
Amino AcidMetabolism
Amino Acid Oxidation andthe Production of Urea
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×Amino acids through their oxidative degradation, make a
significantcontributionto the generationof metabolicenergy.

×The fraction of metabolicenergyobtained from amino acids,
whether they are derived from dietary protein or from tissue
protein, varies greatly with the type of organism and with
metabolicconditions.

×Carnivorescan obtain (immediately following a meal) up to
90% of their energy requirements from amino acid oxidation,
whereasherbivoresmay fill only a smallfraction of their energy
needsby this route.

×Most microorganismscan scavengeamino acids from their
environmentand usethem as fuel when required by metabolic
conditions.
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×Plants,however,rarely if everoxidizeaminoacidsto provideenergy;
the carbohydrateproduced from CO2 and H2O in photosynthesisis
generallytheir soleenergysource. Amino acid catabolismdoesoccur
in plants, but its purpose is to produce metabolites for other
biosyntheticpathways.

×In animals, amino acids undergo oxidative degradation in three
different metaboliccircumstances:

×1. Duringthe normal synthesisand degradationof cellularproteins,
someamino acidsthat are releasedfrom protein breakdownand are
not neededfor newprotein synthesisundergooxidativedegradation.

×2. Whena diet is rich in protein andthe ingestedaminoacidsexceed
the ōƻŘȅΩǎneeds for protein synthesis, the surplus is catabolized;
aminoacidscannotbe stored.

×3. During starvation or in uncontrolled diabetes mellitus, when
carbohydratesare either unavailableor not properly utilized, cellular
proteinsareusedasfuel. 3
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×Under all these
metabolic conditions,
amino acids lose their
amino groups to form -h
keto acids, the άcarbon
skeletonsέof aminoacids.

×The -hketo acids
undergo oxidation to CO2

and H2O or, often more
importantly, provide
three- and four-carbon
units that can be
converted by
gluconeogenesis into
glucose,the fuel for brain,
skeletalmuscle,and other
tissues



×Nitrogen,N2, is abundantin the atmospherebut is too inert for
use in most biochemical processes. Because only a few
microorganismscanconvertN2 to biologicallyuseful forms suchas
NH3, aminogroupsarecarefullyhusbandedin biologicalsystems.

×Forvertebrates, amino acidsderivedfrom dietaryprotein are the
sourceof mostaminogroups.

×Most amino acids are metabolized in the liver. Some of the
ammoniageneratedin this processis recycledandusedin a variety
of biosyntheticpathways; the excessis either excreteddirectly or
converted to urea or uric acid for excretion, dependingon the
organism.

×Glutamateand glutamineplayespeciallycritical rolesin nitrogen
metabolism,actingasa kind of generalcollectionpoint for amino
groups.
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×In humans, the degradationof ingestedproteins to their constituent
aminoacidsoccursin the gastrointestinaltract.

×Entryof dietary protein into the stomachstimulatesthe gastricmucosa
to secretethe hormonegastrin,which in turn stimulatesthe secretionof
hydrochloricacidby the parietal cellsand pepsinogenby the chief cellsof
the gastricglands.

×Theacidicgastricjuice (pH1.0 to 2.5) is both an antiseptic,killing most
bacteriaandother foreigncells,anda denaturingagent, unfoldingglobular
proteins and rendering their internal peptide bonds more accessibleto
enzymatichydrolysis.

×Pepsinogen(Mr 40,554), an inactiveprecursor,or zymogen,is converted
to activepepsin(Mr 34,614) by the enzymaticactionof pepsinitself.

×In the stomach,pepsinhydrolyzesingestedproteinsat peptidebondson
the amino-terminal sideof the aromaticaminoacidresiduesPhe, Trp, and
Tyr,cleavinglongpolypeptidechainsinto a mixtureof smallerpeptides.
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×Asthe acidicstomachcontentspassinto the small intestine, the low pH
triggerssecretionof the hormonesecretininto the blood.

×Secretinstimulatesthe pancreasto secretebicarbonateinto the small
intestine to neutralizethe gastricHCl, abruptly increasingthe pH to about
7. Thedigestionof proteinsnow continuesin the smallintestine.

×Arrival of amino acids in the upper part of the intestine (duodenum)
causes release into the blood of the hormonecholecystokinin, which
stimulatessecretionof severalpancreaticenzymeswith activity optima at
pH7 to 8.

×Trypsinogen, chymotrypsinogen, and procarboxypeptidasesA and B, the
zymogensof trypsin, chymotrypsin,and carboxypeptidasesA and B, are
synthesizedandsecretedby the exocrinecellsof the pancreas.

