Amino Acid Metabolism
Amino Acid Oxidation andthe Production of Urea




X AmIno acids through their oxidative degradation make a
significantcontributionto the generationof metabolicenergy

x Thefraction 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

x Carnivorescan obtain (immediately following a meal) up to
90% of their energy requirementsfrom amino acid oxidation,
whereasherbivoresmayfill only a smallfraction of their energy
needsby this route.

X Most microorganismscan scavengeamino acids from their
environmentand usethem as fuel when required by metabolic
conditions

2



x Plants,however,rarelyif everoxidizeaminoacidsto provideenergy
the carbohydrateproduced from CQ and H,O in photosynthesisis
generallytheir sole energysource Amino acid catabolismdoesoccur
In plants, but its purpose is to produce metabolites for other
biosyntheticpathways

X In animals, amino acids undergo oxidative degradationin three
different metaboliccircumstances

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

x 2. Whenadiet isrich in protein andthe ingestedaminoacidsexceed
the 0 2 R @eRds for protein synthesis the surplusis catabolized
aminoacidscannotbe stored

x 3. During starvation or in uncontrolled diabetes mellitus, when
carbohydratesare either unavailableor not properly utilized, cellular
proteinsare usedasfuel. ’
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x Nitrogen, N,, is abundantin the atmospherebut is too inert for
use In most biochemical processes Because only a few
microorganismsan convertN, to biologicallyusefulforms suchas
NH;, aminogroupsare carefullyhusbandedn biologicalsystems

X Forvertebrates amino acidsderivedfrom dietary protein are the
sourceof mostaminogroups

X Most amino acids are metabolizedin the liver Some of the
ammoniageneratedin this processs recycledand usedin a variety
of biosyntheticpathways the excessis either excreteddirectly or
converted to urea or uric acid for excretion, dependingon the
organism

x Glutamateand glutamineplay especiallycritical rolesin nitrogen
metabolism,actingas a kind of generalcollection point for amino
groups
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FIGURE 18-3 Part of the human digestive
(gastrointestinal) tract. (a) The parietal cells
and chief cells of the gastric glands secrete
their products in response to the hormone
gastrin. Pepsin begins the process of protein
degradation in the stomach. (b) The cytoplasm
of exocrine cells is completely filled with
rough endoplasmic reticulum, the site of
synthesis of the zymogens of many digestive
enzymes. The zymogens are concentrated in
membrane-enclosed transport particles called
zymogen granules. When an exocrine cell is
stimulated, its plasma membrane fuses with
the zymogen granule membrane and
zymogens are released into the lumen of the
collecting duct by exocytosis. The collecting
ducts ultimately lead to the pancreatic duct
and thence to the small intestine. () Amino
acids are absorbed through the epithelial cell
layer (intestinal mucosa) of the villi and enter
the capillaries. Recall that the products of
lipid hydrolysis in the small intestine enter
the lymphatic system after their absorption by
the intestinal mucosa (see Fig. 17-1).
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x In humans,the degradationof ingested proteins to their constituent
aminoacidsoccursin the gastrointestinakract.

X Entry of dietary protein into the stomachstimulatesthe gastricmucosa
to secretethe hormone gastrin,which in turn stimulatesthe secretionof
hydrochloricacid by the parietal cellsand pepsinogenby the chief cellsof
the gastricglands

x Theacidicgastricjuice (pH 1.0 to 2.5) is both an antiseptic,killing most
bacteriaandother foreigncells,anda denaturingagent unfoldingglobular
proteins and rendering their internal peptide bonds more accessibleto
enzymatichydrolysis

X PepsinogerfMr 40,554), an inactiveprecursor,or zymogen|s converted
to activepepsin(Mr 34,614) by the enzymaticactionof pepsinitself.

X In the stomach,pepsinhydrolyzesngestedproteinsat peptide bondson
the aminoterminal side of the aromaticamino acidresiduesPhe Trp, and

Tyr,cleavingong polypeptidechainsinto a mixture of smallerpeptides .



x Asthe acidicstomachcontentspassinto the smallintesting, the low pH
triggerssecretionof the hormonesecretininto the blood.

x Secretinstimulatesthe pancreasto secretebicarbonateinto the small
Intestine to neutralizethe gastricHC/| abruptly increasingthe pH to about
/. Thedigestionof proteinsnow continuesin the smallintestine.

x Arrival of amino acidsin the upper part of the intestine (duodenum)
causesrelease into the blood of the hormonecholecystokinin which
stimulatessecretionof severalpancreaticenzymeswith activity optima at
pH7to 8.

