Protein metabolism



Proteins
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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 s e eesi s oo o553

O Amino acids are degraded by deamination to ammonia and a-
ketoacid S9iS Lpams Lisal Ll caedl €35 Busb o dusedl plas Yl Yl

basic

0 Ammonia is used to produce urea and excreted in urine

O a-ketoacid can be metabolized to CO, and water, glucose, fatty acid
or ketone bodies
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d L-a-Amino acids are the
structural or the building

Hydrogen atom

units of proteins H |
carboxylic
side chain ‘ © group
radicle ey ) —
d The common amino acids R C— COOH
have the general structure A
depicted in the following
figure: - carbon NHz .
atom " amino group
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Representation of o Amino Acid




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

Arginine Arg R Lysine 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 GlIn Q Threonine Thr T

Glutamic acid | Glu E Tryptophan Trp W

Histidine His H Tyrosine Tyr Y

Isoleucine lle I Valine Val V




Metabolic Classification of Amino Acids

Las

( Essential | [ Nonessential )

4 din 24 2 >
glucose < 22 | Glucogenic | ke ioss
Glucogenic| and Ketogenic
Ketogenic
Alanine Tyrosine
Arginine
Asparagine
Aspartate
Cysteine
Glutamate
Glutamine
Glycine
Proline
Serine
[ \/
Histidine Isoleucine Leucine
Methionine |Phenyl- Lysine
Threonine | alanine
Valine Tryptophan
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Amino acid metabolism

d Amino acid pool: o om0 s e s 12 g s
Q There is about 12 kg of protein in 70 kg man B
0 75% of aa are used in synthesis of new tissue proteins

O The remainder is used as precursor for synthesis of many
substances ol sl i S 3L st

1 Protein turnover:

O Proteins are constantly degraded and synthesized which is
regulated by the concentration of protein in the cell

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

4 Protein turnover varies: short lived (regulatory and misfolded
proteins), long-lived (most of tissue proteins) and structurally
stable (collagen)
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' TURNOVER

Protein turnover results from the
simultaneous synthesis and
degradation of protein molecules. |
In healthy adults, the total amount |
of protein in the body remains :
constant because the rate of ,
protein synthesis is just sufficient |
to replace the protein that is :
degraded.

" Dietary
protein
100 g/day

typical of
U.S. diet

, Synthesis of

Body nonessential
protein amino acids
| ~400 g/day varies

Amino acid
pool (100 g)

o ool Glyes =
! -~ .Is ‘é.. 3 ..l
Sliad ool jzall
oUWl (8ol
LaS] 55 eloo Yl
<2 odord) ddlaxl
Jsoe 0¥ @l awsd!
S ool Bl
k5;\Jl ooyl et

Amino acid
pool (100 g)

30 g per

Body
protein

~400 g/day

Synthesis of:
* Porphyrins

* Creatine

* Neurotransmitters
* Purines

* Pyrimidines

« Other nitrogen-
containing
compounds

Varies

5

Vo Sy

Glucose Ketone bodies,
" fatty acids
lycogen )
e steroids

The amino acids not used in
biosynthetic reactions are
burned as a fuel.




Nitrogen Balance
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Positive Nitrogen Balance means N2 intake is more than N2
output:

This exists when intake of N2 exceeds the output. It occurs
whenever new tissues are being built up for example: .. ..o
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1- During growth (growing children). e e
2- Pregnancy.
3- Muscular training.

4- Convulsions from different diseases.
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Nitrogen Balance
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B. Negative Nitrogen Balance: N, Output is more than N2 intake:

O It occurs in cases of : i) el el sl sguns el Jaal Juns Lo sisissdl Jsk plis -
1- Decreased protein intake: e.g. starvation, malnutrition and

G . I T dlseases oyl e BIS s Jlae allas e deloyllg (uogddl dlag pajall canidll 8 Jlall Jun Lle iOldopdl oladd sl -2
2- Increased Loss of proteins: e.g. in chronic hemorrhage,
albuminuria and Lactation on an inadequate protein diet.

3- Increased of protein catabolism: e.g. fever, hyperthyroidism,
diabetes mellitus, Cushing syndrome, advanced cancer and post-
surgical.
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O Prolonged periods of negative nitrogen balance are dangerous and
may lead to death.
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Protein selected for

n degradation is ta?ged

with molecules o
ubiquitin.

Protein metabolism

Ubiquinated proteins
are recognized by
the cytosolic
proteasome,

which unfolds and
transports the
protein to its
proteolytic core.

O Protein degradation occurs by: e esiodomsasd &

(ads 1l Oluggydl) @lall e
O energy dependent ubiquitin-protesome
mechanism (endogenous proteins)

Tandemly
linked
molecules
of ubiquitin

sl clsss < NON-energy dependent lysosomes TR\
(los wnd S5 (extracellular protein) l T 3
O Oxidized or ubiquitin tagged proteins are °yo o9
preferentially degraded o 5asiall Sliopdl Jo J
e el plan] okl 2l S5y ensSasdl Segusdl
O Certain aa sequences: / -
Q Serine (S)at N-terminal: long t1/2 (>20 hr) AE AN R e
O Aspartate (D) at N-terminal: short t1/2 (3 min) S um:.?;a:j
O Proteins rich in the sequence (PEST) are '
rapidly degraded €. g Mo ‘_y:,": )

(delu 20<) Jaob sac caai i el Bkl 8 (S) (s
Amino acids

(&3Bs 3) yaB sac a1 apadl Byl L5 (D) bkl

de s (PEST) Joubawcdlly &l Oliggydl Yo @y 3 Peptide fragments produced

by the proteasome are
degraded to amino acids.
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[ 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 : ol Gl s amall e |
A- gastric acid: denature the protein R
B- Pepsin: is the major proteolytic enzyme in the stomach :
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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. sl s Slse ) Sliiayd pludsl omessd] o
2

O Pepsin catalyzes the cleavage of proteins into smaller polypeptides.