×Trypsinogenisconvertedto its activeform, trypsin, by enteropeptidase, a
proteolytic enzymesecretedby intestinal cells. Freetrypsin then catalyzes
the conversionof additional trypsinogento trypsin. Trypsinalso activates
chymotrypsinogen, the procarboxypeptidases, andproelastase. 9



×Degradationof the short peptidesin the small intestine is then
completedby other intestinalpeptidases.

×Theresultingmixture of free aminoacidsis transportedinto the
epithelial cellslining the small intestine, through which the amino
acidsenter the bloodcapillariesin the villi andtravel to the liver.

×Thefirst step in the catabolismof most L-aminoacids,oncethey
havereachedthe liver, is removalof the -haminogroups,promoted
by enzymescalled aminotransferasesor transaminases. In these
transaminationreactions, the -hamino group is transferredto the

-hcarbon atom of -hketoglutarate, leaving behind the
correspondingh -keto acidanalogof the aminoacid
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×Thereis no net deamination(lossof amino groups) in thesereactions,
becausethe -hketoglutarate becomesaminated as the -hamino acid is
deaminated.

×The effect of transaminationreactionsis to collect the amino groups
from manydifferent aminoacidsin the form of L-glutamate.
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×In hepatocytes, glutamate is transported from the cytosol into
mitochondria, where it undergoesoxidativedeaminationcatalyzedby
L-glutamatedehydrogenase.

×The combined action of an aminotransferase and glutamate
dehydrogenaseis referredto astransdeamination.

×A few amino acids bypass the transdeamination pathway and
undergodirectoxidativedeamination.

×The -hketoglutarate formed from glutamate deamination can be
usedin the citric acidcycleandfor glucosesynthesis..

×Ammoniais quite toxic to animal tissues,and the levelspresent in
bloodareregulated.

×In many tissues, including the brain, some processessuch as
nucleotidedegradationgeneratefree ammonia.
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×The free ammonia produced in tissues is combined with
glutamate to yield glutamine by the action of glutamine
synthetase.
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×ThisreactionrequiresATPandoccursin two steps.

×Glutamine is a nontoxic transport form of ammonia; it is
normally present in blood in much higher concentrationsthan
other aminoacids.

×Glutaminealsoservesasa sourceof aminogroupsin a variety
of biosyntheticreactions.

×In most terrestrial animals, glutamine in excess of that
required for biosynthesisis transported in the blood to the
intestine, liver, and kidneys where the enzyme glutaminase
convertsglutamineto glutamateandNH4

+.

×TheNH4
+ from intestineandkidneyis transportedin the blood

to the liver.
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×Alaninealso playsa specialrole in transportingamino groupsto the
liver in a nontoxicform, viaa pathwaycalledthe glucose-alaninecycle.

×In muscleand certain other tissuesthat degradeamino acidsfor fuel,
aminogroupsarecollectedin the form of glutamateby transamination.

×Glutamatecanbe convertedto glutaminefor transport to the liver, as
describedabove, or it can transfer its -hamino group to pyruvate, a
readily availableproduct of muscleglycolysis, by the action of alanine
aminotransferase.

×Thealaninesoformedpassesinto the bloodandtravelsto the liver.

×In the cytosolof hepatocytes,alanineaminotransferasetransfersthe
amino group from alanine to -hketoglutarate, forming pyruvate and
glutamate.

×Glutamate can then enter mitochondria, where the glutamate
dehydrogenasereactionreleasesNH4

+. 15
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×The use of alanineto transport ammoniafrom skeletalmusclesto
the liver is another example of the intrinsic economy of living
organisms.

×Vigorously contracting skeletal muscles operate anaerobically,
producing pyruvate and lactate from glycolysisas well asammonia
from protein breakdown.

×Theseproductsmust find their way to the liver, wherepyruvateand
lactateare incorporatedinto glucose,whichis returnedto the muscles,
andammoniaisconvertedto ureafor excretion.

×The glucose-alanine cycle, in concert with the Cori cycle,
accomplishesthis transaction.

×The energeticburden of gluconeogenesisis thus imposed on the
liver rather than the muscle,andall availableATPin muscleis devoted
to musclecontraction.
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×If not reused for the synthesis of new amino acids or other
nitrogenous products, amino groups are channeled into a single
excretoryendproduct.

×Most aquatic species,such as the bony fishes, are ammonotelic,
excretingamino nitrogen as ammonia. The toxic ammonia is simply
diluted in the surroundingwater.

