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Proteins

oe 8,ke amino acidsy! ! proteinsy!
O Nitrogen is a characteristic component of proteins forming about
16% of their weight i.e. 100 g of protein contains 16 g of nitrogen.

O Proteins are not stored in body as such
ol Jsaii

0 Amino acids are degraded by deamination to ammonia and a-
ketoacid

O Ammonia is used to produce urea and excreted in urine

0 ' a-ketoacid can be metabolized to CO, and water, glucose, fatty acid

or ketone bodies o Kehoacid e,
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Structure

d L-a-Amino acids are the
structural or the building & < Rgoups s

Hydrogen atom

. . o i oIl ketoacidJ! H‘
units of proteins etabolisml ol carbonyic
side chain ./~ group
radicle .. ’,,'
d The common amino acids R C— COOH
have the general structure A
depicted in the following '
figure: o- carbon NH2 . .
atom “* amino group

Representation of o Amino Acid
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Abbreviations for the 20 Amino Acids

Amino Acid Abbreviation Amino Acid Abbreviation
Three |One Three |One
letter letter letter letter

Alanine Ala A Leucine Leu L

Basic | Arginine Arg R Lysine Rasic | Lys K

Asparagine Asn N Methionine Met M

Aspartic acid | Asp D Phenylalanine | Phe F

Cysteine Cys C Proline Pro P

Glycine Gly G Serine Ser S

Glutamine Gin Q Threonine Thr T

Glutamic acid | Glu E Tryptophan Trp W

Ra s | Histidine His H Tyrosine Tyr Y

Isoleucine lle I Valine Val \'}




Metabolic Classification of Amino Acids
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Glucogenic
Glucogenic| and Ketogenic
Ketogenic
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Amino acid metabolism

O Amino acid pool: SEU 3l
U There is about 12 kg of protein in 70 kg man
O 75% of aa are used in synthesis of new tissue proteins
U The remainder is used as precursor for synthesis of many
substances agie oSats Ma (5 A0 olse gieals slans sl oIl %25
olS e Sy purines, pyridines , neurotransmitters
O Protein turnover:

U Proteins are constantly degraded and synthesized which is
Lwess »Sie regulated by the concentration of protein in the cell . A5 & s

0 300-400 g of proteins are hydrolyzed and resynthesized/day

Q Protein turnover varies: short lived (regulatory and misfolded
Half life ' proteins), long-lived (most of tissue proteins) and structurally
HJ| stable (collagen)

dUa yos <1 Winsulin hormone s « enzyme s/ hormone Y. « regulatory proteinsJ! sule o La ST gas oIl byl
proteins ;o 4009-300J/ s g yio JSo5 4l | yo g 1o Uy

| TURNOVER : r_ Amino acid
Protein turnover results from the N _ . Pooi {190 g) S
simultaneous synthesis and - pebA o Leproteinsl Liss | |
| degradation of protein molecules. amino acid poole aghas oI . 30 g per ﬁé—’-lL
In healthy adults, the total amount | 1o, clas U Glasios udis »
of protein in the body remains e BMING acids wuie s U L i "
constant because the rate of #* o e e — o
protein synthesis is just sufficient rote)l!n Synthesis of:
to replace the protein that is P *Porphyrine
degraded. ~400 g/day * Creatine =5~
uw T T e 5,05 T . geurotransmmers ~
xRl i T AT . > WS4~ « Purines epinephfine , dopamine J.
9 Dietary . swEronS LS B8 HJ. pyrimidines e
B Varies | | | - Other nitrogen-
100 g/day acidsJ! L e en D te g containing
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U.S. diet faats i 4is; ketone bodies) \_
C A ]
M1 | Synthesis of Glucose, Kef::t':,ea!:;?:;es’
i lycogen ’
Body noqessentlal glycog sboroida
protein amino acids -
~400 g/day varies
peualls agaiinslaa o degane
43 pyruvate] 4l,.< glucose Mo

alanine . gl

The amino acids not used in
biosynthetic reactions are
burned as a fuel.
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pool (100 g)
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Nitrogen Balance

output e el input]!
0 Positive Nitrogen Balance means N2 intake is more than N2
output:

O This exists when intake of N2 exceeds the output. It occurs
whenever new tissues are being built up for example:
UTE ST RPN IR BN
1- During growth (growing children). ool Gaslhyy agud adlae i sday « Jsby 50 Gus @bl Tslaay
2- Pregnancy. .asi.vi b sl cluae €6 5 gus o
3- Muscular training. cstae s sl sl (I
4- Convulsions from different diseases.

Nitrogen Balance

Coldl e J3I AT o5
B. Negative Nitrogen Balance: N, Output is more than N2 intake:

i outputJly «lls Jalall
O Itoccursmcasesof:_ a3 L s cse suie JSLy Lo fua Jie
1- Decreased protein intake: e.g. starvation, malnutrition and
Jsiu absorptionJb i<z ~G.1.T. diseases.
umind) renal fel o 2- Increased Loss of proteins: e.g. in chronic hemorrhage,
albumind’' renal taiure ‘LA_\_‘L v . . . . . .
il sl nephrons)l e o, @lOUMINUIi@ and Lactatlc?n on.an #Lngg}equate protein diet. .
o e L abumindls 26 s 3= Increased of protein catabolism: e.g. fever, hyperthyroidism,
de et ol diabetes mellitus, Cushing syndrome, advanced cancer and post-
surgical.

