Nucleotide Chemistry & Metabolism
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Synthesis of dTMP from dUMP,
illustrating sites of action of
antineoplasic drugs.




1- DNA & RNA are formed from nucleotides

      DNA & RNA are essential for cell proliferation & protein biosynthesis

 2- act as carriers of activated intermediates in the synthesis of some carbohydrates, lipids and proteins.

 3- Nucleotides enter in the formation of several coenzymes  

     e.g. coenzyme A, NAD+ and NADP+ 

  4- cAMP & cGMP (nucleotides) serve as second messengers in signal transduction pathways.

  5- Nucleotides serve as regulatory compounds for many metabolic pathways.

      by inhibiting or activating key enzymes. 

     (for example:  AMP (a nucleotide ) activates glycogen phosphorylase --- glycogenlysis)

  6- Nucleotides are considered as energy currency in the cell. 

      e.g. ATP (a nucleotide)

Please Note that Nucleotides are essential for All Cells!
Nucleotide Structure:

What is the Difference between a Nucleotide and a Nucleoside?

	Nucleoside
	Nitrogenous Base + Pentose Sugar 
Nitrogenous Base Could be Purines or Pyrimidines 

Pentose Sugar Could be Ribose or Deoxyribose

They Are Called ribonucleosides , deoxyribonucleosides

	Nucleotide
	Nitrogenous Base + Pentose sugar +  1, 2, or 3 phosphate group(s)

Or we can say 

Nucleoside    +     1, 2, or 3 phosphate group(s)

They are Called ribonucleoside phosphates , deoxyribonucleoside phosphates
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Purines and Pyrimidines:

· Purines Are : Adenine & Guanine

· Pyrimidines Are: Cytosine,Thymine & Uracil

DNA contains:

· Adenine & Guanine  (purines)

· Cytosine & Thymine (pyrimidines)

RNA contains : 

· Adenine & Guanine  (purines)

· Cytosine & Uracil      (pyrimidines) 
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REGULATION OF PYRIMIDINE SYNTHESIS

@ In mammalian cells, carbamoyl synthetase Ilis
inhibited by UTP and activated by ATP and

0 prokaryotic cels, aspartate ranscarbamoylase| | &nd orotate phosphoribosyltransferase result in

regulated step.
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OROTIC ACIDURIA

® Orotate phosphoribosyl transferase and OMP
decarboxylase are separate domains of a single
polypeptide—UMP synthase.

® Low activiies of orotidine phosphate decarboxylase

abnormal growth, megaloblastic anemia and the
excretion of large amounts of orotate in the urine.

NAD*

@ Feeding a diet rich in uridine results in improvement
of the anemia and decreased excretion of orotate.
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De novo pyrimidine synthesis.
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Summary of the differences between carbamoyl phosphate synthetase (CPS) Iand Il
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Purines and pyrimidines commonly found in DNA and RNA



                                                            ~ Purine Ring ~                                                                                                                  ~ Pyrimidine Ring ~

Unusual bases:

· found in some species of DNA & RNA
    e.g. in some viral DNA and transfer RNA

· Base modification include:
· methylation 

· hydroxymethylation 

· glycosylation 

· acetylation 

· reduction
Modification may aid in recognition of nucleotide by specific enzymes or protect it from being degraded by nuclease.
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Nucleosides:

Pentose sugar + nitrogenous base   (  nucleoside

Ribose  +    nitrogenous base  (  Ribouncleoside 
2-Deoxyribose+nitrogenous base -> Deoxyribonucleoside 
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Figure 22.14
Digestion of dietary nucleic acids.
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~Structure of nucleosides~
(number of carbon & nitrogen atoms)
Nucleotides: (NUCLEIC ACIDS)
Nucleotide:   Nucleoside + 1, 2, or 3 phosphate group(s)  
· Nucleoside monophosphate (NMP)
· Nucleoside diphosphate       (NDP)
· Nucleoside triphosphate       (NTP)
Depends on pentose:    Ribonucleotide (ribose) 

                                  & deoxyribonucleotides (deoxyribose)

The first phosphate group is attached by an ester link to 5`-OH of the pentose.
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Regulation of ribonucleotide reductase.
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Examples
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LESCH-NYHAN SYNDROME

 This is an X-linked, recessive,
inherited disorder associated
with a virtually complete
deficiency of hypoxanthine-
‘guanine phosphoribosyl-
transferase and, therefore,
the inability to salvage
hypoxanthine or guar

e.