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

Each of these enzymes has a different specificity (trypsin cleaves only
at C-terminal of arginine or lysine). \

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
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Digestion of proteins
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Abnormalities in protein digestion:

O Inindividuals with a deficiency in pancreatic
secretion (chronic pancreatitis, cystic fibrosis,
or surgical removal of the pancreas), the
digestion and absorption of fat and protein is
iIncomplete.

 This results in the abnormal appearance of
lipids (Steatorrhea) and undigested protein in

the feces. Sl 3 podgall 3t odardls (Ll Jlewll) poaall Loub b oabs olIS e gty
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Digestion of oligopeptides by enzymes of the

small intestine

xSe IS poiy Sl ouS] 0a351) Slaszasisel Lle elao 2alll mhaudl ggimy
ol Olgag 8y> dugal Blasl 2l Slagdl 1a) Lxedl Byl Llay Lady

O The luminal surface of the intestine contains
aminopeptidase (an exopeptidase that
repeatedly cleaves the N-terminal residue of
oligopeptides to produce free amino acids and
smaller peptides.
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Dietary protein

Pepsin

Polypeptides

STOMACH
Q and amino acids

TO LIVER

Aucn@
AA
\

SMALL
INTESTINE

Trypsin
Chymotrypsin
Elastase
Carboxy-
peptidase

Oligopeptides

and amino acids

Amino-
peptidases

Di- and tni-
peptidases

Amino acids




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

O 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) (5] 15 il olan] ] sl vt LA o g
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O The absorption of amino acid is active process that needs energy
(ATP).
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Transport of aa to the cells

ATP Moy degdan Jaaall Jadll dalasl dalgy LUl ] dual olasYl Ja§ ey
0 Amino acids are transported to the cells by active transport systems,
driven by the hydrolysis of ATP

0 At least seven different transport systems are known that have
overlapping specificities for different amino acids. ... s b s o i s s

Jalise Gl oY dslaie Sleo gas g

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

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

O Cystinuria is the most common genetic error
of amino acid transport. iy sl o e a,

el plasdl a5 8 legn

O The disease expresses itself clinically by the
precipitation of cystine to form kidney stones
(calculi) that may block the urinary tract.
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O Oral hydration is important in treatment for
this disorder
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H N

Proximal H B
convoluted || | ‘
tubule i
i\ |
Cystinuria is a disorder of the

proximal tubule’s reabsorption of
filtered cystine and dibasic amino

acids (lysine, ornithine, arginine).

|

Cystine <___I‘ Cystine
Ornithine Ornithine
Arginine Arginine
Lysine Lysine

r

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

.




Removal of nitrogen from aa

Removing the a-amino_group is essential for producing energy
from any amino acid ol e o] om 380 L Eay il gaonn 15

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

transamination

The first step is transfer their a-amino group to a-ketoglutarate to
produce an a-ketoacid and glutamate. A sl gesamo 5 o sl 35as

Oleligley oS-l ans zloy Olyligle oS-l

Glutamate produced by transamination can be oxidatively
deaminated or used as an amino group donor in the synthesis of
nonessential amino acids. o] el o oSl 3a8l £35 e

dsal degannal 25laS galaseral ol pppelll Ja5 e
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Transamination

O The transfer of amino groups from one carbon skeleton to another is
catalyzed by a family of enzymes called aminotransferases.
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O These enzymes are found in the cytosol of cells throughout the
body (especially the liver, kidney, intestine, and muscle).
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O All amino acids (except lysine and threonine) participate in
transamination at some point in their cataboliSm. ..t wes sl s s
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O Lysine and threonine lose their a-amino groups by deamination
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Aminotransferases

Each aminotransferase is specific for one or, at most, a few amino
group donors and named after that enzyme s s e sior w5 mmss sl 56 5

353 3 mualy Gands (el degame >ile o

Alanine aminotransferase (ALT): enzyme catalyzes (reversibly)
the transfer of the amino group of alanine to a-ketoglutarate,
resulting in the formation of pyruvate and glutamate.

Slabiglalle Olgyel (eSS I 351 lan (D3bgle g S-lall | ¥l o (ppedl deganne Ji5 (S JSiu) @il 3e 3ase ((ALT) oYl oel JBU

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 ) S5l o sl Sle sama AST iy sl olas 3 pas sl H(AST) S5yl sl S50
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All aminotransferases require the coenzyme pyridoxal phosphate
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u Alanine aminotransferase

Alanine

Aspartate c-Ketoglutarate

Glutamate

cu-Ketoglutarate

7

( Pyridoxal

phosphate

3

=

CHz_NHz

@-CH2@OH (P)CH,.~~_OH
3~ CH SN~ CH,

N

Pyridoxamine
phosphate

Aspartate

Oxaloacetate
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ver Ji 45 Diagnostic value of plasma
aminotransferases
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L Aminotransferases are normally intracellular enzymes, (low levels in
the plasma)

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. LS 15 Lol 3 sl 815 Slayis] o Rize Sl 399 1wy

dad lag) (ALT9 AST) ool dl8U Slayisl o oyl o] Olag 35yl o3gy dsll
~L°J.5’L:“ Q-‘B LASBqu-g e dols EIESESA|

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).
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Elevated serum bilirubin results from hepatocellular damage that
decreases the hepatic conjugation and excretion of bilirubin
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b. Nonhepatic disease: Aminotransferases may be elevated in

nonhepatic disease (myocardial infarction and muscle disorders) but
those can be clinically distinguished.
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Glutamate dehydrogenase
(the oxidative deamination of amino acids)

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

JSan Lo el degana yayo5 I 350 lae Slaliglall ez 3340 03l daslay (guuaSTl (ppa¥l 35 (laliglal] o cpsadl Silegana Ji5 oo
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O occur primarily in the liver and kidney.