X Trypsinogenchymotrypsinogenand procarboxypeptidases and B, the
zymogensof trypsin, chymotrypsin,and carboxypeptidase#\ and B, are
synthesizedndsecretedby the exocrinecellsof the pancreas

X Trypsinogens convertedto its activeform, trypsin, by enteropeptidasea

proteolytic enzymesecretedby intestinal cells Freetrypsinthen catalyzes
the conversionof additional trypsinogento trypsin. Trypsinalso activates
chymotrypsinogenthe procarboxypeptidasesndproelastase ’



x Degradationof the short peptidesin the smallintestine is then
completedby other intestinalpeptidases

x Theresultingmixture of free amino acidsis transportedinto the
epithelial cellslining the smallintestine, through which the amino
acidsenterthe blood capillariesn the villiandtravelto the liver.

x Thefirst stepin the catabolismof most L-amino acids,oncethey
havereachedthe liver, isremovalof the " -aminogroups,promoted
by enzymescalled aminotransferasesor transaminasesin these
transaminationreactions the h-amino group is transferredto the
h-carbon atom of h-ketoglutarate leaving behind the
corresponding -keto acidanalogof the aminoacid
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X Thereis no net deamination(lossof amino groupg in thesereactions,

becausethe " -ketoglutarate becomesaminated as the h-amino acid is

deaminated

X The effect of transaminationreactionsis to collect the amino groups

from manydifferent aminoacidsin the form of L-glutamate
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X In hepatocytes glutamate is transported from the cytosol into
mitochondrig where it undergoesoxidative deaminationcatalyzedby
L-glutamatedehydrogenase

x The combined action of an aminotransferase and glutamate
dehydrogenasésreferredto astransdeamination

x A few amino acids bypassthe transdeamination pathway and
undergodirect oxidativedeamination

x The h-ketoglutarate formed from glutamate deamination can be
usedin the citric acidcycleandfor glucosesynthesis

X Ammoniais quite toxic to animaltissues,and the levelspresentin
blood arereqgulated

X In many tissues, including the brain, some processessuch as
nucleotidedegradationgeneratefree ammonia
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X The free ammonia produced in tissuesis combined with

glutamate to yield glutamine by the action of glutamine

synthetase
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X ThisreactionrequiresATPandoccursin two steps

x Glutamine is a nontoxic transport form of ammonig it is
normally presentin blood in much higher concentrationsthan
other aminoacids

X Glutaminealsoservesasa sourceof aminogroupsin a variety
of biosyntheticreactions

X 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 glutamateand NH,".

x TheNH," from intestineandkidneyis transportedin the blood
to the liver.
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x Alaninealso playsa specialrole in transporting amino groupsto the
liver in a nontoxicform, viaa pathwaycalledthe glucosealaninecycle

X In muscleand certain other tissuesthat degradeamino acidsfor fuel,
aminogroupsare collectedin the form of glutamateby transamination

x Glutamatecanbe convertedto glutaminefor transportto the liver, as
describedabove, or it can transfer its "-amino group to pyruvate, a
readily availableproduct of muscleglycolysis by the action of alanine
aminotransferase

X Thealaninesoformed passesnto the blood andtravelsto the liver.
X In the cytosol of hepatocytes,alanine aminotransferasdransfersthe
amino group from alanine to h-ketoglutarate forming pyruvate and

glutamate

x Glutamate can then enter mitochondria, where the glutamate
dehydrogenaseeactionreleaseNH,*. 15
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X The use of alanineto transport ammoniafrom skeletalmusclesto
the liver is another example of the intrinsic economy of living
organisms

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

x Theseproductsmustfind their way to the liver, where pyruvateand
lactateare incorporatedinto glucosewhichisreturnedto the muscles
andammoniais convertedto ureafor excretion

X The glucosealanine cycle, in concert with the Cori cycle,
accomplisheshis transaction

X The energetic burden of gluconeogenesiss thus imposedon the
liver rather than the muscle,and all availableATPin muscleis devoted
to musclecontraction
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x If not reused for the synthesisof new amino acids or other
nitrogenous products, amino groups are channeled into a single
excretoryend product

X Most aquatic species,such as the bony fishes, are ammonotelig
excretingamino nitrogen as ammonia The toxic ammoniais simply
diluted in the surroundingwater.

x Terrestrial animals require pathways for nitrogen excretion that
minimizetoxicity and water loss Most terrestrialanimalsare ureotelic,
excretingamino nitrogen in the form of urea birds and reptiles are
uricotelic excretingaminonitrogenasuric acid

X Plants recycle virtually all amino groups, and nitrogen excretion
occursonly underveryunusualcircumstances

X In ureotelicorganismsthe ammoniadepositedin the mitochondria
of hepatocytedss convertedto ureain the ureacycle Thispathwaywas
discoveredn 1932 by HansKrebs(who later alsodiscoveredhe citric
acidcycle anda medicalstudentassociateKurtHenseleit b
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X The urea cycle beginsinside liver mitochondria, but three of the
subsequentstepstake placein the cytosol the cyclethus spanstwo
cellularcompartments

x Whateverits source,the NH," generatedin liver mitochondriais
Immediately used, together with CQ as HCQ) produced by
mitochondrialrespiration,to form carbamoylphosphatein the matrix.

x This ATRdependentreaction is catalyzedby carbamoylphosphate
synthetasd, aregulatoryenzyme.

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

x Carbamoylphosphatedonatesits carbamoylgroup to ornithine to
form citrulline.

X The second amino group now enters from aspartateby a
condensatiornreactionbetweenthe amino group of aspartateandthe
ureido(carbonylgroupof citrulline, formingargininosuccinate .



X The argininosuccinatels then cleaved by argininosuccinasdo
form free arginineand fumarate, the latter entering mitochondria
to join the pool of citric acidcycleintermediates

x In the last reaction of the urea cycle (step 4 ), the cytosolic
enzymearginasecleavesarginineto yield ureaandornithine.