® The enzyme deficiency results
in increased levels of PRPP
and decreased IMP and GMP,
causing increased de novo
purine synthesis.

 This results in the excess
production of uric acid, plus
characteristic neurologic
features, including self-
mutilation and involuntary
movements.

igure 22.10
Salvage pathways of purine nucleotide





~ Structure of nucleotides ~

Purine Metabolisim:

The purine bases  found in nucleotides can be synthesized either: 

       1) de novo or

       2) salvage pathway 

· reuse of bases after normal cell turnover

· diet 

De novo synthesis of purine nucleotides:
[Purine (Nitrog. base) + Sugar + 1, 2  or 3 Phosphate(s)]
· The atoms of the purine ring are contributed by a number of compounds including :
    amino acids (aspartic, glycine & glutamine amino acids)

    CO2 

    N10-formyltetrahydrofolate (N10-formyl THF): from folic acid
----------------------------------------------------------------------------------

· [image: image22.png]Salvage Pathway of Purines

nucleic acids of Diet

Cellular Turnover of i ]
Nucleic acids Purine bases  nypoxanthine
guanine
HGPRT
APRT
Nucleoside Nucleoside URIC ACID
Triphosphate Monophosphate
ATP MP

GIP AMP
GMP




The purine ring is constructed by a series of reactions that add the donated carbons and nitrogens to a ribose 5-phosphate.
· Synthesis of ribose 5-phosphate: HMP shunt
· The purine ring is constructed by a series of reactions that add the donated carbons and nitrogens to a ribose 5-phosphate.
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Figure 22.4
Ribonucleoside monophosphate, diphosphate, and triphosphate.
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                                                        PRPP synthetase 
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           Ribose 5-phosphate                                                   PRPP 

                                                          ATP            AMP

                                  (Adenosine-P-P-P)           Adenosine -P

· Enzyme: PRPP synthetase:
Activated by inorganic phosphate (Pi)

Inhibited  by purine nucleotides, e.g. AMP, GMP, IMP ,(end produc  inhibition) 
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 Sugar moiety of PRPP is ribose                           ribonucleotides 
·  if deoxyribouncleotides are required for DNA synthesis, ribose sugar moiety is reduced  

Second Step:  Synthesis of 5`-phosphoribosylamine:
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                                                         PRPP      

             ENZYME
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Figure 22.4
Ribonucleoside monophosphate, diphosphate, and triphosphate.



 Glutamine: phosphoribosyl                                               Glutamine
 Pyrophosphate Amidotransferase
                                                                                              Glutamate + Ppi 

                                                5`-phosphoribosylamine
· It is the committed step in purine nucleotide synthesis
· Inhibited by: purine nucleotides AMP, GMP, IMP (end products)
· Activated by:  PRPP & Glutamine 
Synthesis of Inosine Monophosphate (IMP):
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Ribose 5-phosphate +    ATP  (A-P-P-P)
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Examples of unusual bases.



PRPP
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Phosphoribosylamine
                                                                                 9 steps

Inosine monophosphate      (IMP)    parent purine nucleotide

( nitrogenous base: hypoxanthine  +    sugar: ribose +    Phosphate )

4 ATPs are required as an energy source

2 N10-formyletrahydrofolate
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Figure 28.3
Inhibition of tetrahydrofolate synthesis by sulfonamides and trimethoprim.