×Terrestrial animals require pathways for nitrogen excretion that
minimizetoxicity andwater loss. Most terrestrialanimalsareureotelic,
excretingamino nitrogen in the form of urea; birds and reptiles are
uricotelic, excretingaminonitrogenasuricacid.

×Plants recycle virtually all amino groups, and nitrogen excretion
occursonlyunderveryunusualcircumstances.

×In ureotelicorganisms,the ammoniadepositedin the mitochondria
of hepatocytesisconvertedto ureain the ureacycle. Thispathwaywas
discoveredin 1932by HansKrebs(who later alsodiscoveredthe citric
acidcycle) anda medicalstudentassociate,KurtHenseleit.
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×The urea cycle begins inside liver mitochondria, but three of the
subsequentstepstake placein the cytosol; the cyclethus spanstwo
cellularcompartments

×Whatever its source,the NH4
+ generatedin liver mitochondria is

immediately used, together with CO2 as HCO3
-) produced by

mitochondrialrespiration,to form carbamoylphosphatein the matrix.

×ThisATP-dependent reaction is catalyzedby carbamoylphosphate
synthetaseI, a regulatoryenzyme.

×The carbamoyl phosphate, which functions as an activated
carbamoylgroupdonor,now entersthe ureacycle.

×Carbamoylphosphatedonatesits carbamoylgroup to ornithine to
form citrulline.

×The second amino group now enters from aspartateby a
condensationreactionbetweenthe aminogroupof aspartateand the
ureido(carbonyl)groupof citrulline, formingargininosuccinate. 22



×The argininosuccinateis then cleavedby argininosuccinaseto
form free arginineand fumarate, the latter entering mitochondria
to join the pool of citric acidcycleintermediates.

×In the last reaction of the urea cycle (step 4 ), the cytosolic
enzymearginasecleavesarginineto yieldureaandornithine.

×Ornithine is transported into the mitochondrion to initiate
anotherroundof the ureacycle.

×Becausethe fumarateproducedin the argininosuccinasereaction
is also an intermediate of the citric acid cycle, the cyclesare, in
principle,interconnectedτin a processdubbedtheάYǊŜōǎōƛŎȅŎƭŜέ
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×Theflux of nitrogen through the urea cyclein an individualanimal
varieswith diet.

×When the dietary intake is primarily protein, the carbonskeletons
of amino acids are used for fuel, producing much urea from the
excessaminogroups.

×During prolonged starvation, when breakdownof muscleprotein
begins to supply much of the ƻǊƎŀƴƛǎƳΩǎmetabolic energy, urea
productionalsoincreasessubstantially.

×Thefirst enzymein the pathway,carbamoylphosphatesynthetaseI,
is allostericallyactivatedby N-acetylglutamate, which is synthesized
from acetyl- CoAandglutamateby N-acetylglutamatesynthase.

×Thuselevatedlevelsof glutamateincreasethe rate of ureacycle.
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×Theoverallequationof the ureacycleis:

×If we considerthe urea cyclein isolation,we seethat the synthesis
of one moleculeof urea requiresfour high energyphosphategroups.
Two ATPmoleculesare required to make carbamoylphosphate,and
one ATP to make argininosuccinateτthe latter ATP undergoing a
pyrophosphatecleavageto AMPand PPi, which is hydrolyzedto two
Pi.

×However, the ureacyclealsocausesa net conversionof oxaloacetate
to fumarate (via aspartate), and the regeneration of oxaloacetate
producesNADHin the malatedehydrogenasereaction.

×Each NADH molecule can generate up to 2.5 ATP during
mitochondrial respiration, greatly reducingthe overall energeticcost
of ureasynthesis..
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×Peoplewith genetic defects in any enzymeinvolved in urea
formationcannottolerateproteinrichdiets.

×Amino acids ingested in excess of the minimum daily
requirementsfor protein synthesisare deaminatedin the liver,
producingfree ammoniathat cannot be convertedto urea and
exportedinto the bloodstream, and,aswe haveseen,ammonia
ishighlytoxic.

×The absence of a urea cycle enzyme can result in
hyperammonemiaor in the build-up of one or more urea cycle
intermediates,dependingon the enzymethat ismissing.

×Although the breakdown of amino acids can have serious
healthconsequencesin individualswith ureacycledeficiencies,a
protein-free diet is not a treatment option. Humans are
incapableof synthesizinghalf of the 20 common amino acids,
andtheseessentialaminoacidsmustbeprovidedin the diet. 28



×A variety of treatments are
available for individuals with
ureacycledefects.