O Prolonged periods of negative nitrogen balance are dangerous and

may lead to death.
sLaoll Bus Rae dligh 5 38 ALl & yatieul 5]



Protein selected for
degradation is tagged
with molecules o
ubiquitin.

Protein metabolism

Ubiquinated proteins
are recognized by
the cytosolic
proteasome,

which unfolds and
transports the
protein to its

Q Protein degradation occurs by: protealytic core.

O energy dependent ubiquitin-protesome
mechanism (endogenous proteins)

O non-energy dependent lysosomes
(extracellular protein)

O Oxidized or ubiquitin tagged proteins are
preferentially degraded
O Certain aa sequences:
¢ proteinsJ! half lifeJ! i ca< < Serine (S)at N-terminal: long t1/2 (>20 hr)
wle 3u5a511 N terminald! .. (A Aspartate (D) at N-terminal: short t1/2 (3 min)

O Proteins rich in the sequence /(PLES\T)\gre

rapldly degraded otine 5,(|;+TL Setne 1 h{gonine
=e3 oJ| half life

stable protein -l ¥ regulatory protein sa ¢l G LS (Kas sla

Peptide fragments produced
by the proteasome are
degraded to amino acids.
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(Sl ubiquitinisation « 3 ,:3s molecules 2 (Il ubiqutindLs labeling L
s SO Ly G Jal

ubiquitind! €e Jnsiis | protesomed! Jaw wd kil ubiquitind! Lo o ae Ya
protasesc oligopeptideJ! clia aasy - Oligopeptides JSi ole allay (G450l
amino acidsy s o S Kao bloodJLs 5/ Isa QAL Guie Busago



immune system Jea awall < antigenic sla « as it is to the blood Jas s jums IS Lo g guie (g0l 13l
antibodies allg

antigenic s (A9 2aa « KI glycoproteins antigenicJ! « proteins in general are antigenicJLs
sl antigenic ;55 glycoprotein 131 ¢ iSIantigenic ,SI ol « g

Bl aaly e oglaiiy antigenicityJLs

e olig y Jaal Has L amino acidsySae Lpaiai amino acidsy Lelsss clisignll 7S a3y chia G Llie

aruall Ja ol

Digestion of proteins

O protein is antigenic i.e. able to stimulate an immunologic response.
The digestion of protein destroys its antigenecity. So, proteins must
be digested into amino acids:

1) In the stomach : )/ .. JSLe L Js cidly il I dimention structure 3J/ sia
A- gastric acid: denature the protein pepiide bond e o susasll bl )l S oS
B- Pepsin: is the major proteolytic enzyme in the stomach :

O Pepsin is produced and secreted by the chief cells of the stomach as
the inactive zymogen, pepsinogen, which activated by HCI produced by
parietal cells of stomach.

O Pepsin catalyzes the cleavage of proteins into smaller polypeptides.

2) in small intestine: large polypeptides are further cleaved to Pancreatic
oligopeptides and amino acids by a group of pancreatic proteases.  enzymes

Each of these enzymes has a different specificity (trypsin cleaves only o
at C-terminal of arginine or lysine). typsinogen 3 zymogen U< e 1515,

Activation of zymogens: Enteropeptidase converts the pancreatic
trypsinogen to trypsin which starts a cascade of proteolytic activity,
because trypsin is the activator of all the pancreatic zymogens

Le ol Jsl ¢ clod¥] oo degano guie o8 sSMall intestinedls « Le jra (I ¢ activation agl yas 23
Jaris o Lpeuds cLao¥ ) LA a1 enterocytesd! o 3,45 proteases ol i3l « enteropeptidases
activation Leleay (Ul 92 enzymesd! sk JS « LS trypsind!, trypsing Jsais trypsinogend! activation



Digestion of proteins

Abnormalities in protein digestion:
O Inindividuals with a deficiency in pancreatic (
MLBQ!‘!

secretion (chronic pancreatitis, cystic fibrosis,
or surgical removal of the pancreas), the
digestion and absorption of fat and protein is 3"“5“

incomplete. STOM‘AC Pepsin )
O This results in the abnormal appearance of 0

lipids (Steatorrhea) and undigested protein in

the feces. TO LIVER m'wsh Pancreatic
5 ancieat

% Carbo. j €nzymes
V

Digestion of oligopeptides by enzymes of the

small intestine ond s s
SMALL 1
| o e )
O The luminal surface of the intestine contains pepmm——l |, -
aminopeptidase (an exopeptidase that ko sk

repeatedly cleaves the N-terminal residue of
oligopeptides to produce free amino acids and
smaller peptides.

. carboxylic <gas NH2 dga (350l o4 ie < C terminal suics N terminal guic

dga oo Sung Suag SOy @aminopeptidase Jly, carboxyld! 44 o a4 S8y carboxypeptidaseJ!
amino group NH2J!

aaly (oJ5uSs oSas NH2U! (o g cpdasase ¢ Jsbid gaie oIS 138

aa ¢ U transporters i o (Ses sla, dipeptides LI L free amino acids Ll L gaie Joay il Al
free J<ie enterocytes Jass (Sao ATP Lo active transport as actively Jaiis oo (I carriers/!
, dipeptides s/ amino acids

free lelaays enterocytesd! s La Sid dipeptide (5 yuas Lo aall oisds W portal veindLs

amino acids

Jasi ae L pancreatic secretion Le 5 55 ,protein digestionJL abnormality ¢/ Lie jLa ol

JS LIS W cystic fibrosisd! o Siis gl , chronic pancreatitis saie Lol L ub S8l dubili L L intestine
ViSCOUS secretion _uew 8 Siws < ductsy! Sy dal defected (S janidl sla aud secretions!
lipaseJ! aalas digestion 4 yuas (g5 il LIS ol sla «intestined! €55 enzymes aie o6 Lad

¥, fat ¥ protein ¥ JUIL ,pancreatic enzymes & 1sa 50 51558 « pancreatic alpha amylase
diarrhea ¢ oa ol steatorrhea sloas (Sas, fecesd! sa g5 aglSs digestion <l ,..a: carbohydrate



Absorption of amino acids and dipeptides

O Free amino acids and dipeptides are taken up by the intestinal
epithelial cells.