Synthetic inhibitors of purine synthesis:

1- PABA analog : (sulfonamides) 

· is a Structural analogs of PABA

· Competitively inhibit synthesis of folic acid in bacteria --- no folic acid

· So, tetrahydrofolate (THF) is not synthesized --- no N10-formyl THF 

· N10- formyl THF is required for purine synthesis (C2 & C8 of the purine ring)  

· So, no DNA synthesis occurs --- no replication 

· No growth of bacteria (antibacreial agent)

· Do not interfere with human cells. (as human cells can not synthesize folic acid), so, not harmful
2-  Folic acid analogs:
A- Methotrexate 

· inhibit the reduction of DHFA to THFA by dihydrofolate reductase 

     in human cells

     No  N10-Formyl THFA is synthesized  

     No synthesis of purine nucleotides

     No synthesis of DNA ---- no replication ----- no growth of cells

· Used as an anticancer agent (chemotherapy)

· Side effects: toxic to tissues (esp. in fetus and rapidly growing cells as bone marrow, GIT, immune system, hair follicles

   B- Trimethoprim 

· Selectively inhibits bacterial dihydrofolate reductase      

· has a potent antibacterial activity

Not harmful to human cells.
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Gonversion of IMP to AMP and GMP showing feedback inhibition.





~Conversion of IMP to AMP & GMP~
Conversion of IMP to AMP & GMP

· needs two steps 

· Require energy 

· The synthesis of AMP requires GTP (energy source)

    The synthesis of GMP requires ATP (energy source)

    So, IMP is diverted to synthesis of purine present in lesser amounts

· The first reaction is inhibited by the end product of 

    the pathway (AMP or GMP)
Mycophenolic Acid (MPA):

· Reversible Uncompetitive inhibitor of  

    IMP dehydrogenase enzyme

· Prevents de novo formation of GMP
· So, deprive cells as T & B lymphocytes from a key component of nucleic acid

Used in preventing graft rejection.


    Nucleoside monophosphate             Nucleoside diphosphate 
Base specific nucleoside monophosphate kinases 
Adenylate kinase:       AMP + ATP                                      2 ADP

Guanylate kinase:       GMP + ATP                                     GDP + ADP
· Do not discriminate between ribose or deoxyribose in the substrate.

     (e.g. both ribonucleoside monophosphate & deoxyribonucleoside monophosphate are their substrates)

· ATP is generally the source of transferred phosphate (as it is present in higher  conc. than other triphosphates)

· Reversible reactions 

· Adenylate kinases are particularly active in liver and muscles (high turnover of energy from ATP)

· nucleoside diphosphate                          nucleoside triphosphate 

Nucleoside diphosphate kinase 
    GDP +  ATP                               GTP  + ADP
    CDP +  ATP                               CTP  + ADP

This enzyme has a Broad specificity

    
Two enzymes for salvage of purine bases 

1- Adenine Phosphoribosyl Transferase (APRT)

2- Hypoxanthine-Guanine Phosphoribosyl Transferase (HGPRT)

· Both enzymes use PRPP as source of ribose 5-phosphate.
· The reaction is irreversible as pyrophosphate PPi is   released.
Lesch Nyhan Syndrome

· X-linked, recessive disorder
· Complete deficiency of HGPRT 
· No salvage of hypoxanthine & guanine
· Increased hypoxanthine & guanine                      degraded to Uric Acid
· PRPP is increased. 
· IMP & GMP are decreased 
· So, the committed step (step 2) activity is increased     
     more de novo synthesis of purine nucleotides                       degraded to Uric Acid
· Hyperuricaemia                    GOUT                    Urate kidney stones
· Characteristic neurological manifestations include self-mutilation & involuntary movements
Synthesis of deoxyribouncleotides:
The nucleotides required for DNA synthesis are deoxyribonucleotides 

Deoxyribonucleotides are produced from ribonucleoside diphosphates by the enzyme ribonucleotide reductase 

 NDP                            dNDP 
Ribonucleotide Reductase
ADP                                                                                                                                                            dADP