S Al 5 bl Sy s

A Glutamate is unique in that it is the only amino
acid that undergoes rapid oxidative deamination
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O Glutamate dehydrogenase can use either NAD or
NADP as a coenzyme. NAD is used primarily in
xidative deamination and NADPH is used In

reductive amination

ol NAD plascial Slobiglall (e gysu0 ¢35 @35y oSay
L b bl ISy NAD pasizad acluws 033515 NADP
=) aa zel g a3l 8 NADPH pasitad lazg (gauSUl (pua¥l g 33
syl

aa S| gy

m Disposal of amino acids
NH;

NADH

= -Ketoglutarate
N"2 i (NADPH)

came N\ /)

TRANSAMINATION OXIDATIVE DEAMINATION

Aminotransferase Glutamate dohydrogcmasc

u-Keto
acids

YN

glutamate

NAD
(NADP)

B Synthesis of amino acids

NH,
-NH, a-Ketoglutarate | NADPH
of (NADH)
a-amino
acids \ /
TRANSAMINATION REDUCTIVE AMINATION
Aminotransferase \\ Glutamate dehydrogenase
AN /\
’N“z NADP*
(NAD")

glutamate




“ Glutamate dehydrogenase

The direction of the reaction depends on the relative concentrations
of glutamate, a-ketoglutarate. and ammonia, and the ratio of
oxidized to reduced coenzymes. sl 525l Ololighl Eepucl] S350 e Jelal ol san

A3a3all | BawS gall Bucluall Slagisyl dudg Ligalllg

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

formatlon Of am m0n|a Ldgadl (sSTs dreadl (plaxdl o ji0y las Sl (B Olaliglall Sligtia 28535 oy ol Lle g2 derg Jold amy

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

ladl gxS-all olasd o Lol plasYl Gulsed Jeladl plasewl Ll (Sa

ATP and GTP are allosteric inhibitors of glutamate dehydrogenase,
whereas ADP and GDP are activators of the enzyme.
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D-Amino acid oxidase

L 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. D-AMino acid @l plasial LSl daul s 5oS) oMzl @iy (5133l pladl 8 D Gl plasdl g3

el olas Yl o Sleglazall 03y guuSll ¥l ¢35 3amy o3l (FAD Lle saz2y @u33]) oxidase

O The resulting a-ketoacids can enter the general pathways of amino
acid metabolism, and be reaminated to L-isomers, or catabalized for
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Transport of ammonia from tissues
to the liver

(Jadl 3 paserid Ligadl (e alu s JS)

There are two mechanisms;

4 found in most tissues, uses glutamine synthetase to
combine ammonia with glutamate to form glutamine
(a nontoxic transport form of ammonia)

The glutamine is transported in the blood to the liver
where is cleaved by glutaminase to produce
glutamate and free ammonia . .o e e s o s b

5350 Ligally Slalisglall z oy Jligalislall ois!

used primarily by muscle, involves transamination of
pyruvate (the end-product of aerobic glycolysis) to
form alanine il ot ) ) i ool U85 s hLasl sl bl [S pasnas

Alanine is transported by the blood to the liver, where it
IS converted to pyruvate, again by transamination
(pyruvate is used in gluconeogenesis). This pathway
called the glucose-alanine cycle.

dignd @y o S | pdll dawlgy 331 185 @y
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MOST TISSUES

Glutamate

ATP + NH3
Glutamine sythetase
ADP + P,

Glutamine

Glutamate
dehydrogenase

u-Ketoglutarate Glutamate

S

Alanine A’;‘;}’I”"e Pyruvate

amino-
transferase *
Glucose

GLUCOSE-
ALANINE 1

CYCLE - R\iﬁ

Glucose

Y

Alanine +
i amino-
Alanine transferase Pyruvate

MUSCLE

u-Ketoglutarate  Glutamate

Glutamate
dehydrogenase

NH3

Amino acids




UREA CYCLE
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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. 5530 e a3lly 3l NH3 0 Lysdll e i Olimgyis ol 1865 o

A Urea is produced by the liver, and then is transported in the blood to

the kidneys for excretion in the urine. ol 5 55 oSl ol 5 L5 ey g ) el Lol 251

O Reactions of the cycle: .. osn oo i

1. Formation of carbamoyl phosphate by carbamoyl phosphate
synthetase | which requires 2 ATP. N-acetylglutamate is required as
allosteric activator.
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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 (PP1).

ljass ol dyysdl B dsledl 8 zasd g3l S e gyl Syl grsol-lall degama 3865 . Ol lusgigrar sl (oS O Ll 2o ooyl asSzy 3
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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 — obbsls se iz dhosuse il Jos 4

Lol yale alus Jeladl Lo e 23Ul e 31 Jasy
(TCA) cliyzadl jaa> Bygs I sgay o) Olylagall Say

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
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UREA CYCLE
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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.

