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The catabolism of the amino acids
found 1n proteins involves the
removal of a.-amino groups,
followed by the breakdown of the
resulting carbon skeletons. These
pathways converge to form seven
intermediate products:
oxaloacetate, a-ketoglutarate,
pyruvate, fumarate, succinyl CoA,
acetyl Coa, and acetoacetyl CoA.
These products directly enter the
pathways of intermediary
metabolism, resulting either in the
synthesis of glucose or lipid, or in
the production of energy through
their oxidation to CO, and water by
the citric acid cycle. The figure
provides an overview of these
pathways, with a more detailed

summary presented later.
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Glucogenic
Glucogenic| and Ketogenic
Ketogenic

Alanine Tyrosine

Arginine*

Asparagine

Aspartate

Cysteine

Glutamate

Glutamine

Glycine

Histidine*

Proline

Serine

Methionine |lIsoleucine Leucine

Threonine |Phenyl- Lysine

Valine alanine
Tryptophan
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GLUCOGENIC AND KETOGENIC

AMINO ACIDS

Amino Acids can be classified as glucogenic or

ketogenic based on which of the seven
intermediates are produced during their
catabolism.

Glucogenic amino acids

Amino acids whose catabolism yield pyruvate or
one of the intermediates of the citric acid cycle
are termed glucogenic or glycogenic. These
intermediates are substrates for gluconeogenesis
and, therefore, can give rise to the net formation
of glucose or glycogen in the liver and glycogen
in the muscle.

Ketogenic amino acids

Amino acids whose catabolism yield either
acetoacetate or one of its precursor are termed
ketogenic. Acetoacetate is one of the “ketone
bodies”, which also include 3-hydroxybutyrate
and acetone. Leucine and lysine are the only
exclusively ketogenic amino acids found in
proteins. Their carbon skeletons are not
substrates for gluconeogenesis and, therefore,
cannot give rise to the net formation of glucose
or glycogen in the liver, or glycogen in the
muscle.



CONH,

GH,

HCNHg*

COO

Asparagine

Asparaginase

Y
(?OO"
GH,

H,0

NH,

+
HCNH,

COO
Aspartate

Aminotransferase

(l)OO"
GH,
¢-0
COO

o-Ketoglutarate

Glutamate

OXALOACETATE

CATABOLISM OF THE CARBON
SKELETONS OF AMINO ACIDS

The pathways by which amino acids are
catabolized, are conveniently organized according
to which (or more) of the seven intermediates
listed above is produced from a particular amino
acid.

Amino acids that form oxaloacetate
Asparagine is hydrolyzed by asparaginase, liberating

ammonia and aspartate. Some rapidly dividing
leukemic cells are unable to synthesize sufficient
asparagine to support their growth. This makes
asparagine an essential amino acid for these cells,
which therefore require asparagine from the
blood.  Asparaginase, = which  hydrolyzes
asparagine to aspartate, can be administered
systematically to treat leukemic patients.
Asparaginase lowers the level of asparagine in the
plasma and, therefore, deprives cancer cells of a
required nutrient. Aspartate loses its amino group

by transamination to form oxaloacetate. Takes 2
AS for an Ox



Amino acids that form a-ketoglutarate
e Histidine 1s oxidatively deaminated by histidase
to urocanic acid, which subsequently forms N-
formiminoglutamate (FIGlu). FIGlu donates its
formimino group to tetrahydrofolate, leaving
glutamate, which 1s degraded as described in the

figure. (Go Get A Hamburger Peter) GGAHP

NHQ’ NH3
CH,-CH-COOH CH,=CH-COO™ - “00C -QH-CHZ-CHZ-COO' Glutamate
Histidase HN_ NH
N, NH N _NH o \
-KETOGLUTARATE
Histidine Urocanic H Tetrahydro-
acid N-Formimino- folate 5-Formimino-
glutamate (FIGIu) tetrahydrofolate

Glutamate, Glutamine, Arg, Histidine, Proline GGAHP

H(::- NH,

tttttttt




Amino acids that form pyruvate

CH, * Alanine loses its
HCNH,* amino group by
00" transamination to form
L-Alanine pyruvate. (ASCG2T)

A o~-KETOGLUTARATE
Alanine
aminotransferase
Glutamate

Y
CHy
-0
COO

PYRUVATE




Serine

Glycine —>» CO,+NH;

N°,N'%-Methylene-
tetrahydrofolate

hyadroxymethyl-

transferase

NH,*

Tetrahydrofolate

Serine

Serine dehydratase
N H,0
Y

PYRUVATE

Serine can be converted to
glycine and N>, N1°-
methylenetetrahydrofolate.
Serine can also be
converted to pyruvate by
serine dehydratase.