X Ornithine Is transported into the mitochondrion to initiate
anotherround of the ureacycle

X Becausehe fumarate producedin the argininosuccinasesaction

IS also an intermediate of the citric acid cycle the cyclesare, in
principle,interconnected in aprocessdubbedthed Y N& D @€ Of
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x Theflux of nitrogenthrough the ureacyclein an individualanimal
varieswith diet.

x Whenthe dietary intake is primarily protein, the carbonskeletons
of amino acids are used for fuel, producing much urea from the
excesaminogroups

X During prolonged starvation, when breakdown of muscle protein
beginsto supply much of the 2 NH | Y etaldalicaenergy, urea
productionalsoincreasesubstantially

x Thefirst enzymein the pathway,carbamoylphosphatesynthetasd,
IS allostericallyactivated by N-acetylglutamate which is synthesized
from acetyl CoAandglutamateby N-acetylglutamatesynthase

X Thuselevatedlevelsof glutamateincreasethe rate of ureacycle
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X Theoverallequationof the ureacycleis:

o2NH,; + HCO; + 3ATP* + H,O —
urea + 2ADP°™ + 4P%~ + AMP?*™ + 2H*

X If we considerthe ureacyclein isolation,we seethat the synthesis
of one moleculeof urearequiresfour high energyphosphategroups

Two ATPmoleculesare required to make carbamoylphosphate,and

one ATPto make argininosuccinate the latter ATP undergoing a

pyrophosphatecleavageto AMP and PPj which is hydrolyzedto two

Pi

X Howeveythe ureacyclealsocausesa net conversionof oxaloacetate
to fumarate (via aspartatg, and the regeneration of oxaloacetate
producesNADHIn the malatedehydrogenaseeaction

x Each NADH molecule can generate up to 2.5 ATP during
mitochondrial respiration greatly reducingthe overall energeticcost
of ureasynthesis.
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X Peoplewith genetic defectsin any enzymeinvolved in urea
formation cannottolerate proteinrichdiets.

X AmIino acids ingested in excess of the minimum daily
requirementsfor protein synthesisare deaminatedin the liver,
producingfree ammoniathat cannotbe convertedto urea and
exportedinto the bloodstream and, aswe haveseen,ammonia
IS highlytoxic.

X 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 is missing

x Although the breakdown of amino acids can have serious
healthconsequences individualswith ureacycledeficienciesa
protein-free diet is not a treatment option. Humans are
iIncapableof synthesizinghalf of the 20 common amino acids,
andtheseessentialaminoacidsmustbe providedin the diet. 2
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x A variety of treatments are
available for individuals with
ureacycledefects

x Carefuladministration of the
aromatic acids benzoate or
phenylbutyrate in the diet can
help lower the levelof ammonia
In the blood.
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Amino Acid Catabolism
X The pathwaysof amino acid catabolism,taken together, normally
accountfor only 10%to 15% of the humano 2 R én&gyproductior
these pathwaysare not nearly as active as glycolysisand fatty acid
oxidation
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X The 20 catabolic pathways converge to form only six major
products,all of whichenter the citric acidcycle

X Fromhere the carbonskeletonsare divertedto gluconeogenesis
or ketogenesior are completelyoxidizedto CQ and H,QO.

X The sevenamino acidsthat are degradedentirely or in part to
acetoacetylCoA andor acetylCoA phenylalanine tyrosineg
Isoleucine leucine tryptophan, threonine, and lysine can yield
ketone bodiesin the liver, where acetoacet\lCoAis convertedto
acetoacetateandthen to acetoneand! -hydroxybutyrate

X Thesearethe ketogenicaminoacids
x Theamino acidsthat are degradedto pyruvate h -ketoglutarate
succinCoA, fumarate, and/or oxaloacetatecan be convertedto

glucoseandglycogen

X Theyarethe glucogenicaminoacids 3
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x Thedivisionbetween ketogenicand glucogenicamino acidsis
not sharg five amino acidg tryptophan phenylalanine
tyrosing, threonine, and isoleucing are both ketogenic and
glucogenic

x Pyridoxalphosphate biotin, tetrahydrofolate and Sadenosyl
methionineare the cofactorsinvolvedin aminoacidcatabolisn
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X The carbonskeletonsof sixamino acids(alanine,tryptophan,
cysteine serine,glycine,and threonine) are convertedin whole
or in part to pyruvate

X The pyruvate can then be convertedto either acetylCoA(a
ketone body precurso) or oxaloacetate (a precursor for
gluconeogenes)s

X Thusamino acidscatabolizedto pyruvate are both ketogenic
andglucogenic
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X Portionsof the carbonskeletonsof sevenaminoacidg tryptophan,
lysine phenylalanine tyrosing leucing isoleucing and threoninet
yield acetylCoAand or acetoacetylCoA the latter beingconvertedto
acetylCoA

X 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 acetylCoA via
acetoacetyCoA

x 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

x The breakdown of phenylalanineis noteworthy becausegenetic
defects in the enzymesof this pathway lead to severalinheritable

humandiseases .