A portion of the urea diffuses from the blood into the intestine, and is
cleaved to CO2 and NH3 by bacterial urease. This ammonia is
partly lost in the feces and is partly reabsorbed into the blood.
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In patients with kidney failure, plasma urea levels are elevated
(hyperammonemia), promoting a greater transfer of urea from blood

into the gut. claall ] sl cpa Uysdl Jasl 33my laa o(pall Lisel b38) Lol U5 Lysdl Slyszuua 2y ogsls Jadll o silay il osall 3

Oral administration of neomycin reduces the number of intestinal
bacteria responsible for this NH; production.
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Overall stoichiometry of the urea cycle

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

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

wAlag 308 AG go (uS2ll 118 e Lygldl 3453

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).
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4 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.
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O This leads to an increased rate of urea synthesis. oo L i s
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Tissues in addition to the liver use
this pathway to make arginine.
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Fumarate is hydrated to
malate, which is oxidized
to oxaloacetate, which is
transaminated to aspariate,

The enzyme has an absolute
requirement for N-acetyl-

as an allosteric activator,




UREA CYCLE - STEP BY STEP

Formation of * NH; (free ammonia) First committed step
Mitochondrial carbamoyl phosphate CO, (as HCOZ) Consumes 2 ATP Requsres N-acetylglutamate
1 ; : Carbamoyl phosphate as an allosteric activator
matrix (Carbamoyl phosphate 2ATP (= 2 ADP + Pi) s ; .
Provides the first nitrogen
synthetase I) H,O of urea
! . Formation of citrulline Citrulline is a basic amino acid
Mitochondrial Carbamoyl phosphate ] ! s . :
2 , (Ornithine 2ATRYIRERSE None Citrulline + Pi Ornithine and citrulline are
matrix . b | Ornithine not used in protein synthesis
ranscarbamylase) (nadadans)
Transport to Transport of citrulline . Moge " o s Citru”i'?e |sfives pWtaghogidiia
3 cvtosol (=) Citrulline (uses ornithine-citrulline Citrulline in cytosol to continue the cycle
Y antiporter) in the cytosol
Formation of Citrulline Aspartate provides the
ini i Consumes 1 ATP Argininosuccinate second nitrogen of urea
4 Cvtosol argininosuccinate Asartats _ :
2 Argininosuccinate " (— AMP + PPi) + AMP + PPi Cleavage of ATP to AMP + PPi
g g
synthetase) ATP makes the reaction favorable
Cleavage of
ey " P ; Fumarate enters the TCA cycle
t Argininosuccinate = Sk : ;
5 Cytosol E;g;?rlq?:zzﬁz:;:a‘:e H,0 None Arginine + Fumarate Arginine is the immediate
lyass) precursor of urea
o - Urea is released
6 Cytosol Hiedqge stargigioa Rrining None Urea + Ornithine Ornithine is regenerated to
(Arginase) H,O continue the cycle (returns
9 Y
to mitochondria)
y Back to ; Transport of ornithine i Hage < LT Ornithine in Comp!etes th_c—: c_yc[e By
7 mitochondrial (=) Ornithine (uses ornithine—citrulline iiteckonarial mathix returning ornithine to the
matrix antiporter) mitochondria
Most urea = blood — kidneys
— urine
8 Liver — Blood — Disposal of urea Excreted in urine Some urea — intestine —

(Fate of urea) | Kidneys / Intestine

=)

Urea (from liver)

None

(or partially to intestine)

bacteria convert to NH; and
CO,; NHj; partly reabsorbed
Neomycin can reduce
intestinal NH; production

The synthesis of urea is irreversible

Overall Stoichiomet
verall Stoichiometry (large negative AG).

Aspartate + NH; + CO, + 3ATP + H,O — Urea + Fumarate + 2 ADP + AMP + 2 Pi + PPi + 3H,0

Regulation: N-acetylglutamate (made from acetyl-CoA + glutamate, activated by arginine) is an essential activator of carbamoyl phosphate synthetase | (rate-limiting step).
Its level increases after a protein-rich meal — increases urea cycle rate.



Metabolism of ammonia
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[ Slight increase in the concentration of urea in blood
leads to hyperammonemia which is toxic to the CNS
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O Sources of ammonia: Olaliglal] ez gysd deilig psadl ASL ke las

K From amino acids: mainly in liver by the
aminotransferase and glutamate dehydrogenase
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it e o000 From glutamine: The kidneys form ammonia from

s glutamine by the action of renal glutaminase.
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s ees - AMMoNIa is also obtained from the hydrolysis of
wulbeisdlest - glutamine by intestinal glutaminase.

J From bacterial action in the intestine: Ammonia is

2.z, formed from urea by the action of bacterial urease in
the lumen of the intestine.
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.2 0 From amines: Amines obtained from the diet, and
monoamines that serve as hormones or
neurotransmitters o 8 P o e Jsals A Sl el oo
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O From the catabolism of purines and pyrimidines
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Transport of ammonia in circulation
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 As urea: the most disposal form of ammonia which moves from liver
to the kidney
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O Occurs primarily in the muscle and liver and nervous system.

4 Circulating glutamine is removed by the kidneys and deaminated
by glutaminase.

Hyperammonemia 24/ 900550 1000 598 P_L” Oligtue gaTyI Oi oSay S uo])ol 91 Liyodl 3yga & aSlyg woxe s bo] S ;Qijg)JLu loaie

K 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.

d hyperammonemia is a medical emergency, because ammonia
has a direct neurotoxic effect on the CNS (tremors, slurring of
speech, somnolence, vomiting, cerebral edema, and blurring of
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d At high concentrations, ammonia can cause coma and death.
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Hyperammonemia
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O Acquired hyperammonemia: It may be due to viral
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.
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O 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.

| Q Ornithine transcarbamoylase deficiency, which is X-
sl sl et |inked, 1S the most common of these disorders,
g sall MygalyySudl s

o e oo, affecting males predominantly

Lsaobinad [ All of the other urea cycle disorders follow an
sesti==2 0 gutosomal recessive inheritance pattern. The failure to
" synthesize urea leads to hyperammonemia during the
first weeks following birth leading to mental retardation
O Treatment includes; 95! 28 sd e 2 Jadl goby o ot s b
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J*l]m rrsij]@@' Jw] O limiting protein in the diet
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SEEElSed g 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) == s iuedl pladl baolus by oLSso el
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Catabolism of the carbon skeleton
Amino acids that form oxaloacetate