×Carefuladministration of the
aromatic acids benzoate or
phenylbutyrate in the diet can
help lower the levelof ammonia
in the blood.
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×The pathwaysof amino acid catabolism,taken together, normally
accountfor only 10%to 15%of the humanōƻŘȅΩǎenergyproduction;
these pathwaysare not nearly as active as glycolysisand fatty acid
oxidation.



×The 20 catabolic pathways converge to form only six major
products,all of whichenter the citric acidcycle.

×Fromhere the carbonskeletonsare diverted to gluconeogenesis
or ketogenesisor arecompletelyoxidizedto CO2 andH2O.

×The sevenamino acidsthat are degradedentirely or in part to
acetoacetyl-CoA and/or acetyl-CoAτphenylalanine, tyrosine,
isoleucine, leucine, tryptophan, threonine, and lysineτcan yield
ketone bodies in the liver, where acetoacetyl-CoAis convertedto
acetoacetateandthen to acetoneand -̡hydroxybutyrate.

×Thesearethe ketogenicaminoacids

×Theaminoacidsthat are degradedto pyruvate, -hketoglutarate,
succinyl-CoA,fumarate, and/or oxaloacetatecan be converted to
glucoseandglycogen.

×Theyarethe glucogenicaminoacids. 31
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×Thedivisionbetweenketogenicand glucogenicaminoacidsis
not sharp; five amino acidsτtryptophan, phenylalanine,
tyrosine, threonine, and isoleucineτare both ketogenic and
glucogenic.

×Pyridoxalphosphate, biotin, tetrahydrofolate and S-adenosyl
methioninearethe cofactorsinvolvedin aminoacidcatabolisn.

33



×Thecarbonskeletonsof six amino acids(alanine,tryptophan,
cysteine, serine,glycine,and threonine) are convertedin whole
or in part to pyruvate.

×The pyruvate can then be converted to either acetyl-CoA(a
ketone body precursor) or oxaloacetate (a precursor for
gluconeogenesis).

×Thusamino acidscatabolizedto pyruvateare both ketogenic
andglucogenic.
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×Portionsof the carbonskeletonsof sevenaminoacidsτtryptophan,
lysine, phenylalanine, tyrosine, leucine, isoleucine, and threonineτ
yield acetyl-CoAand/or acetoacetyl-CoA, the latter beingconvertedto
acetyl-CoA.

×The degradative pathways of two of these seven amino acids
deservespecialmention. Tryptophanbreakdownis the most complex
of all the pathways of amino acid catabolism in animal tissues;
portions of tryptophan (four of its carbons) yield acetyl-CoA via
acetoacetyl-CoA.

×Someof the intermediatesin tryptophan catabolismare precursors
for the synthesis of other biomolecules, including nicotinate, a
precursorof NADand NADPin animals; serotonin,a neurotransmitter
in vertebrates; andindoleacetate, a growth factor in plants.

×The breakdown of phenylalanineis noteworthy becausegenetic
defects in the enzymesof this pathway lead to several inheritable
humandiseases.
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×Thecarbonskeletonsof five amino acids(proline, glutamate,
glutamine, arginine, andhistidine) enter the citric acidcycleas -h
ketoglutarate.

×The carbon skeletonsof methionine, isoleucine, threonine,
andvalinearedegradedby pathwaysthat yieldsuccinyl-CoA.

×Althoughmuchof the catabolismof aminoacidstakesplacein
the liver, the three amino acids with branched side chains
(leucine, isoleucine,andvaline) are oxidizedasfuelsprimarily in
muscle,adipose,kidney,andbraintissue.

×The carbon skeletonsof asparagineand aspartateultimately
enter the citric acidcycleasoxaloacetate.
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Biosynthesisof Amino Acidsand
RelatedCompounds 



×Nitrogen ranksbehind only carbon,hydrogen,and oxygenin its
contributionto the massof livingsystems.

×Most of this nitrogenisboundup in aminoacidsandnucleotides.

×Although 9ŀǊǘƘΩǎatmosphere is four-fifths molecular nitrogen
(N2), relativelyfew speciescanconvert this atmosphericnitrogen
into formsusefulto livingorganisms.

×In the biosphere, the metabolic processesof different species
function interdependently to salvage and reuse biologically
availablenitrogenin a vastnitrogencycle.

×The first step in the cycle is fixation (reduction) of atmospheric
nitrogen by nitrogen-fixing bacteria to yield ammonia (NH3 or
NH4

+).