GDP                                                                                                                                                            dGDP

CDP                                                                                                                                                            dCDP

UDP                                                                                                                                                            dUDP

Ribonucleotide Reductase

· A multisubunit enzyme (2 B1 & 2 B2 subunits)

· Specific for the reduction of  NDP      

                           ADP, GDP, CDP, UDP


                                     to dNDP

                        dADP, dGDP, dCDP, dUDP

· The hydrogen donors are 2 sulfhydryl  (-SH) groups on the enzyme itself

· Thioredoxin

    - is a peptide coenzyme of the enzyme   ribonucleotide reductase 

    - two -SH groups of thioredoxin donates   their hydrogen atoms to  the enzyme   (regeneration of the reduced enzyme)


· NADPH + H+

   regenerates reduced thioredoxin by thioredoxin reductase  
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Figure 22.12
Conversion of ribonucieotides to deoxyribonucleotides.




· Ribonucleotide reductase is responsible for maintaining a balanced supply of the deoxyribonucleotides required for DNA  synthesis.

· The enzyme has an active site & two other sites to regulate its activity

   1- activity site

   2- substrate specificity site

1- Activity site

dATP binds to an allosteric site called the activity site            prevents the enzyme activity            No DNA synthesis
So, increased dATP level in cells is toxic  (as in ADA deficiency)

2- Substrate specificity site

  The binding of NTPs to this allosteric site                   increase the conversion of specific  NDP to dNDP .
UMP           UDP             dUDP            dUMP            dTMP (or TMP)

Lecture 3

Ribose 5`-phosphate   +   ATP


PRPP

Phosphoribosylamine

IMP

   dAMP          AMP                GMP           dGMP

    dADP             ADP                GDP                dGDP

   dATP              ATP                GTP                dGTP

DNA & RNA (and others)

Degradation of Purine Nucleotides

· The end product of purine nucleotides degradation is uric acid (in mammals including humans)

· In mammals other than primates, uric acid is  oxidized to allantoin (by uricase enzyme)
· In animals other than mammals, allantoin is further degraded to urea or ammonia
· Degradation of dietary nucleic acids occurs in the small intestine to give nucleosides and free bases              uric acid

· Nucleic acids synthesized inside cells, are degraded            uric acid


~Degradation of dietary nucleic acids (DNA & RNA) in small intestine~
Fate of Dietary Nucleic Acids (including purine nucleotides)

  Nucleic acids (DNA & RNA) of diet  (Polynucleotides) ( Oligonucleotides (Mononucleotides 

  Nucleosides (  Purines (   Uric Acid in intestinal mucosal Cells ( Circulation ( Urine
Circulation       Circulation    ( Tissue Nucleic Acid

                                                                          ~   Formation of uric acid (in cells)   ~
Adenosine deaminase (ADA) deficiency:
· ADA is present in all cytosols of all cells.

· In humans, lymphocytes have the highest activity of ADA

   ADA deficiency (  Adenosine accumulation Cellular Kinases      AMP or dAMP (  dATP 


  inhibition of ribonucleotide reductase   (e.g. no prod. of deoxyribonucleotides for DNA  (  inhibit DNA synthesis
ADA deficiency

· autosomal recessive disorder

· In its most severe form, it causes  Severe Combined Immunodeficiency Disease (SCID)

· Lack of T & B lymphocytes

· Children with this disorder must live in a sterile environment & usually die by the age of two.
· Treatment requires either: Bone marrow transplantation or, enzyme replacement therapy (gene therapy)
Pyrimidine Metabolism

                          ~Pyrimidine Ring~
Pyrimidine Synthesis
·  The pyrimidine ring is synthesized before being attached to ribose 5-phosphate  which is donated by PRPP

· The sources of atoms in the pyrimidine ring are:

Glutamine , CO2 , Aspartic Acid
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Figure 22.19
Sources of the individual atoms in the pyrimidine ring