NH,

CH,—CH—C00~ C—C NH,
A /TN
C‘J | AN c\\ //C—CHQ —CH—CO00~
Co Co C—(' .
e E - Phenylalanine
+
e
. HN—CH, —CH, —CH, —CH,—CH—COO~
NH;
| Lysine
CH;—CH—CO0O~ 9 steps C—C NH,
Alanine ' 4 steps _‘/ AN A |, _
l 2C0, HO—(,.\ //( —CH,—CH—COO0
O C—C Tyrosine
) _ [ i [2yrosine]
. |,|ﬂ . 00C—CH;—CH,—CH,—C—COO NH
CH;—C—C00 a-Ketoadipate | 3 | 3
Pyruvate —(:‘- H, —CH—COO™
5 steps
CoA-SH —_| - NAD~ Y s
“00C—CH=CH—COO~ CoASH
Cco NADH Fumarate -
2
6 steps \) CO,
i} (H) O - CjOZ
~00C—CH,—CHy —CH, —C—S-CoA [c]Hs [CH, —co0~ «—
Glutaryl-CoA Acetoacetate
4 steps C02 CoA-SH
T
CH; —C—CH3;—C—S-CoA
Acetoacetyl-CoA
l/ CoA-SH
CH3—CHy;—CH—CH—COO™ CH3—C—S-CoA <
CH, Acetyl-CoA
0
S 37
CH;—CH,—C—S-CoA 3 stops Succinyl-CoA

Propionyl-CoA



X The carbonskeletonsof five amino acids(proline, glutamate
glutamine arginine andhistidine) enter the citric acidcycleash -
ketoglutarate

X The carbon skeletonsof methionine, isoleucine, threonine,
andvalineare degradedoy pathwaysthat yield succinyiCoA

x Althoughmuchof the catabolismof aminoacidstakesplacein
the liver, the three amino acids with branched side chains
(leucine isoleucine and valine) are oxidizedasfuels primarily in
muscle adipose kidney,andbraintissue

X The carbon skeletonsof asparagineand aspartate ultimately
enter the citric acidcycleasoxaloacetate
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cltoo—
H,N—C—H CO0™ OO0~

I .
CH, HgN—C—H a-Keto- Glutamate HsN—C—H (uncﬁzloyze(h

H,O Urea | glutarate )
e L N (H N /. HS—CH H20 o, T
4 arginase 4 ornithine d-aminotransferase \ \ ¢ S b (‘ —C N
CHZ argina (JHZ rnithine §-aminotransfera ‘—T H( s CH C00~ Hzc H—COO

nnllm

N -
o L, i_o HO N H

| H
H NH; H A'-Pyrroline-
"NH; Ornithine Glutamate 5-carboxylate

y-semialdehyde

olutamate | — NAD(P)™
semialdehyde

dehydrogenase NAD(P)H + H

CO0O~
CO0~™

. o |
N”-Formimino | H IJ{I—C—H
HN—C—H NH Ho0 H,o Hiflate 5 g HN—C—H NHi HO0 |

by, N N, AN
(|ng @ @ > @ ] @ (I’HQ glutaminase (%HZ

] 00~ I
N—CH

hitamal

- NADP™

glutamate
dehydrogenase
T NADPH + H
+
> NH,
v

CO0~

CO0~
a-Ketoglutarate
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+
NH,
CH;—S—CHy—CHy,—CH—CO00 ™

3 steps
+
i
HS—CH,—CH;—CH—COO ™
Homocysteine
- PLP
cystathionine | Seri
B-synthase - erme
cystathionine PLP
y-lyase > Cysteine
o threonine
. : H‘ _ dehydratase
CH;—CH,—C—COO < / / PLP
a-Ketobutyrate Y. v
NH; H,0
+ L~ CoA-SH
(jHS Nl'H'g _ NAD+
CH;—CH,—CH—CH—C00~ o Wil
I NG
soleucine
> CO,
o 2C0,

i Propionyl-CoA
CH;—C—S8-CoA
Acetyl-CoA

2 steps? HCO3_

CH, (”)

“00C—CH—C—S-CoA
Methylmalonyl-Coa

coenzyme B,

+
CI)H Il\THS
CH;—CH—CH—COO

+
CH; NHj;

[ |
(Hy—CH,—C—S-CoA < N, Tsteps CH;—CH—CH—COO~

methylmalonyl- O
CoA mutase ||

— >  ~00C—CH,—CH,—C—S-CoA

Succinyl-CoA 40
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+
NHj

N
/C—CHQ—CH—COO_

H,N

asparaginase

O

-0

aspartate
aminotransferase

O

-0

Asparagine

- H;0

s NHj

3

+
NHj

N | .
_C—CH,—CH—CO00

Aspartate I

-Ketoglutarate
/ (44
\PLP

> Glutamate

A

4

O

A\ |
_C—CH,—C—C00"

Oxaloacetate
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Biosynthesi®f AminoAcidsand

nitrogen in
atmosphere
(reservoir)

producers

denitrifying
bacteria

RelatedCompounds

AT
nitrogen-fixing
bacteria in
legume roots
and soil



x Nitrogen ranks behind only carbon, hydrogen,and oxygenin its
contributionto the massof livingsystems

x Most of this nitrogenis boundup in aminoacidsandnucleotides

x Although 9 | NJatih@sahere is four-fifths molecular nitrogen
(N,), relativelyfew speciescan convertthis atmosphericnitrogen
Into formsusefulto livingorganisms

X |n the biosphere,the metabolic processesof different species
function interdependently to salvage and reuse biologically
avallablenitrogenin avastnitrogencycle