Q the dipeptides are hydrolyzed in the cytosol to amino acids before
being released into the portal system (only free amino acids are
found in the portal vein)

O The absorption of amino acid is active process that needs energy

(ATP).

Transport of aa to the cells

O Amino acids are transported to the cells by active transport systems,
driven by the hydrolysis of ATP

O At least seven different transport systems are known that have
overlapping specificities for different amino acids.

O For example, one transport system is responsible for reabsorption of
the amino acids cystine, ornithine, arginine, and lysine in kidney
tubules.

NonPsla
;Lbsoib;lf;lj:f
B AR

Cystinurea donos

wQlall Jald aa J&i e (g transporter system 7 ugass saiad < amino acids 20 ¢aie Ll transport ¢!l amino acidsJ! o 4 51 3 S

Lal e, KidNeyJl susasll oo oIl JIN Lpad yums oSes transporter Le o8 « metabolism dalee JoS5 By Sa WAL 5 aalilss Guala
cystine , Le transport)! ¢sla da , aa Lies o nutrients J<I reabsorption Jeais proximal tubules gpass &l ilsss kidneyJL
one type of transporter Ui (e o agll reabsorptiond! Js+a kidneyJLs Il ornithine, arginine ,lysine

a5 oyd8s Ty Lag gilah ¢y dau ¥ Jeaa <lias « transporter defectedy! sla il 15



Cystinuria

Q In the inherited disorder cystinuria, this
carrier system is defective, resulting in the
appearance of all four amino acids in the
urine.

Q Cystinuria is the most common genetic error
of amino acid transport.

0 The disease expresses itself clinically by the

precipitation of cystine to form kidney stones.

(calculi) that may block the urinary tract.

Q Oral hydration is important in treatment for
this disorder

cystined! wuls Jds plie 1S oo oy Ja
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Cystinuria is a disorder of the ]

proximal tubule’s reabsorption of
filtered cystine and dibasic amino
acids (lysine, ornithine, arginine).

|

Cystine <:I:
Ornithine

Ornithine
Arginine Arginine
Lysine | Lysine

The inability to reabsorb
cystine leads to accumulation
and subsequent precipitation
of stones of cystine in the
urinary tract.

Removal of nitrogen from aa

0 Removing the a-amino group is essential for producing energy

from any amino acid

O transamination and oxidative deamination reactions which
provide ammonia and aspartate, the two sources of urea nitrogen

O The first step is transfer their a-amino group to a-ketoglutarate to

produce an a-ketoacid and glutamate.

Lo
—

O Glutamate produced by transamination can be oxidatively
deaminated or used as an amino group donor in the synthesis of

nonessential amino acids.

Alanine

aaJl metabolismJ! dulac Jaxi LGay ¢ LIA ole ol LA Gald

oxidative deamination <./ lysine threonineJ! « <Ll tranamination Lleall acl

&, amino groupd! 4l Le yuas (Il alpha ketoglutarate g [sle L&l agl< « transaminationJ!

(1slaw) Jai3i, carbonyl s



Transamination

O The transfer of amino groups from one carbon skeleton to another is
catalyzed by a family of enzymes called aminotransferases.

O These enzymes are found in the cytosol of cells throughout the
body (especially the Illver| kidney, intestine, and muscle).

=

Q All amino acids (except lysine and threonine) participate in
transamination at some point in their catabolism.

O Lysine and threonine lose their a-amino groups by deamination

alanine aminotransferase : Mis

Aspartate aminotransferase
aminotransferase J«Sisg «as substrate! baie giay cliag

Aminotransferases Reversible

O Each aminotransferase is specific for one or, at most, a few amino
group donors and named after that enzyme

Lolas damage i oo ALTJID Alanine aminotransferase (ALT): enzyme catalyzes (reversibly)
ALT .l hepatocytesyl o<l the transfer of the amino group of alanine to a-ketoglutarate,
2 05 L2sill saaull Ll by resulting in the formation of pyruvate and glutamate.

O Aspartate aminotransferase (AST) is During amino acid
catabolism, AST transfers amino groups from glutamate to
oxaloacetate, forming aspartate, which is used as a source of
nitrogen in the urea cycle

O All aminotransferases require the coenzyme pyridoxal phosphate

ammoniaJl s LS s <dl, glutamate dehydrogenase Le dliag liverd! us suals glutamated! « Lal g o llf 8 ghall
Jsaiig b 53 €5, NH3 856 LS glutamined dsal Jg¥l o3Y aall glutamate Jau Lo Ly« Lelsns « aadle ol ol

« glutamateJ glutamine Js~ig ammonia]! ,.SI Galn dliag liverdle Lpass as glutamine Lglss elia aay glutamine
5 oS alpha ketoglutarate s ammoniay glutamate g