Pyrimidine Nucleotide
Synthesis:
    1- Synthesis of Carbamoyl Phosphate

    2- Synthesis of Orotic Acid

    3- formation of Pyrimidine Nucleotides

1-Synthesis of Carbamoyl Phosphate:
· The regulated step in mammalian cells

         Enzyme: Carbamoyl phosphate synthetase II (CPS II)                                   

2 ATP + CO2 + glutamine                        Carbamoyl Phosphate

 CPS II :
-  carboxylating enzyme  BUT: biotin is not required 
 -  cytosolic 

 -  inhibited by UTP (end product of the pathway)
 -  activated by ATP
2- Synthesis of Orotic Acid
        Glutamine + CO2 + 2ATP          Carbamyl phosphate   aspartate Transcarbomylase   Carbamoyl Aspartate
                                        CPSII                                              Dihydroorotase

         Dihydroorotate   Dihydroorotate Dehydrogenase (mitochondrial)       Orotate
· The first 3 enzymes in the pathway are all domains of the same polypeptide chain i.e. multicatalytic (or multifunctional) polypeptide.

---------------------------------------------------------------------

· One enzyme only occurs in the mitochondria dihydroorotate dehydrogenase

---------------------------------------------------------------------

  All other reactions of pyrimidimine nucleotide synthesis  occur in the cytosol.


3- Formation of pyrimidine nucleotide

                         PRPP                PPi                                                          CO2

   


     Orotate                                                             OMP                                              UMP
             orotate phosphoribosyl transferase                       OMP decarboxylase  
                   irreversible

· PRPP is the ribose 5-phsphate donor.
· OMP is the parent pyrimidine nucleotide 
· orotate phosphoribosyl transferase & OMP decarboxylase are domains of a single polypeptide chain called (UMP synthase)
· Orotic aciduria: a rare genetic defect caused in UMP synthase

Orotic acid in urine
megaloblastic anemia & abnormal growth
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Formation of CTP:

UMP                       UDP                     UTP

                                                                                     Glutamine                                                                                                    

                                                                                     CTP synthetase 
                                                                                        Gluamate

                                                            CTP




Inhibitors of thymydylate synthase

  include the thymine analogs as 5-flurouracil

  5-flurouracil is metabolically converted to FdUMP which is permanently bound 
to  thymydylate synthase

 Antitumour agents 

Salvage of pyrimidine:
· Pyrimidine bases:
Few pyrimidine bases (cytosine, thymine, uracil) are salvaged in human cells.

· Pyrimidine nucleosides:
· uridine & cytidine 

    can be salvaged by uridine-cytidine kinase  to UMP & CMP

· Thymidine 

    can be salvaged by thymidine kinase to TMP

· Deoxycytidine 

    can be salvaged by deoxycytidine kinase to dCMP
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Degradation of pyrimidine nucleotides:
The pyrimidine ring can be opened and degraded to high soluble structure as 

        β-alanine    &     β-aminoaisobutyrate

         acetyl CoA             succinyl CoA 

~ End of the Chapter ~
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Ribose + Adenine                     Adenosine


Ribose + Guanine                    Guanosine 


Ribose + Cytosine                    Cytidine 


Ribose + Uracil                         Uridine 


Deoxy ribose + Adenine            Deoxyadenosine 


Deoxyribose +  Guanine           Deoxyguanosine 


Deoxyribose +  Cytosine           Deoxycytidine 


Deoxyribose +  Thymine           Deoxythymidine (Thymidine)








Adenosine    


+  1 phosphate ( Adenosine monophoshate       AMP


+ 2 phosphates (Adenosine diphosphate            ADP


+  3 phosphates ( Adenosine triphosphate          ATP








Deoxyadenosine


 +  1 phosphate   (  Deoxyadenosine monophoshate       dAMP 


      2 phosphates(  Deoxyadenosine diphosphate            dADP 


      3 phosphates(  Deoxyadenosine triphosphate           dATP
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