X Thefirst step in the cycleis fixation (reduction of atmospheric
nitrogen by nitrogenfixing bacteriato yield ammonia (NH3 or

NH,*.



x Although ammonia can be used by most living organisms,soll
bacteriathat derive their energyby oxidizingammoniato nitrite
(NG,) and ultimately nitrate (NO;) are so abundantand active
that nearlyall ammoniareachingthe soilis oxidizedto nitrate.

x Thisprocesds knownasnitrification.
x Plantsand many bacteriacan take up and readily reduce nitrate
and nitrite to ammoniathrough the action of nitrate and nitrite

reductases

X Thisammoniais incorporatedinto aminoacidsby plants



X Animals then use plants as a source of amino acids, both
nonessentiahndessentialto build their proteins

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

X A balanceis maintainedbetweenfixed nitrogen and atmospheric
nitrogen by bacteriathat reduce nitrate to N, under anaerobic
conditions,a processcalleddenitrification.

x Onlycertainbacteriaand archaeacanfix atmosphericN,. 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



Amino acids
and other reduced
nitrogen-carbon
compounds

degradation
by animals and
microorganisms

ﬁ
—

synthesis in
plants and
microorganisms

Nitrogen-fixing
bacteria and
archaea

NH, (ammonia)

N, (atmosphere)

Oxidation
state=0

Oxidation
state = —3

Nitrifying

bacteria and archaea

Anammox bacteria

Denitrifying
bacteria, archaea,

and fungi

NO; (nitrate)

Oxidation
state=+5

NO, (nitrite)

Oxidation
state = +3

Nitrifying
bacteria




Biologicahitrogenfixationis carriedout
by a highly conserved complex of
proteins called the nitrogenase
complex

The nitrogenasecomplexis remarkably
unstablein the presenceof oxygen

Freeliving bacteria that fix nitrogen
cope with this problem in a variety of
ways

Somelive only anaerobicallyor repress
nitrogenase synthesiswhen oxygen is
present

Some aerobic species partially
uncouple electron transfer from ATP
synthesissothat oxygenis burnedoff as
rapidlyasit entersthe cell.

4CoA +
4 pyruvate

4002 +
4 acetyl-CoA

8 Ferredoxin or
8 flavodoxin
(reduced)

8 Ferredoxin or
8 flavodoxin
(oxidized)

8 Dinitrogenase
reductase
(oxidized)

8 Dinitrogenase
reductase
(reduced)

16'ATP 16ADP
+ 16Pi

8 Dinitrogenase
reductase (oxidized)
+ 16ATP

Dinitrogenase
(reduced)

8 Dinitrogenase

reductase (reduced)
+ 16ATP




x Reducednitrogen in the form of NH,* is assimilatedinto amino
acidsandtheninto other nitrogen-containingbiomolecules

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

x Glutamateis the sourceof amino groupsfor most other amino
acids,throughtransaminatiorreactions

x Theamidenitrogen of glutamineis a sourceof aminogroupsin a
wide rangeof biosyntheticprocesses

X The most important pathway for the assimilationof NH,* into
glutamaterequirestwo reactions

X First, glutamine synthetasecatalyzesthe reaction of glutamate
andNH," to yield glutamine



glutamine synthetase reaction

(1)  Glutamate + ATP —— y-glutamyl phosphate + ADP

(2)  y-Glutamyl phosphate + NHf —— glutamine + P; + H"

Glutamate + NH + ATP —— glutamine + ADP + Pi + H M

glutamate synthasereaction
a-Ketoglutarate + glutamine + NADPH + H' —— 2 glutamate + NADP™

The net reaction of glutamine synthetase and glutamate synthase

a-Ketoglutarate + NH; + NADPH + ATP —— L-glutamate + NADP™ + ADP + P;

minor pathway : L-glutamate dehydrogenase reaction

a-Ketoglutarate + NHf + NADPH —> L-glutamate + NADP" + H50



x Theactivity of glutaminesynthetaseis regulatedin virtually all organisms as

expected, given its central metabolic role as an entry point for reduced
nitrogen

X In enteric bacteriasuchas E coli, the regulationis unusuallycomplex Typel
enzyme(from bacteria)has12 identicalsubunitsof Mr 50,000andis regulated
both allostericallyand by covalentmodification

Glutamate (a)
—NH3
glutamine
synthetase /— ATP
\sADP+P]
@ 4 Glycine
® € Alanine
@ | ® «
» Q| @ « , - . _
g @ ® " Glutamine - Glutamine —
synthetase — synthetase _
' (inactive) -, (active) >
AMP Glutamm‘e CTP | deadenylylation R \
,,r*;/ e AMP
Tryptopharf/ \ “Histidine
” %

Carbamoyl phosphate Glucosamine 6-phosphate B ADP



Glucose

Glucose 6-phosphate

4 steps

Erythrose 4-__ 5, M

phosphate ~™ 3-Phosphoglycerate

w

\4

Tryptophan
Phenylalanine Pyruvate
Tyrosine

r_ Phosphoenolpyruvate Cysteine

4 steps

Ribose 5-
phosphate

|

Histidine

Serine

Glycine

Alanine

sy V aline
Leucine

Isoleucine

» _C(Citrate

N\

Oxaloacetate a-Ketoglutarate
Aspartate U Glutamate
Asparagine Glutamine
Methionine Proline
Threqnme Arginine
Lysine

x All amino acids are derived
from Intermediates In
glycolysisthe citric acid cycle,
or the pentose phosphate
pathway

x Nitrogen enters these

pathwaysby way of glutamate
andglutamine



Organismsvary greatly in their ability to synthesizethe 20 common
aminoacids

Whereasmost bacteriaand plants can synthesizeall 20, mammalscan
synthesizeonly about half of themt generally those with simple
pathways Theseare the nonessentialamino acids not neededin the
diet.