CONH
 Asparagine is hydrolyzed by asparaginase, CH, ;
liberating ammonia and aspartate HONH, *
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 Aspartate loses its amino group by | s b vt
transamination to form oxaloacetate H20
. . . ) ) Asparaginase
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0 Some rapidly dividing leukemic cells are Tt
unable to synthesize sufficient asparagine to GO0
support their growth. This makes asparagine | i
an essential amino acid for these cells. HONES
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[ Asparaginase can be administered | o-Ketoglutarate |
systemically to treat leukemic patients. Aminotransferase |
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QOO'
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COO™

OXALOACETATE




Amino acids that form a-ketoglutarate

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
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2. Proline is oxidized to glutamate. Glutamate is transaminated or
oxidatively deaminated to form a-ketoglutarate.
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3. Arginine is cleaved by arginase to produce ornithine (occurs

primarily in the liver). Ornithine is subsequently converted to a-
ketoglutarate.
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Amino acids that form a-ketoglutarate

4. Histidine is oxidatively deaminated by histidase to urocanic acid.
which subsequently forms N-formiminoglutamate (FIGIu). FIGIu
donates its formimino group to tetrahydrofolate, leaving

glutamate. Slabisle sriacoys3-N 03331 3855 gl welylS30l s L Slasiacst)l el dnslsy Uanss cpsapiansdl oo el JI5d
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O Individuals deficient in folic acid excrete increased amounts of
FIGlu in the urine (after ingestion of a large dose of histidine). The
FIGIu excretion test has been used in diagnosing a deficiency of
fO”C aCid' OleaS oall (aos o o il adll 315831 5545
o0 838 dey Jold amy) Jodl 8 FIGIU (o Baslize
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[ NH," NH;
T CHa~CH-COOH é ——TCH,=CH-COO” _y _ | "00C -CH-CH,~CH,-COO" Glutamate
N NH Histidase N NH HN\\ [\JH
et D G u-KEEGLUTARATE
Histidine Urocanic H Tetrahydro-
acid N-Formimino- folate 5-Formimino-

glutamate (FIGIu) tetrahydrofolate




Amino Acid

1. Glutamine

2. Proline

3. Arginine

AMINO ACIDS THAT FORM a-KETOGLUTARATE

Pathway to a-Ketoglutarate

Glutamine — Glutamate + NH4
Glutamate — a-Ketoglutarate
- by transamination

- or by oxidative deamination

Proline — Glutamate (oxidation)
Glutamate — o-Ketoglutarate

- by transamination

- or by oxidative deamination

Arginine — Ornithine + Urea
Ornithine — Glutamate
Glutamate — o-Ketoglutarate

- by transamination
— or by oxidative deamination

Histidine — Urocanic acid
(oxidative deamination)

Urocanic acid — N-formiminoglutamate
(FIGIu)

FIGlu — transfers formimino group

Key Enzymes

Glutaminase
(first step)

Aminotransferases
(transamination)

Glutamate
dehydrogenase
(oxidative deamination)

Proline dehydrogenase/
proline oxidase
(first step)

Aminotransferases
or

Glutamate
dehydrogenase

Arginase
(first step)

Ornithine
aminotransferase
Aminotransferases
or

Glutamate
dehydrogenase

Histidase
(oxidative deamination)

FIGIu-THF
formiminotransferase
(transfers formimino

Main Intermediates

Glutamate

(major intermediate)

a-Ketoglutarate

Glutamate
{major intermediate)

Ornithine

Glutamate
{major intermediate)

Urocanic acid

N-formiminoglutamate

Products (that lead to
a-ketoglutarate)

a-Ketoglutarate
+ NH;

(ammonia released in
the first step)

a-Ketoglutarate

a-Ketoglutarate

+ Urea

a-Ketoglutarate
+ 5-Formimino-

Provides both a-ketoglutarate and

free ammonia.

Important source of NH; for the

urea cycle.

Proline is first oxidized to glutamate.

Then follows the same pathway

as glutamate.

Arginase step occurs primarily

in the liver.

Ornithine is converted to glutamate,

then to a-ketoglutarate.

FIGlu donates its formimino group

to tetrahydrofolate.

4. Histidine (FIGIu) + In folate deficiency, FIGIu accumulates |

to tetrahydrofolate group te THF)

Key Point:

- or by oxidative deamination

All four amino acids ultimately form a-ketoglutarate.

Glutamate is a central intermediate in the pathways of glutamine, proline, arginine, and histidine.

i tetrahydrofolate and is excreted in urine after a large
* Frepluctss Dl ugmatr damiming: * Aminotransferases * Glutamate (> THF) histidine load (FIGlu excretion test
SEfapEEgite or (final intermediate) for folate deficiency).
Glutamate — o-Ketoglutarate Ghitsiiate
- by transamination detrpdrogansse
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Amino acids that form pyruvate
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Alanine loses its amino group by transamination to form pyruvate

Serine can be converted to glycine and N5,N10-methylenetetra-
hydrofolate. Serine can also be converted to pyruvate by serine
dehydratase.
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Glycine can either be converted to serine by addition of a

methylene group from N5,N10-methylenetetrahydrofolic acid, or

oxidized to CO, and NH,* S22 5 elion Begama BLE| G2 o5 e M ol Gkl i o5 3
NH9 CO JI Gausl ol weldgdgynsal st opdiza-N5NT0

Cystine is reduced to cysteine, using NADH + H as a reductant.