×Although ammonia can be used by most living organisms,soil
bacteriathat derive their energyby oxidizingammoniato nitrite
(NO2

-) and ultimately nitrate (NO3
-) are so abundantand active

that nearlyall ammoniareachingthe soil isoxidizedto nitrate.

×Thisprocessisknownasnitrification .

×Plantsand many bacteriacan take up and readily reducenitrate
and nitrite to ammoniathrough the action of nitrate and nitrite
reductases.

×Thisammoniais incorporatedinto aminoacidsby plants.



×Animals then use plants as a source of amino acids, both
nonessentialandessential,to build their proteins.

×When organismsdie, microbial degradation of their proteins
returns ammonia to the soil, where nitrifying bacteria again
convertit to nitrite andnitrate.

×A balanceis maintainedbetweenfixed nitrogenand atmospheric
nitrogen by bacteria that reduce nitrate to N2 under anaerobic
conditions,a processcalleddenitrification.

×Onlycertainbacteriaandarchaeacanfix atmosphericN2. Thefirst
important product of nitrogen fixation is ammoniawhichcan be
used by all organismseither directly or after its conversionto
other soluble compoundssuch as nitrites, nitrates, or amino
acids.





×Biologicalnitrogenfixation iscarriedout
by a highly conserved complex of
proteins called the nitrogenase
complex.

×The nitrogenasecomplexis remarkably
unstablein the presenceof oxygen.

×Free-living bacteria that fix nitrogen
cope with this problem in a variety of
ways.

×Somelive only anaerobicallyor repress
nitrogenasesynthesiswhen oxygen is
present.

×Some aerobic species, partially
uncouple electron transfer from ATP
synthesissothat oxygenisburnedoff as
rapidlyasit entersthe cell.



×Reducednitrogen in the form of NH4
+ is assimilatedinto amino

acidsandthen into other nitrogen-containingbiomolecules.

×Two amino acids,glutamate and glutamine provide the critical
entry point.

×Glutamateis the sourceof amino groupsfor most other amino
acids,throughtransaminationreactions.

×Theamidenitrogenof glutamineis a sourceof aminogroupsin a
wide rangeof biosyntheticprocesses.

×The most important pathway for the assimilationof NH4
+ into

glutamaterequirestwo reactions.

×First, glutamine synthetasecatalyzesthe reaction of glutamate
andNH4

+ to yieldglutamine.





×Theactivity of glutaminesynthetaseis regulatedin virtually all organismsτas
expected, given its central metabolic role as an entry point for reduced
nitrogen.

× In enteric bacteriasuchas E. coli, the regulationis unusuallycomplex. TypeI
enzyme(from bacteria)has12 identicalsubunitsof Mr 50,000andis regulated
both allostericallyandby covalentmodification.



×All amino acids are derived
from intermediates in
glycolysis,the citric acid cycle,
or the pentose phosphate
pathway.

×Nitrogen enters these
pathwaysby way of glutamate
andglutamine.



×Organismsvary greatly in their ability to synthesizethe 20 common
aminoacids.

×Whereasmost bacteriaand plantscansynthesizeall 20, mammalscan
synthesizeonly about half of themτgenerally those. with simple
pathways. Theseare the nonessentialamino acids, not neededin the
diet.

×Theremainder,the essentialaminoacids, mustbe obtainedfrom food.

×Yiyeceklerile birlikte ŘƤǒŀǊƤŘŀƴŀƭƤƴƳŀǎƤzorunlu olan, organizmada
sentezlenemeyenamino asitler ise esansiyel amino asitler olarak
ŀŘƭŀƴŘƤǊƤƭƤǊƭŀǊ.

×A usefulway to organizethesebiosyntheticpathwaysis to group them
into sixfamiliescorrespondingto their metabolicprecursors.

×In addition to these six precursors,there is a notable intermediate in
several pathways of amino acid and nucleotide synthesis: 5-
phosphoribosyl-1-pyrophosphate(PRPP).



















×In the caseof aminoacidsynthesis,regulationtakesplacein part
through feedback inhibition of the first reaction by the end
productof the pathway.

×Thisfirst reaction is often catalyzedby an allostericenzymethat
playsan important role in the overallcontrol of flux through that
pathway.

×In addition to their role asthe buildingblocksof proteins,amino
acidsare precursorsof many specializedbiomolecules, including
hormones,coenzymes,nucleotides,alkaloids, cell wall polymers,
porphyrins, antibiotics,pigments, andneurotransmitters.

×The biosynthesisof porphyrins, for which glycine is a major
precursor,is our first examplebecauseof the central importance
of the porphyrin nucleusin heme proteins such as hemoglobin
andthe cytochromes.