Theremainder,the essentialamino acids mustbe obtainedfrom food.

Yiyeceklerile birlikte R P 6 I NJ® FPly yiotuduPolan, organizmada
sentezlenemeyenamino asitler ise esansiyelamino asitler olarak
F Rt YRPNPE PNI I NJ

A usefulway to organizethese biosyntheticpathwaysis to group them
Into sixfamiliescorrespondingo their metabolicprecursors

In addition to these six precursors,there is a notable intermediate in
several pathways of amino acid and nucleotide synthesis 5-
phosphoribosyl-pyrophosphatg PRPR



5-phosphoribosyl-1- pyrophosphate (PRPP):

0
“0—P—O—CH, O. H
| 0 0
Y H H I [
H 0—}|>—0—P—o
OH oH O N

Ribose 5-phosphate + ATP ——
5-phosphoribosyl-1-pyrophosphate + AMP
ribose phosphate pyrophosphokinase

VIR YE W Amino Acid Biosynthetic Families,

Grouped by Metabolic Precursor

a-Ketoglutarate
Glutamate
Glutamine
Proline

Arginine
3-Phosphoglycerate
Serine

Glycine

Cysteine
Oxaloacetate
Aspartate
Asparagine
Methionine*
Threonine*
Lysine*

Pyruvate

Alanine

Valine*

Leucine*

[soleucine*

Phosphoenolpyruvate
and erythrose
4-phosphate

Tryptophan*

Phenylalanine*

Tyrosine’

Ribose 5-phosphate

Histidine*

*Essential amino acids in mammals.
fDerived from phenylalanine in mammals.



a-Ketoglutarate

3-Phosphoglycerate

Serine
J"IJ \‘\
/ \
Glycine Cysteine
Phosphoenolpyruvate

_|_

Erythrose 4-phosphate

.

l

N\

Phenylalanine

Tyrosine

Tryptophan

l

Glutamate
/ W \l
Glutamine Proline Arginine
Oxaloacetate
Aspartate
/// Jr/ \ “HKHH
a‘{/ ‘J \ 'x"x._ﬁ
Asparagine Methionine Lysine Threonine
Alanine Valine Leucine | | Isoleucine
| A -7

N

. \
"~ \

i

-
-

Pyruvate

Tyrosine

Ribose 5-phosphate

Histidine




+ . ADP
\_/

N
O\ 1T]H3 O\ 1TIH3
N _
/C_CHQ_CHQ_CH_C 00~ > /C—CHQ—CH2—CH—COO
- glutamate kinase ®—O
Glutamate v-Glutamyl
phosphate

+ H”
glutamate /—-

dehydrogenase \>NAD(P}+

-

+ H !
g VDRI

H.,C—CH +
H\z/ \ g B K / 0\ PIJHE
/C\I;/CH—COO . C—CHz—CHy—CH—CO0~
H H§, H

pyrroline carboxylate

Glutamate y-semialdehyde
Proline reductase




O

|
. CH3;—C—S-CoA CoA-SH (\I)
NH
o VHs / o, HN—C—CH, J
_O/C_CHz_CHQ_CH_COO acetylglutamate synthase /C*CH2*CH2*CH*COO_
0

Glutamate N-Acetylglutamate

H;N NHs Urea cycle X
N | - NH;
/C—N—CHz—CHz—CHg—CH—COO + |

Hzﬁ/ H HsN—CH,—CHy;—CHy;—CH—COO

Ornithine

N-acetylglutamate
kinase

CH;COO~ H,0

AN

N-acetylornithinase

i
HN—C—CHs
AN | ~
/C—CHz—CHg—CH—COO

0]

NAD(P)H + H™
e (P)

N-acetylglutamate
dehydrogenase

\> NAD(P)*
N

1
o HN—C—CHj
N\ | N
/C_CHQ_CHQ_CH_COO

H
N-Acetyl-y-glutamyl phosphate

- Glutamate
a ll]ill()tl"ﬂ lle@l"{lSE‘

> a-Ketoglutarate

I
H1\|I—C—CH3
N
H,N-CH,—CH,— CH,—CH—CO0O"~

N-Acetylornithine



COO~

H—(‘I—OH

H—(‘]—O _@ 3-Phosphoglycerate
i

phosphoglycerate NAD"
dehydrogenase NADH ~ H*
COO~
‘C:0 3-Phosphohydroxypyruvate
éH?—O—{)
Glutamate

phosphoserine
aminotransferase

a-Ketoglutarate

?00-

+

H@W—?—H
CH,—0—(P)

H-0

3-Phosphoserine

phosphoserine
phosphatase

P;

?00—

+

H@W—?—H
CH,OH

_ H, folate
serine PLP
hydroxymethyl- o ArS AT10 Methylene Hy folate
H-0

(‘JOO_

B C o

H

transferase

(‘)OO_

.