ALTJ! sa oIl ‘

u Alanine aminotransferase re

Alanine o-Ketoglutarate
ALT
Pyruvate Glutamate

B Aspartate aminotransferase

Oxaloacetate Glutamate

oSae Lulaall

AST

Aspartate «u-Ketoglutarate

4,k slg non essential aa gl (Ses

ersible

Revérsible

2 Q
c-0 Cc-0~
“NH5 C-H 0=C
H-C-H H-C-H
H-C-H H-C-H
c-0 C-0"
O (o)
Glutamate u-Ketoglutarate

S

0. H

C CHQ'NHz )
@-CHgf\/[OH ®CH?L/j0H |
SN~ CHg SN~ CH, |
Pyridoxal Pyridoxamine |
phosphate /'~ phosphate |

V 2

O
| /g-O’ C-0°
| -H 0=C

H-Q-H H-CI;-H
C-0 G0 |
0] (0] .
Aspartate Oxaloacetate

Diagnostic value of plasma
aminotransferases

O Aminotransferases are normally intracellular enzymes, (low levels in

the plasma)

o o x5l AST 5 ALTY)

damage suic giay |y agiidl 13l

non hepatic s/ hepatic ol S0 (Ko

O The presence of elevated plasma levels of aminotransferases
indicates damage to cells rich in these enzymes. Two
aminotransferases (AST and ALT) are of particular diagnostic value
when they are found in the plasma.

a. hepatic disease: Plasma AST and ALT are elevated in nearly all
liver diseases, specially in extensive cell necrosis (severe viral
hepatitis, toxic injury, and prolonged circulatory collapse).

Elevated serum bilirubin results from hepatocellular damage that
decreases the hepatic conjugation and excretion of bilirubin

mainly a4, ASTJ!
b. Nonhepatic disease: Aminotransferases may be elevated in
nonhepatic disease (myocardial infarction and muscle disorders) but

those can be clinically distinguished.
pranll dSis (o8 Gl indication gubaiy L liverd! distinguishable i ASTYI

hemeJ! metabolism (o o

e s ULl gt plusns (o) 5 &dinpe oIl cras L5,V luda

liverd! o¥las w60 <e S, L liver specific ga ALTY!



Glutamate dehydrogenase
(the oxidative deamination of amino acids)

Q Itis the transfer amino groups from glutamate,
oxidative deamination, by glutamate
dehydrogenase results in the liberation of the
amino group as free ammonia.

ﬂ Disposal of amino acids

-,mzov?'a-mn

«$ mainly 4sa 40 glutamate dehydrogenase enzyme! mmsmmou mmmm AaAicde
Q occur primarily in the liver and kidney. p— ammm,...... enzyme!
o . ZYS
O Glutamate is unique in that it is the only amino Tord  ales ™M
acid that undergoes rapid oxidative deamination
QO Glutamate dehydrogenase can use either NAD or B synthesis of amino acids
NADP as a coenzyme. NAD is used primarily in s
oxidative deamination and NADPH is used in ~NH; m\ NADH
reductive amination -amino
- v/
Aminotransferase <3luumah dehydrogenase
a-Keto &
W -NH,
of (NAD")

glutamate <3S4 alpha ketoglutarateJ! amino acidJ! ;s amino groupJ! «las Gl ¥ aald

+NAD s 2ol glutamate]! (Ses , agagess §Sas (il uic 4, liverdle wuss sla glutamate !
s Il < alpha ketoglutarateJ =15 oxidative deamination <l.c| glutamate dehydrogenase s
liverdl oS (Sans WIAIL joats sla, ketoacid Ll glutamated oL 9= @amino acids e Je Lk

oxidative J.as « Very important enzyme sa glutamate dehydrogenase enzyme/!

c oxidation 4, )ls il o8 41 La « 406 8 50 alpha ketoglutarate s ammoniaJ ,..<: deamination
NADHJ Js=3 +NADJI « reduction 4 jeas 235Y LGLL ol o8

uan & sk ys alpha ketoglutarated! & amino groupJ! (Seedé reversible sa enzymeJ! sla da
&) Las, reductive amination Lo clia uayy - glutamate dehydrogenase enzymeJL: ¢s 5
ratio ye Sa3 US U 0 S35 ) NADPH sa oIl oxidation 4 sy o 3¥ il 8 JsBLL reduction dilee
oxidationJ! 4ilee €Glias ( NADH o SI +NADJIs , +NADP 4o ;SI NADPHUI ¢ ST S e Lils
NADPH Jeaiois reduction! obilec g, +NAD  Joaioss Joadty

oalas¥ Ll bidirectional |slaic (w1l aminotranferased! s glutamate dehydrogenase (e gt ¥



Glutamate dehydrogenase

O The direction of the reaction depends on the relative concentrations
of glutamate, a-ketoglutarate. and ammonia, and the ratio of
oxidized to reduced coenzymes.

O After ingestion of a meal containing protein, glutamate levels in the
liver are elevated and enhance amino acid degradation and the
formation of ammonia

O The reaction can also be used to synthesize amino acids from the
corresponding a-ketoacids

O ATP and GTP are allosteric inhibitors of glutamate dehydrogenase,
whereas ADP and GDP are activators of the enzyme.

