathway exists for pyrimidine bases in 
microorganisms, and possibly mammals. 
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Purine bases 

 Free adenine  AMP 

 Enzyme: Adenine phosphoribosyltransferase 

 Catalyzes conversion of adenine to AMP 

 Free guanine  GMP; hypoxanthine  IMP 

 Enzyme: Hypoxanthine- guanine 
phosphoribosyltransferase 
 Catalyzes conversion of hypoxanthine to IMP 
 Catalyzes conversion of guanine to GMP 

 Hypoxanthine: deamination product of adenine 

 Mostly purine bases are recycled 
 

D. CONVERSION OF RIBONUCLEOTIDES TO 

DEOXYRIBONUCLEOTIDES 

 
Figure 27. Conversion of dNDP to NDP [Adapted from Dr. Garvilles’ ppt] 

 

 Ribonucleotides are the precursors of deoxyribonucleotides 

 Direct reduction at the 2’-carbon of D-ribose to form 2’-
deoxy-D-ribose  

 Example:  
 ADP is reduced to 2’-deoxyadenosine diphosphate 

(dADP) 
 GDP is reduced to dGDP 

 Enzyme: ribonucleotide reductase 

 Converts the NDP to Deoxyribonucleoside diphosphate 

 Thioredoxin (H carrying protein) 

 Carries 2 hydrogen atoms from NADPH to the ribonucleoside 
diphosphate 

 Reduced by NADP, catalyzed by thioredoxin reductase 

 Reduced thioredoxin is used by ribonucleoside reductase to 
reduce NDPs to dNDPs 

 Glutaredoxin 

 Similar to thiredoxin 

 Reduced by glutathione, which can be another source of 
reducing equivalents for ribonucleotide reductase 

 

E. DERIVATION OF THYMIDYLATE FROM dCDP AND dUMP 

 

 
Figure 28. Derivation of thymidylate from dCDP and dUMP[Adapted from Dr. Garvilles’ ppt], 

CMP/CDP/CTP: cytidine mono/di/triphosphate, UMP/UDP/UTP: uridine 
mono/di/triphosphate, d= deoxy 

 A de novo pathway to thymine which only involves 
deoxyribonucleotides 

 dUMP 

 immediate precursor of thymidylate (dTMP) 
 

Mechanism 

1. Formation of dUTP occurs in two ways 

 Deamination of dCTP 

 Phosphorylation of dUDP 

2. dUTP is converted to dUMP by dUTPase 

3. dUMP dTMP 

 Enzyme: Thymidylate synthetase 

 Coenzyme: Folic acid - has methyl for methylation of dUMP 
to dTMP 

 

F. DEGRADATION OF PURINES TO URIC ACID 

 Purine nucleotides are degraded by a pathway in which they 
lose their phosphate via 5’-nucleotidase 

 Adenylate catabolism may form uric acid. 

1. Adenylate yields adenosine 
𝑑𝑒𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
→           inosine 

 Enzyme: adenosine deaminase 

2. Inosine 
ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑡𝑜
→           hypoxanthine and D-ribose 

3. Hypoxanthine 
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→        xanthine 

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛+𝑋𝐴𝑁𝑇𝐻𝐼𝑁𝐸 𝑂𝑋𝐼𝐷𝐴𝑆𝐸
→                         uric 

acid 

 Enzyme: Xanthine oxidase 
 Flavoenzyme with Molybdenum and 4 iron-sulfur 

centers in its prosthetic group  
 O2: electron acceptor 

 GMP catabolism also yield uric acid  

1. GMP 
ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑡𝑜
→           guanosine  

2. Guanosine is cleaved to free guanine 
3. Guanine undergoes hydrolytic removal of its amino group to 

form xanthine 

4. xanthine 
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛+𝑋𝐴𝑁𝑇𝐻𝐼𝑁𝐸 𝑂𝑋𝐼𝐷𝐴𝑆𝐸
→                         uric acid 

 
Figure 29. Catabolism of purine nucleotides[Nelson & Cox, 2013] 

Diseases associated  

1. Gout 

 Elevated concentration of uric acid in the blood and tissues 

 Inflammation of joints by precipitation of sodium urate 
crystals 

 Treatment: allopurinol - similar structure as xanthine 

 Allopurinol inhibits xanthine oxidase, the enzyme that 
catalyzes the conversion of purines to uric acid 

 When the xanthine oxidase is inhibited, the excreted 
products of purine metabolism are xanthine and 
hypoxanthine, which are more water soluble than uric 
acid.  
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2. Lesch-Nyhan Syndrome 

 Genetic lack of salvage enzyme hypoxanthine-guanine 
phosphoribosyltransferase 

 Less salvaging of bases 

 PRPP levels rise  Purines are overproduced by the de 
novo pathway 

 CNS damage in children 
 

G. DEGRADATION OF PYRIMIDINES TO UREA 

 Pathways for pyrimidine degradation generally lead to NH4
+ 

production and thus to urea synthesis 

 Example: Thymine catabolism 
1. Thymine  methylmalonylsemialdehyde 
2. Methylmalonylsemialdehyde propionyl-CoA and 

methylmalonyl-CoA Succinyl-CoA 

 
Figure 30. Catabolism of pyrimidine bases[Nelson & Cox, 2013] 
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Tip from Sensei:  
Study Harder. 



 

PH 161 Protein & Nucleotide Metabolism and Amino acid & Nucleotide Biosynthesis 13 of 15 
 

VII. APPENDIX 

 

 
Figure 31. Amino acid catabolism [Adapted from Dr. Garvilles’ ppt] 

 

 
Figure 32. Urea cycle [Adapted from Dr. Garvilles’ ppt] 
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Figure 33. 6 biosynthetic families of amino acids (should be memorized for the exam) [Adapted from Dr. Garvilles’ ppt] 

 

 
 

Figure 34. Pyrimidine de novo biosynthesis[Nelson & Cox, 2013] Figure 35. IMP synthesis in purine de novo biosynthesis[Nelson & Cox, 2013] 
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Figure 36. Purine de novo biosynthesis. 
 

 
Figure 37. Reduction of ribonucleotides to deoxyribonucleotides by ribonucleotide reductases. 

 

 
Figure 38. Catabolic pathways for the three branched-chain amino acids 