HN—-C—H
| Serine
"
OH 0O

7
- H,C—C
serine ) AN

acetyltransferase CoA-SH S-CoA
(‘3007
+
H,N—C—H
|
CH,
\ O-Acetylserine
i
C=0
|
CH,

O-acetylserine Sz_ +H'
(thiol) lyase CH{SCOO*
COO~
+
HN—C—H
\ Cysteine
CH,

\
SH

ATP + SO

H
ATP sulfurylase
o
ATP
ADP

(”) C”) | Adeninel

o 0O H H
H H
O OH
‘o—%zo
o

3’-Phosphoadenosine 5'-phosphosulfate (PAPS)

,—NADPH
PAPS reductase Ny NADPH
3'-Phosphoadenosine 5’-phosphate (PAP)

SOZ" Sulfite

|
‘00C—CH—CH,—CH,—SH + HOCH,—CH—COO~

*NH,

Homocysteine

PLP
cystathionine g-synthase \, H.0

.
NH,
'OOC—?H—CHZ —CH,—8—CH, —CH—CO0~

+
NHg Cystathionine

— - 3NADPH
sulflde reductase
~~>3NADP'
S%7 Sulfide
T NH,

|
%Y -ooc—c—CcH,—CH, + HS—CH,—CH—C00"

= I

a-Ketobutyrate

cystathionine y-lyase



+

o
\ 4 -
Aspartate  (—CH;—CH—C00
o
ADP NH, + H,O
e .y PLP
0, NH, b @
Aspartyli-phosphate /c—cux—flzﬂ—cocr N
)
®-0 ®fnr
@ - e
@ NH
NADP* (P—0—CH,—CH, & coo- Phosphohomoserine
)
. ADP
o m . -
N o . o ®
C—CH,—CH—C00 N
Pyruvate ]_{
NADP
Aspartate S-semialdehyde +
@ N,
.
NH, CH,—CH,—CH—C00~ Homoserine
~00C—C—CH,—C—CH,—CH—C00 H
o Suceinyl-CoA
t* o N> CoaA
H NH,
g +H'  NADP' /Q ?HZ—CHZ—J)H—COO 0-Suecinylhomoserine
“00C €00 “00c coo- O—Succinate
Dihydropicolinate @ A'-Piperidine-2,6- - Cysteine
dicarboxylate (01673
) Suceinyl-CoA + Hy0 > Succinate
CoA I?Hs

-] Kemg]umam Z m
~00C COO’ ~ooc NiC00™

-

N-Succinyl-L,L-
@ e-diamino-
pimelate

00
HN—C—H
(CH,),
HN
00"

L,L-a,e-Diamino- meso-at,e-Diamino-
pimelate pimelate

H,C—S-—CHE—CH‘—CH—COO Cystathionine
oo
“mimm F—‘;p?ymlh + NHg
N-Succinyl-2-amino-
6-keto-L-pimelate +

Es—cng—cnﬁ—én—coo* Homocysteine

® N*-Methyl H, folate
00 H, folate
H® €O, H,N—C—H
fe H,
(CHp)y CHs—8—CH,—CH.—CH—C00
&n,
“NH,

a-Aceto-a-

00~ hydroxybutyrate

"

@

NAD(P)*
CH;
éHn H a,A-Dihydroxy-
743_()00 B-methylvalerate
H OH

@i\

CH;
Ln,

cm_?[_c_coo meﬁ‘;l‘eale!aw
Glutamate.
DIEH

a-Koetoglutarate

CH;—iiﬂ-—E—CDO

CH,
CH,—C—é—COO a-Acetolactate

0 bu

CHy

cm—i—c—coo*
o O
/_-+H

\-» NAD(P)*

CH; H a,B-Dihydroxy-
CH, ‘l: 41—000’ isovalerate

o b
@) 1o

cH,—&—c—coo a-Keto-

g[ isovalerate

(DI
a-Ketoglutarate

CHS—F
Cl'[x—éH 'H—CO0

(1) aspartokinase

8 < ldehvde dehvds

B
(3) homoserine dehydrogenase

(4) homoserine kinase

(5) threonine synthase

(8) homoserine acyltransforase

(7) cystathionine y-synthase

(8) cystathionine p-lyase

methionine synthase

(10) dihydropicolinate synthase

(D) Apiperidine-2,6-dicarboxylate dehyd
(12 N-succinyl-2-amine-6-ketopimelate synthase
(13 succinyl diaminopimelate aminotransferase
(14) suceinyl diaminopimelate desuecinylase

diaminopimelate epimerase
diaminopimelate decarboxylase
h i (serine
acetolactate synthase
hydroxy acid i
dihydroxy acid dehydratase
valine aminotransferase

a-isopropylmalate synthase
isopropylmalate isomerase
B-isopropylmalate dehydrogenase
leucine aminotransferase