¥y Sl ketoglutarate ,asis ias < 3asasll substrated! (e s ,synthesis ¥y aal! desposal Jasy wlaiy oI cLusy|
pathwayJ! ji~t wle t0y ,glutamate

ammoniaJly « formation of ammonia w3 ¢ 5343 ¢, aa degradationJus liverJL Jle glutamate]! Glias JSLe aalgll 15]
uread Js~iuy liverJLs urea cycle Jauis

synthesis wleal £ 55 « dietJl 3usage (e @8 dalon 60 U LuSally

L jiwaa D Lewa gde Jaos <0 U
D-Amino acid oxidase

O D-Amino acids are present in the diet, and are efficiently
metabolized by the liver using D-Amino acid oxidase (FAD-
dependent enzyme) that catalyzes the oxidative deamination of
these amino acid isomers. syt (siags Lo PYIUVIC ACId (inlas,

O The resulting a-ketoacids can enter the general pathways of amino
acid metabolism, and be reaminated to L-isomers, or catabalized for
energy.

Do L olisiaiyg transportersJ! proteins g seais ol ¢ L 0 D ey i transportersy! oral saasio o

bacterial Las oy &l o« D @@ ws 50 Ses 6,550 s ,uas antibioticy! injection antibiotic cual
D aa s allas infection

(L o ms gy U 2y ) L @@ a= 2 pyruvic acid as W aan, L Jaiaiy s enzymes!

Do glucose]!



MOST TISSUES

Transport of ammonia from tissues m.....:gl""m
to the liver =
There are two mechanisms:
O found in most tissues, uses glutamine synthetase to ﬂ &
combine ammonia with glutamate to form glutamine NL ouamnas)  LIVER
(a nontoxic transport form of ammonia) 3@—1
The glutamine is transported in the blood to the liver wKeloglutarste  Glutamate
where is cleaved by glutaminase to produce =
glutamate and free ammonia Wy
Q) used primarily by muscle, involves transamination of (s —
pyruvate (the end-product of aerobic glycolysis) to [~
form alanine —— ——
Alanine is transported by the blood to the liver, where it | i
is converted to pyruvate, again by transamination Nanine 805 oy
(pyruvate is used in gluconeogenesis). This pathway ,,_Kmm
called the glucose-alanine cycle. .
. NH
liver s muscled! cu &< :"

sl braind! ;e 4alls glutamate ;o Wils LaS Gl JoaS ¢ Llas s glutamate] K Lilsa aa ! disposal Llee Ll
¥ 9 et PN U5 sus (g5 Ling S s Leaiad T ¢ adll P Jeaia o3 ¢ liverdle 4aal,5 < muscles 3,5 organs
neutral &Y deal a3Y sa L @) aalle glutamate Jialls gorua € juay (Il

Js=iid « glutamine synthase enzymes ATP ¢ Lsyg ammoniac L3, glutamateJ! in most tissues Lie juay (Ul
glutamineJ

sl Hudy aglS glutamine  glutamate s aspartate; alanineJ!

glutaminase Lc Jlag liverJle wusé < amide neutralJ! oas ,neutral aa, polar uncharged <l glutamined!
OLS g U8 e LSS Il glutamate dehydrogenaseJl: glutamateJls « ammonia glutamateJ ,..<: enzyme
urea cycleJ! ole Laag agie calls (Il ammonially ,ammonia  alpa ketoglutarate] ;.S § e

& Jelis ammoniaJ! ,ammonia] sb 5=t aaJ! metabolismy! oblee L « dalias 48,k (55 $aie , musclesJb
sl 9~ alanine tranferasedls pyruvateJ! & Jeléis glutamated/ , glutamate Lulaays alpha ketoglutarate
alanineJ

« glucose s pimyg pyruvate Jdsais aa iy liverdl liverd! € g g aalls Jii0d u3m 9 NONpolar <avk alanineJ!
dbs Jass cycled! clag liverdl g5 Ul alanine (paas pyruvate sl | e e 59 musclesd! = 52 glucoseJ!

alphay ammoniaJ disposal 4,..~: glutamateJ! 5 . pyruvateJ Js=~i: alpha ketoglutarate L alanin/!
dld Lleall Lelatis 40306 3,0 ketoglutarate



ammoniaJl Ld Jau (I JIKEY|

Glutamine

UREA CYCLE Alanine

Urea
Neutral aalls glss) a8

O Urea is the major disposal form of amino groups derived from amino
acids (90% of the nitrogen-containing components of urine).

O One nitrogen of the urea molecule is supplied by free NH3, and the

other nitrogen by aspartate, the carbon and oxygen of urea are
derived from CO2.

8 84990 L Urea cycle!

O Urea is produced by the liver, and then is transported in the blood to
the kidneys for excretion in the urine.

O Reactions of the cycle:
rate limitingy asly aal
1. Formation of carbamoyl phosphate by carbamoyl phosphate

synthetase | which requires 2 ATP. N-acetylglutamate is required as

allosteric activator. acetyl CoA 15 dietJ! o sla Ui glutamate! se 5 ke

L35 acetylation aglessy paas go il agla 5
S ;ll concentration!

urea cycledls lslaas « olisignll aaiats [slaas L codon s¢ll L
2. Formation of citrulline: Ornithine and citrulline are basic amino acids

that participate in the urea cycle (But not into cellular proteins, no
codons). citrulline is transported to the cytosol.

3. Citrulline condenses with aspartate to form argininosuccinate. The
a-amino group of aspartate provides the second nitrogen that is
ultimately incorporated into urea, which is driven by the cleavage of
ATP to AMP and pyrophosphate (PPi).

4. Argininosuccinate is cleaved to yield arginine and fumarate. The
arginine formed by this reaction serves as the immediate precursor
of urea. Fumarate can reenter the TCA cycle

5. Cleavage of arginine to ornithine and urea by arginase

occurs almost exclusively in the liver, whereas other tissues (kidney),
can synthesize arginine by these reactions

liver and kidney s << 3Ll , exclusively in liver sa oIl arginase enzyme <Ll e B oles Y

urea alls cycle J<<s liverl Lo ¢ s arginineJ! aaial oo (il g3eus KidneyJl o ll!