Cysteine undergoes desulfuration to yield pyruvate.
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Threonine is converted to pyruvate or to a-ketobutyrate, which
forms succinyl CoA.
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Amino acids that form pyruvate

CH,

HCNH;*
COO™
L-Alanine

-KETOGLUTARATE

Alanine
aminotransferase
Glutamate
GHs
C=0
COO™
PYRUVATE

u Glycine ———>» CO, + NH;,4

N°,N'%-Methylene-

Serine tetrahydrofolate

hydroxymethyi-

transferase Tetrahydrofolate

Serine

Serine dehydralase
NH4"' H,O

B PYRUVATE




1. Alanine

2. Serine

3. Glycine

4. Cysteine

5. Threonine

Key Points

AMINO ACIDS THAT FORM PYRUVATE

Pathway to Pyruvate Key Enzymes

Alanine loses its amino group by + Alanine aminotransferase
transamination to form pyruvate. (ALT) :
« Serine can be converted to glycine « Serine ;

and N5 N'%-methylenetetrahydrofolate. hydroxymethyltransferase .

« Serine can also be converted to {BLE; dependatl)

pyruvate by serine dehydratase. = Serine dehydratase .

» Glycine can be converted to serine by = = Serine
addition of a methylene group from hydroxymethyltransferase .
N%,N'"-methylenetetrahydrofolic acid. (PLP dependent)

= Glycine can also be oxidized to CO, = Glycine decarboxylase
and NH,*. (PLP dependent)

= Cysteine is reduced to cysteine using

MADH + H* as a:reductant + Reductases (use NADH + HY)

= Cysteine undergoes desulfuration » Cysteine desulfhydrase 5

to yield pyruvate.

+ Threonine dehydratase

Threonine is converted to pyruvate or (to a-ketobutyrate)

to a-ketobutyrate, which forms
» a-Ketobutyrate dehydrogenase

succinyl CoA.
complex

s Alanine — pyruvate by transamination.

+ Serine &« glycine via one-carbon metabolism; serine — pyruvate by dehydration.
+ Glycine — serine (one-carbon pathway) or = CO, + NH,* (oxidative pathway).
+ Cysteine = pyruvate via reduction + desulfuration (releases H,S).

* Threonine — pyruvate or = a-ketobutyrate — succinyl CoA.

Main Intermediates

a-Ketoglutarate

Glutamate
(formed)

Glycine

N5 N1O-
methylenetetrahydrofolate

Tetrahydrofolate

Serine

CO; (in oxidative pathway)

Cysteine (reduced)

HsS (released)

a-Ketobutyrate

These five amino acids are glucogenic and ultimately yield pyruvate (directly or via intermediates).

. Products (that lead to

pyruvate)

Pyruvate

+ Glutamate

Pyruvate
+ NH4+ + Hzo

Pyruvate
(via serine)

CO, + NH,*
(oxidative pathway)

Pyruvate
+ H25 + NH4+

Pyruvate
or
a-Ketobutyrate —
Succinyl CoA

Notes

Simple transamination reaction.
Alanine is a major source of
pyruvate in muscle — liver
(glucose-alanine cycle).

Serine is connected to one-carbon
metabolism via folate.

Dehydration step releases NH,*
and forms pyruvate.

Interconversion with serine via
one-carbon metabolism.

Oxidative pathway produces
CO, and NH,".

Involves removal of sulfur as
H5S (desulfuration).

Requires NADH for reduction
step.

Threonine is both glucogenic
(pyruvate) and ketogenic
(succinyl CoA).

Depends on the pathway used.



Amino acids that form fumarate
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1. 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.

2. Inherited deficiencies in the enzymes of phenylalanine and tyrosine
metabolism lead to the diseases phenylketonuria and alkaptonuria, and
the condition of albinism. |

L-Phenylaianine

el il Slags] 5 533l sl o5 2. | Tetrahydro-
s 5 958 Sl Ay Blsal ] msaredlls ol : / biopterin + O,
Bl Al 92 S ; Phenylalanine
| hydroxylase Dihydro-
biopterin + H,0O
)\ £
L-Tyrosine

|
i
I
5
1 V"
|

FUMARATE ACETOACETATE



1. Phenylalanine

2. Tyrosine

3. Clinical

Relevance

Key Points

 Tyrosine is broken down through

» Therefore, phenylalanine is both

AMINO ACIDS THAT FORM FUMARATE

Amino Acids Pathway to Fumarate Key Enzymes / Cofactors Main Intermediates Products (that lead Notes / Clinical Relevance
to fumarate)
i

Hydroxylation of phenylalanine
forms tyrosine.

a series of reactions that lead to
fumarate and acetoacetate.

glucogenic (— fumarate) and
ketogenic (— acetoacetate).

Phenylalanine

hydroxylase

(cofactor: Tetrahydrobiopterin
+O,)

Multiple enzymes in tyrosine
catabolism (e.g., tyrosine
aminotransferase,
homogentisate dioxygenase,
fumarylacetoacetate hydrolase)

* Tyrosine

* p-Hydroxyphenylpyruvate
» Homogentisate

» Maleylacetoacetate

« Fumarylacetoacetate

Fumarate
(glucogenic)

+

Acetoacetate
(ketogenic)

Phenylalanine and tyrosine
are both glucogenic and
ketogenic.

Hydroxylation requires
tetrahydrobiopterin (BH,)
and O,.

+ Tyrosine is transaminated to

p-hydroxyphenylpyruvate.

= Through several steps, it is

converted to fumarate and
acetoacetate.

* Therefore, tyrosine is both

glucogenic (— fumarate) and
ketogenic (— acetoacetate).

Inherited deficiencies in enzymes
of phenylalanine and tyrosine
metabolism lead to:

Ll

Phenylketonuria (PKU)
Alkaptonuria

Albinism (related to tyrosine
pathway defects)

Tyrosine aminotransferase

4-Hydroxyphenylpyruvate
dioxygenase

Homogentisate dioxygenase
Maleylacetoacetate isomerase

Fumarylacetoacetate hydrolase

Key defects:

+ Phenylalanine hydroxylase

deficiency — PKU

+ Homogentisate oxidase

deficiency — Alkaptonuria

+ Tyrosinase deficiency —

Albinism

* p-Hydroxyphenylpyruvate
* Homogentisate
s Maleylacetoacetate

* Fumarylacetoacetate

Accumulation of upstream
metabolites due to enzyme
defects.