CHy COO
cm—éﬂ—i—cm—coo a-Tsopropylmalate

®|

H, COO
CHy;—CH—CH—CH—C0Q  F-lsopropylmalate
H

f NAD*
€ @iy  n
o €0,
CH,

CH,—éH—CHz—ﬁ—Om

a-Ketoisocaproate

|~

@)(mr
a-Ketoglutarate

p
CH;—&H—C H,—CH—C00




3-Dehydroshikimate

NADPH + H* ~ Chorismate
O COO~ +
N )
¢ NADP*
I Phosphoenolpyruvate
CH, (PEP) Boo- Glutamine
+
o H @ Glutamate
\C/ Pyruvate ~00C, ,CH,—C—CO0O0
l iki Co0~ >
CHOH Erythrose 4-phosphate Shikimate o
NH, Anthrani Prephenate
CHOH thranilate -
| ;
CH, —0—D) ® ATP NAD" HO 'H
ADP - PRPP NADH + H' .
@ H,0 @F COs @ @ CO; + OH
PP;
P 0 0
| |
O\ /COO_ ®—O H CHy,—C—COO0~ CH,—C—COO0~
Ne Shikimate (P)—0—CH, o N
é H 3-phosphate COO-
H, H H g 4-Hydroxyphenyl-
HO—&—H H H N-(5'-Phosphoribesyl)- pyruvate Phenylpyruvate
2-Keto-3-deoxy-D- anthranilate OH
H—C—OH  arabinoheptulosonate H OH
| 7-phosphate i | Glutamate i | Glutamate
H_?_OH @JV ransierase transferase
CH, —O—@ a-Ketoglutarate a-Ketoglutarate
(II)HP' 00~ H(I) (I)H - -
NAD* - NH.
~0—C—C00 HO—C—C—C—CH,—0—(P) A |
> Py 5-Enolpyruvylshikimate C.H I!I CH,—CH—C00 CH,—CH—C00
3-phosphate N/ ~H
HO  ,COO~ H
W Enol-1-0-carboxyphenylamino-1-
deoxyribulose phosphate
Hy0 + CO» H
3-Dehydroquinate cH C‘)H OH Tyrosine Phenylalanine
2
CH—CH—CH,—0—
0—C—C00™~ ? ®
@ chorismate mutase
Indole-3-glycerol phosphate @ prephenate dehydrogenase
Chorismate H @ prephenate dehydratase
Glyceraldehyde 3-phosphate
@ Serine
3-Dehydroshikimate PLP
H,0O
@ 2-keto-3-deoxy-p-arabinoheptulosonate 7-phosphate ﬁHa
synthase Cl) anthranilate synthase
@ dehydroguinate synthase CH,—CH—COO~ @) anthranilate phosphoribosyltransferase
@ 3-dehydroquinate dehydratase \ @ N-(5"-phosphoribosyl)-anthranilate isomerase
@ shikimate dehydrogenase @) indole-3-glycerol phosphate synthase
@ shikimate kinase g @ tryptophan synthase

@ 5-enolpyruvylshikimate 3-phosphate synthase

@ chorismate synthase Tryptophan




(P0—CH, 0. H G PP = N
ANy NN ® ' @-0-CH, o N¢
Y N 4 i
Ho—CFO-® NN o ® N/

. i ———
OH OH ®E—-E®—® T
OH OH
5-Phosphoribosyl- ATP

1-pyrophosphate (PRPP)

N'-5'-Phosphoribosyl-AMP

@ ATP phosphoribosyl transferase
@ pyrophosphohydrolase
@ phosphoribosyl-AMP cyclohydrolase

@ phosphoribosylformimino-5-aminoimidazole-

4-carboxamide ribonucleotide isomerase

@ glutamine amidotransferase @ ~ H0
@ imidazole glycerol 3-phosphate dehydratase
o L-histidinol phosphate aminotransferase

histidinol phosphate phosphatase @
@ histidinol dehydrogenase

N
HC—\
I CH
C- 4P
2NADH + oH™ (lez
.
2NAD* CH-
‘ COO~
®
N
HC—\
y} //CH Glutamate «-Ketoglutarate
| N K /\ ®
CH2 { v
| =+ P. @
CH—N i H,0
CH,OH

L-Histidinol

To purine biosynthesis N/\N G
T O/
PN H,N—C //N
N7 "N P) Hl\lI—CH

L4 >—<* H—C—H
H,N—C  NH,

C=0
5-Aminoimidazole-
4-carboxamide H—C—OH
ribonucleotide (AICAR) H—(|]—0H
8 CH,O(P)
HC /N\ Glutamine  N'-5'-Phosphoribulosyl-
I /CH formimino-5-amino-
C v imidazole-4-carboxamide
| AN Glutamate ribonucleotide
H—(|]—OH
H—C—OH

(|3H2O®

Imidazole glycerol
3-phosphate



X |n the caseof aminoacidsynthesisregulationtakesplacein part
through feedback inhibition of the first reaction by the end
productof the pathway

x Thisfirst reactionis often catalyzedby an allostericenzymethat
playsan important role in the overall control of flux through that
pathway

X |n additionto their role asthe building blocksof proteins,amino
acidsare precursorsof many specializedbiomolecules including
hormones,coenzymesnucleotides,alkaloids cell wall polymers,
porphyring antibiotics,pigments and neurotransmitters

X The biosynthesisof porphyring for which glycine is a major
precursor,is our first examplebecauseof the centralimportance
of the porphyrin nucleusin heme proteins such as hemoglobin
andthe cytochromes