UREA CYCLE

6. Fate of urea: Urea diffuses from the liver, and is transported in the
blood to the kidneys, where it is filtered and excreted in the urine.

_ ) normal flora urease producer ;54 e
A portion of the urea diffuses from the blood into the intestine, and is

urea/! cleaved to CO2 and NH3 by bacterial urease. This ammonia is == leﬁm %wfﬂ'sfaﬁ uti
' ' ' cali il ammonia]! oL dha oL
Jl < partly lost in the feces and is partly reabsorbed into the blood. 00 sl o .08
Jie 131y, as buffer Jaiid (Seo liag
In patients with kidney failure, plasma urea levels are elevated execration Ly e Lol dalss
(hyperammonemia), promoting a greater transfer of urea from blood
into the gut. Ph lad s aalle 2505 50 g3 €5 NH3Jls S5y Urea oo 1S 5lad
ool &yl brain sa ph ;i Ge 5 eais il Jy
Oral administration of neomycin reduces the number of intestinal
bacteria responsible for this NH; production.

normalJ! Ki ¢y, gidb locally Jaiin ¢ jalaisl dl L neomycing!
ammoniaJ ureaJ! Jsa! cuiais, urease allis ol flora

Overall stoichiometry of the urea cycle

Aspartate + NH; + CO, + 3ATP ——— Urea + fumarate + 2ADP +
AMP + 2 Pi +PPi + 3 H,O

Q the synthesis of urea is irreversible, with a large, negative AG.
Spontaneous

Regulation of the urea cycle

O N-Acetylglutamate is an essential activator for carbamoyl phosphate
synthetase | (the rate-limiting step in the urea cycle) (synthesized
from acetyl CoA and glutamate using arginine as an activator).

O the intrahepatic concentration of N-acetylglutamate increases after
ingestion of a protein-rich meal, which provides both the substrate
(glutamate) and the regulator of N-acetylglutamate synthesis.

O This leads to an increased rate of urea synthesis.



Tissues in addition to the liver use
this pathway to make arginine.

O0C H Mitochondria
Malate <+ Fumarate >

Arginmo-

succmate
NH,* COO™ | hase
C=N-cH
NH o CH,
9“2 cOO
CH,
g*: 3 °\\_)-_:-€_J
o v, Cleavage : il uiys diet]T a5
CO0™ / L|Ver arginineJ! oo acuall Jals

Citrulline is transported

out of the mitochondrion. ol
Condensation
Carbamoyl
phosphate
P e
et
+
o \ 2A0P
Anmonia =3 u]/_»—e,dl — coO" & Co0" é
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oA 049 9 _ N N “ ‘CH / .. m' \;mﬂ_”\j
Aspactic acd Concleng , -

1 Carbon dioxide provides
the carbon atom of urea.

2 memhpm
one of the nitrogen
atoms of urea.

3 The enzyme has an absolute

requirement for N-acetyl-
Fumarate is hydrated to glutamate, which acts
malate, which is oxidized as an allosteric activator,

to oxaloacetate, which is
transaminated to aspartate,

¢ aspartate casa (9 o0

‘;w
(pgele Jl5w o2 (Se ) @rginase enzymeJ! agis < exclusively in liver (Il enzymesJl (e a0 age [
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METABOLISM

Glutamate  NAD(P)*
a-Keto acids

Metabolism of ammonia

Glutamate
ammoniaJ sk gds=3 normal floradly intestineJ! € g, Lo e3a €1 | [— ‘A\A

O Slight increase in the concentration of urea in blood ] [ e R

leads to hyperammonemia which is toxic to the CNS DIET
BODY PROTEIN

ammoniaJl jslae
L Sources of ammonia:

U From amino acids: mainly in liver by the

aminotransferase and glutamate dehxdrogenase
reactions Transamination deamination 3

Glutamate + ATP

Glutamine
synthetase

O From glutamine: The kidneys form ammonia from
glutamine by the action of renal glutaminase.
Ammonia is also obtained from the hydrolysis of
glutamine by intestinal glutaminase.

O From bacterial action in the intestine: Ammonia is ¥
normalflora s+ 4! formed from urea by the action of bacterial urease in
ammoniaj »~£- - the Jumen of the intestine.

o _ O From amines: Amines obtained from the diet, and o
oxidative sl .= amine group 22 manoamines that serve as hormones or 0

ammonia] jaws 4ags deamination neurotransmitters

U
0 From the catabolism of purines and pyrimidines e

Transport of ammonia in circulation

Neutral
O As urea: the most disposal form of ammonia which moves from liver
to the kidney

Neutral _ .
O As Glutamine: From tissue to liver

O Occurs primarily in the muscle and liver and nervous system.

O Circulating glutamine is removed by the kidneys and deaminated

i Neutral
by glutaminase. alanine Le muscledb g5 5

_ From muscles to liver
Hyperammonemia

O when the liver function is compromised, due either to genetic
defects of the urea cycle, or liver disease, blood levels can rise
above 1000 pmol/L.

. . hyperammonemia is a medical emergency, because ammonia
. has a direct neurotoxic effect on the CNS (tremors, slurring of
kidneyJL speech, somnolence, vomiting, cerebral edema, and blurring of
vision).
Q At high concentrations, ammonia can cause coma and death.