Phenylalanine — Tyrosine (via phenylalanine hydroxylase, requires tetrahydrobiopterin and O5).

Both phenylalanine and tyrosine catabolism yield fumarate (glucogenic) and acetoacetate (ketogenic).

Fumarate
(glucogenic)

+

Acetoacetate
(ketogenic)

1 Fumarate and acetoacetate
production from these
amino acids due to block
in pathway.

Tyrosine pathway intermediates include p-hydroxyphenylpyruvate, homogentisate, maleylacetoacetate, fumarylacetoacetate.

Deficiencies in these pathways cause phenylketonuria (PKU), alkaptonuria, and albinism.

Shares the same pathway
after conversion to
p-hydroxyphenylpyruvate.

Final products: fumarate
(enters TCA cycle) and
acetoacetate (ketone body
precursor).

PKU: T phenylalanine and
phenylketones in blood

and urine.

Alkaptonuria: dark urine due
to homogentisic acid.
Albinism: due to | melanin
synthesis (tyrosine pathway).



Amino acids that form succinyl CoA

Methionine: Methionine JuwuSw ;855 4l 4oyl el olax-3l a1 98 CoA. Lle goiall ol pasdl 13 g

O Methionine: Methionine is one of four amino
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

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

S-Adenosyl-
methionine
synthase

CH-,
Adenosine - é‘ 2P
CH,
CH,
HCNH,*
CO0"
S-Adenosylmethionine
Methyl| acceptors

Methyitransferases

Methylated
Adenosine -S B
CHy
HCNH;*
COO

S-Adenosylhomocysteine

H,0

Adenosine



T

H;

Hp
HCNH;*
COO
L-Homocysteine

L-Serine

AO=0)=

Cystathionine
synthase

HZ
QHz'S'QHz
CH; HCNH,*

HCNH5* COO™
COO™
Cystathionine

L-Cysteine

N
j[ \CHZ Homocysfelna
N

é“a N'

NS-Melhyltetrahydrofolate

There are two major disposal
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Amino acids that form succinyl CoA
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Degradation of valine, isoleucine, and threonine also results in the
production of succinyl CoA- a TCA cycle intermediate and

glucogenic compound.

1. Valine and isoleucine are branched-chain amino acids that yield
SUCCInyI COA COA JuinusSas e Al deyize dsal (plast crangloindly ol

2. Threonine is dehydrated to a-ketobutyrate, which is converted to
propionyl CoA, the precursor of succinyl CoA I etsastl o olall g3 e 2
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3. Threonine can also be converted to pyruvate.
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AMINO ACIDS THAT FORM SUCCINYL CoA

Products (that lead
to succinyl CoA)

Notes / Clinical Relevance

Amino Acid(s) Pathway to Succinyl CoA | Key Enzymes / Cofactors Main Intermediates

* Methionine is activated and converted * Methionine adenosyltransferase o * Methionine is one of four amino

to S-adenosylmethicnine (SAM). (activates methionine — SAM) * S-Adenosylmethionine (SAM) acids that give rise to succinyl CoA.
+ After donating its methyl group, « Methyltransferases = S-Adenosylhomocysteine + Important methyl-group donor in

SAM is converted to (use SAM) (SAH) F one-carbon metabolism.

1. Methionine S-adenaosylhomocysteine (SAH). » S-adenosylhomocysteine : Succinyl CoA t
" . hydral +« Homocysteine + Elevated homocysteine is
* SAH is hydrolyzed to hamocysteine. ydrolase b (via a-Ketobutyrate) associated with atherosclerotic
» Transsulfuration enzymes: » Cystathionine birdatie it

« Homocysteine can enter the
transsulfuration pathway to form
cysteine, which is then converted to
succinyl CoA (via a-ketobutyrate).

— Cystathionine B-synthase
(requires vitamin Bg)

— Cystathionase (y-lyase) + a-Ketobutyrate
(requires vitamin Bg)

* Cysteine e Conversion of homocysteine to
methionine requires folate and
vitamin By (see below figure).

+ There are two major disposal

Homocysteine can also be « Methionine synthase
2. Pathway remethylated to methionine (requires vitamin B> and « NE-Methyltetrahydrofolate Regenerates pathways for homocysteine:
Connection (alternative disposal pathway). N5-methyltetrahydrofolate) Methionine remethylation to methionine or
transsulfuration to cysteine.
: ¢« Methionine — SAM — SAH — Homocysteine.
Key Points

* Homocysteine — Cystathionine — Cysteine — a-Ketobutyrate — Succinyl CoA.
* Transsulfuration requires vitamin Bg (pyridoxine). Remethylation requires folate and vitamin Bqa.

¢ Elevated homocysteine levels are a risk factor for atherosclerosis.

AMINO ACIDS THAT FORM SUCCINYL CoA (CONTINUED)

Products (that lead
to succinyl CoA)

Amino Acid(s) Pathway to Succinyl CoA Key Enzymes Main Intermediates

" " . . = Branched-chain aminotransferase s : .
Valine (a branched-chain amino acid) = * a-Ketoisovalerate * Valine is both glucogenic

i . g : Branched-chain a-keto acid : . E
1. Valine icatal;ollzed trl) succinyl CoA dehydrogenase complex + Propionyl CoA Succinyl CoA and ketogenic (via succinyl CoA
through several steps. = Mty b alofy I CoR. muthss I Vi and acetyl CoA).
(requires vitamin Bq3)
= Branched-chain aminotransferase
+ Branched-chain a-keto acid * a-Keto-f-methylvalerate |
dehydrogenase complex * Propionyl CoA Succinyl CoA

= Methylmalonyl-CoA mutase *  Methylmalonyl CoA
{requires vitamin Bq3)

+ lIsoleucine is both glucogenic
and ketogenic.