131 Yo 3lad « sutie alad Hs0¥) Jlid o<
liver saic jlo « JsaS oblaiy €

< liverd! Lola s cirrhosis

urea cycle sleas 5,44 Leé damaged

Hyperammonemia

oSIyE il ammonia s
0 Acquired hyperammonemia: It may be due to viral = it
hepatitis, ischemia, or hepatotoxins. Cirrhosis of the liver
caused by alcoholism, hepatitis, or biliary obstruction may |
result in formation of collateral circulation around the liver. M Pheayiacetate INNNINN

,urea cycleJL d<iue suic

« lpdenzymes 5 Lie LSa 4
Glias defected aaly 5ls
Uialug cudd g IS urea cycleJ!
ammonia aSI 54

Hereditary hyperammonemia: Genetic deficiencies of
each of the five enzymes of the urea cycle had an overall
prevalence estimated to be 1 in 30,000 live births.

O Ornithine transcarbamoylase deficiency, which is X-
linked, is the most common of these disorders, ==
affecting males predominantly »SImaleJt

Glutamine

« NADM « H*

Glutamine&
Glutamine
Glutamine

Sladas V4
e Y %

NH,

O All of the other urea cycle disorders follow an NH;NHJ/ e
autosomal recessive inheritance pattern. The failure to = ww, b2  SEELFEEE,
synthesize urea leads to hyperammonemia during the
first weeks following birth leading to mental retardation { phos

U Treatment includes:
U limiting protein in the diet

U administering compounds that bind covalently to amino
acids, producing nitrogen-containing molecules that are
excreted in the urine (phenylbutyrate given orally is
converted to phenylacetate)

Catabolism of the carbon skeleton

Amino acids that form oxaloacetate

. . ’ CONH H
QO Asparagine is hydrolyzed by asparaginase, CH, it =
liberating ammonia and aspartate HONHg* H?N"g;z =
COO™ 25
. . - / “m
Q' Aspartate loses its amino group by S spbmepi oo
| asparagine . «ial i traNsamination to form oxaloacetate H20
J | O Asparaginase
not essential s¢4 oxaloacetate NG
O Some rapidly dividing leukemic cells are T
unable to synthesize sufficient asparagine to | oD 4
support their growth. This makes asparagine Gha.& FyN - C= Cgot
) an essential amino acid for these cells. b s
e ;<G leukemia oY s o8 asparagined! daladl At 2o
O Asparaginase can be administered a-Ketoglutarate
systemically to treat leukemic patients. Aminotransferase
Aspart?te aminotranferase Glutamate
aspartateJ 45~ asparagine ., -
SJEIL Ll yedl LA 55855 cilS oI asparagine]! s cuaits igo
Llag asparagine non essentialJ! ;S « il yeall LA & gals | lea¥s T2
. . pyruvate «¥ glu¢ogenic 4l Js=is I ((3‘0
Jsa 9 s 4Y essential glucose |J<s5 oxaloacetate) COO™

OXALOACETATE

| -
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oIl slsais
Amino acids that form a-ketoglutarate

Jsase 1Y Glucogenic ;LS sla
glucose ukays krebs cyclec

1. Glutamine is converted to glutamate and ammonia by the enzyme
glutaminase. Glutamate is converted to a-ketoglutarate by

transamination, or through oxidative deamination by glutamate
dehydrogenase.

2. Proline is oxidized to glutamate. Glutamate is transaminated or
oxidatively deaminated to form a-ketoglutarate.

S
3. Arginine is cleaved by arginase to produce ornithine (occurs

primarily in the liver). Ornithine is subsequently converted to a-
ketoglutarate.

oenthine
Do =0 Q_XS\ aa La gP3,
o« - betoglut af ate 3\5

Amino acids that form a-ketoglutarate

Histidine is oxidatively deaminated by histidase to urocanic acid.
which subsequently forms N-formiminoglutamate (FIGIu). FIGIu

donates its formimino group to tetrahydrofolate, leaving
glutamate.

folic acid z Liat duleall sla

Individuals deficient in folic acid excrete increased amounts of

tetrahydro folate - L <. FIGIU IN the urine (after ingestion of a large dose of histidine). The
folic acid L deficiency - FIGlu excretion test has been used in diagnosing a deficiency of

folic acid.

Formino Jroup = - cH=nNH

TS

T CHz-CH-COOH CH,=CH-COO™ _ y _ | "00C -CH-CH,-CH,-COO™ Glutamate

N NH Histidase N NH HN_ NH \

\/ \/ \C,
H Tetrahydro- «-KETOGLUTARATE

| Histidine Urocanic folate $5%
f acid N-Formimino- 5-Formimino-
| glutamate (FIGIu) tetrahydrofolate
( )




" Amino acids that form pyruvate
. *{C Cooll 1. Alanine loses its amino group by transamination to form pyruvate
H 3 N — | - oo
R0k 2. Serine can be converted to glycine and N5,N10-methylenetetra-
" hydrofolate. Serine can also be converted to pyruvate by serine
dehydratase.
- < coet 3. Glycine can either be converted to serine by addition of a

H methylene group from N5,N10-methylenetetrahydrofolic acid, or
oxidized to CO, and NH,*

a N-i _ cootd 4. Cystine is reduced to cysteine, using NADH + H as a reductant.
S Cysteine undergoes desulfuration to yield pyruvate.
s
; 5. Threonine is converted to pyruvate or to a-ketobutyrate, which
L " . ’
Tiyn - - oot forms succinyl CoA.
H g 3\\:\-\-a(a‘\'t k;*-‘
%
4\‘—\;!0 - C\-_ Cool-
H-<- ot
CH3a
. c\'.re'ci'
CHa oo Glycine —— €O, + NH;
HCNH;* m N%,N'%-Methylene-
CO0~ Serine tetrahydrofolate
L-Alanine hydroxymethyl-
-KETOGLUTARATE resferase Tetrahydrofolate |
Alanine l ‘
aminotransferase | Serine Non escential ‘

Glutamate : ?

Serine dehydralase |

CH, | l
c=0 NH4+ H,O J

5
PYRUVATE PYRUVATE




Amino acids that form fumarate

Phenylalanine and tyrosine: Hydroxylation of phenylalanine leads to
the formation of tyrosine, which is catalyzed by phenylalanine
hydroxylase. Thus, the metabolism of phenylalanine and tyrosine
merge, leading ultimately to the formation of fumarate and acetoacetate.
Phenylalanine and tyrosine are, therefore, both glucogenic and

ketogenic.

Inherited deficiencies in the enzyrdgugginof &rlenylalanine and tyrosine
metabolism lead to the diseases phen;?fkétbnuria and alkaptonuria, and

the condition of albinism.

krebs cycleJL
oxaloacetate!

sl methyl donerd! oe §,bLe
d Methionine: Methionine is one of four amino

Methionine is also the source of
homocysteine, a metabolite associated with
atherosclerotic vascular disease.

L-Phenylalanine
Tetrahydro-
biopterin + O,

Phenyialanine
( ;
hydroxylase Dihydro-
biopterin + H,0
-Tyrosine
e L-Tyrosin s dl L
L i g ¢ ¥ GlucogenicJL
FUMARATE ACETOACETATE ketogenic s

Amino acids that form succinyl CoA

acids that form succinyl CoA. This sulfur-
containing amino acid deserves special
attention because it is converted to S-
adenosylmethionine (SAM), the major methyl-
group donor in one-carbon metabolism

one CH2 4l cysteine ;» 3,4 homocysteine !

keto body sa

v
Iy L-Methionine T—\zN- \‘C — cooM

ATP
S-Adenosyl- o+ C\P'L
metnionine N\M9 ¢
Al <
synthase PI + PPl 2H3

CHy
Adenosine - g* 2P,

CH,

CHa

HCNH,*
COO™
S-Adenosylmethionine
Methyl acceptors

Methyitransferases

Methylated
Adenosine -S PUCORCES
CHa
HCNH,*
COO

S-Adenosylhomocysteine

H,0
Adenosine



v - COO™ H

SH N -0 -NH.+ N
CH “CH, Homocysteine PG | =CH,
) s | /]&H methyltransferase CH, ¥ H

CH
HéNii + N CH, Methylcobalamm i ” CH,
el CH, N- (uethvl-B.z» < N-

CHj3 H
t-Homocysteine Ns-uethyltetrahydrofolate / -Methionine Tetrahydrofolate
. S0
L-Serine \
Cystathionine
synthase
H;
¢H2 -8 'CIHz

: + - : There are two major disposal
e ,,H(':NHf 97): pathways for homocysteine. B12 41 B6 =
H(T:NHQ COO = 5/@ . Conversion to methionine accumulation Jes
Co0 ~ requires folate and vitamin homocysteineJLs
Cystathionine B,,-derived cofactors. The | :
Ho0 formation of cysteine Jors 58 (ollls.
R requires vitamin Bg (pyridoxine). atherosclerosis
.;"CySfafhmse %_'—/-// =
a-Ketobutyrate + NHg4*
L-Cysteine

Amino acids that form succinyl CoA

Degradation of valine, isoleucine, and threonine also results in the
production of succinyl CoA- a TCA cycle intermediate and
glucogenic compound.

\ 2L
1. Valine and isoleucine are branched-chain amino acids that yield
succinyl CoA.

3
2. Threonine is dehydrated to a-ketobutyrate, which is converted to
propionyl CoA, the precursor of succinyl CoA

3. Threonine can also be converted to pyruvate.



Amino acids that form acetyl CoA

ketogenic Jgaa

or acetoacetyl COA . . .. . .. ...

: . . . Glucogenic sl ketogenic
O Leucine, isoleucine, lysine, and Tryptophan form acetyl CoA or
acetoacetyl CoA directly, without pyruvate serving as an
intermediate (through the pyruvate dehydrogenase reaction.
Q there are a total of six ketogenic amino acids.
ketogenic _w sla
1. Leucine is exclusively ketogenic in its catabolism, forming acetyl
CoA and acetoacetate. Like other branched-chain amino acids,
isoleucine and valine.
Glucogenic s ketogenic sla

2. Isoleucine: is both ketogenic and glucogenic, because its
metabolism yields acetyl CoA and propionyl CoA. The first three
steps in the metabolism of isoleucine are virtually identical to the
initial steps in the degradation of the other branched-chain amino

acids. valine and leucine.

Amino acids that form acetyl CoA
Ketogenic Or aCethcetyI COA

3. Lysine, an exclusively ketogenic amino acid, is unusual in that
neither of its amino groups undergoes transamination as the first

step in catabolism. Lysine is ultimately converted to acetoacetyl
Ses sl ketone bodies glalls

CoA. : :
Glucogenic 4 ketogenic | N AN
. . . . Sae ol fatt d dayl
4. Tryptophan is both glucogenic and ketogenic because its ., ", i oaws o
metabolism yields alanine and acetoacetyl CoA. krebs cycle

pyruvate] Js~i: <ilias alanine U