Isoleucine (branched-chain amino

2. lIsoleucine
acid) is degraded to succinyl CoA.

» Threonine is dehydrated to = g scnins v idoelive

(to a-ketobutyrate) * Threonine is both glucogenic
a-ketobutyrate. * a-Ketobutyrate dehydrogenase * a-Ketobutyrate Succinyl CoA and ketogenic.
3. Threonine * a-Ketobutyrate is convs_:rted to complex + Propionyl CoA (or)
propionyl CoA — succinyl CoA. = Propionyl-CoA carboxylase p * Gives succinyl CoA via
* Methylmalonyl-CoA mutase * Methylmalonyl CoA A a-ketobutyrate.

= Threonine can also be converted

il requires vitamin B
directly to pyruvate. o 1)

* Threonine aldolase (alt. pathway)

+ Valine, isoleucine, and threonine are catabolized to succinyl CoA (TCA intermediate) — glucogenic.

Key Points

+ Valine & isoleucine — propionyl CoA — methylmalonyl CoA — succinyl CoA (requires vitamin Bqs).

+ Threonine — a-ketobutyrate — propionyl Co&A — methylmalonyl CoA — succinyl CoA (or — pyruvate).



Amino acids that form acetyl CoA
or acetoacetyl CoA

O Leucine, isoleucine, lysine, and Tryptophan form acetyl CoA or
acetoacetyl CoA directly, without pyruvate serving as an
Intermediate (through the pyruvate dehydrogenase reaction.

U there are a total of six ketogenic amino acCids. ! sl wodls wosdainils sl o 5 o5
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1. Leucine is exclusively ketogenic in its catabolism, forming acetyl
CoA and acetoacetate. Like other branched-chain amino acids,
Isoleucine and valine.
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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.
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Amino acids that form acetyl CoA
or acetoacetyl 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
CoA.

4. Tryptophan is both glucogenic and ketogenic because its
metabolism yields alanine and acetoacetyl CoA.
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Amino Acid(s)

1. Leucine

2. lIsoleucine

3. Lysine

4. Tryptophan

Key Points

AMINO ACIDS THAT FORM ACETYL CoA OR ACETOACETYL CoA

Pathway to Acetyl CoA / Acetoacetyl CoA Key Enzymes [ Cofactors Main Intermediate(s)

» Branched-chain aminotransferase

Transamination of leucine. + Branched-chain a-keto acid * a-Ketoisocaproate

Oxidative decarboxylation and dehydrogenase complex « lsovaleryl CoA

further reactions. * 3-Methylcrotonyl CoA carboxylase
* 3-Methylcrotonyl CoA
+ 3-Methylglutaconyl CoA

hydratase

Final cleavage yields acetyl CoA

aiicl H R SR s ¢ 3-Hydroxy-3-methylglutaryl CoA

* 3-Hydroxy-3-methylglutaryl CoA
lyase

+ Branched-chain aminotransferase

Transamination of isoleucine. + Branched-chain a-keto acid + a-Keto-B-methylvalerate
Oxidative decarboxylation and dehydrogenase complex + 2-Methylbutyryl CoA
further reactions. + Enoyl CoA hydratase

4 4 +  2-Methyl-3-hydroxybutyryl CoA
Final cleavage yields acetyl CoA + 3-Hydroxyacyl CoA

s 2-Methylacetoacetyl CoA

and propionyl CoA. dehydrogenase

+ 3-Ketrecyl CoA thiolase

+ Lysine ketoacid reductase/

saccharopine dehydrogenase
Lysine undergoes several steps

without transamination of its * Saccharopine dehydratase

* Saccharopine

amino groups. * a-Aminoadipate semialdehyde s sdmincadipaleseniaideiyte
, dehydrogenase
Final products are acetoacetyl s i « Al-Piperideine-6-carboxylate
CoA and acetyl CoA. + Al-Piperideine-é-carboxylate
dehydrogenase

* Acetoacetyl CoA thioclase

+ Tryptophan 2,3-dioxygenase ;
* Kynurenine
Tryptophan is degraded through + Kynureninase _
the kynurenine pathway. g I » 3-Hydroxyanthranilate
* Kynurenine aminotransferase i o ol
Final products include alanine and * Quinolinic acid

acetoacetyl CoA.

+ 3-Hydroxyanthranilate 3,4-

dioxygenase s 2-Aminomuconate semialdehyde

+ Other pathway enzymes

Six amino acids are ketogenic: Leucine, Isoleucine, Lysine, Tryptophan, Phenylalanine, and Tyrosine.
Four of them (Leucine, Lysine, Phenylalanine, Tyrosine) yield acetyl CoA or acetoacetyl CoA directly.
Isoleucine and Tryptophan are both ketogenic and glucogenic.

Ketogenic amino acids are important sources of acetyl CoA for ketone body synthesis.

Products
(that lead to)

Acetyl CoA
-+

Acetoacetate

(Ketogenic only)

Acetyl CoA
-+
Propionyl CoA

(Both ketogenic
and glucogenic)

Acetoacetyl CoA
-

Acetyl CoA

(Ketogenic only)

Acetoacetyl CoA
+

Alanine

(Both ketogenic
and glucogenic)

* Leucine is exclusively ketogenic.

Isoleucine is both ketogenic and
glucogenic.

Lysine is unusual because neither
of its amino groups undergoes
transamination as the first step.

Lysine is exclusively ketogenic.

Tryptophan is both ketogenic and
glucogenic.

Alanine can enter gluconeogenesis