Glycine can either be
converted to serine by
addition of a methylene
group from N> N!10-
methylenetetrahydrofolic
acid, or oxidized to CO,
and NH,*



Amino acids that form fumarate

L-Phenylalanine

Phenylalanine
hydroxylase

Y

L-Tyrosine

V \

Tetrahydro-
biopterin + O,

Dihydro-
biopterin + H,0

FUMARATE ACETOACETATE

Perfect Total Feeling

* Phenylalanine and tyrosine:

hydroxylation of
phenylalanine leads to the
formation of tyrosine. This
reaction, catalyzed by
phenylalanine hydroxylase, is
the first reaction in the
catabolism of phenylalanine.
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.
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S-Adenosylmethionine

Methyl acceptors
Methptransforases
Methylated

Adenosing-8 producls
CHy
HONH
Co0”
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There are two major disposal
pathwaye for homocysteine,
Conversion lo methionine

_) requires folate and vitamin
B,,-derived cofactors. The
formation of cysteine
requires vitamin B, (pyridoxine).

H

N
I “oh,
| LH
NS
H N-
H
Tetrahydrofolate

CH,

Degradation and resynthesis of

methionine

Synthesis of SAM: Methionine condenses with
Adenosine using ATP, forming SAM- a high
energy compound that is unusual in that it
contains no phosphate. The formation of SAM is
driven, in effect, by hydrolysis of all three
phosphate bonds in ATP.

Activated methyl group: the methyl group
attached to the tertiary sulfur in Sam is
“activated”, and can be transferred to a variety
of acceptor molecules, such as ethanolamine in
the synthesis of choline. The methyl group is
usually transferred to oxygen or nitrogen atoms,
but sometimes to carbon atoms. The reaction
product, S-adenosylhomocysteine, is a simple
thioether, analogous to methionine. The
resulting loss of free energy accompanying the
reaction makes methyl transfer essentially
irreversible.

Hydrolysis of SAM: after donation of the methyl
group, S-adenosylhomocysteine is hydrolyzed to
homocysteine and adenosine. Homocysteine has
two fates. If there is a deficiency of methionine,
homocysteine may be remethylated to
methionine. If methionine stores are adequate,
homocysteine may enter the transulfuration
pathway, where it is converted to cysteine.
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Folate + B> + Bg

Survival without
major adverse events

Months

e Vascular disease: High levels of homocysteine in blood, cardiovascular risk factor
(coronary artery disease) B6 and B12 (previous slide) Homocystinuria
(cystathionine synthase deficiency)

» Effect of homocysteine-lowering therapy with folic acid, vitamin B,,, and vitamin
B, on clinical outcome after coronary angioplasty.

Note: Balloon angioplasty is a noninvasive procedure in which a balloon-tipped
catheter is introduced into a diseased blood vessel. As the balloon is inflated, the
vessel opens further, allowing for placement of a stent and improved flow of
blood.



Leucine

Valine

Isoleucine

TRANSAMINATION

(Branched-ofsavt c-armvio aod aminofransfevase)

a-Ketolso-
caproic acid l l

o-Ketolso-
valeric acid

w-Keto-[i-methyl-
valeric acid

OXIDATIVE DECARBOXYLATION
(Branchad-chan «-kefo aoid dehydvogenase
Coanzymes: TPP, CaA, Nposx acd, NAD, FAD)

| I

Oxidative decarboxylation
of branched-chain amino
acids is deficient in maple
syrup urine disease.

Isobutyryl CoA

a-Methyl-
butyryl A

CEHYDRCGENATICN

Y l
P \ ACETYL coa
ACETATE Propionyl CoA

ACETYL CoA .
Biotin

Methylmalonyl CoA

5'-Deoxyadenosyl-
cobalamin

SUCCINYL CoA

Catabolism of the branched-chain
amino acids

e The branched-chain amino acids,
1soleucine, leucine, and valine, are
essential amino acids. In contrast to other
amino acids, they are metabolized
primarily by the peripheral tissues, rather
than by the liver. Because these three
amino acids have similar route of
catabolism, it 1s convenient to describe
them as a group.

1. Transamination

2. Oxidative decarboxylation
(Branched Chain a-keto acid dehydrogenase)

3. Dehydrogenation

4. End products
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-
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NADH + H*
NAD*

j Ni“ — >Methionine

CH H
NE-Methyl-THF

Role of folic acid in amino
acid metabolism

The active form of folic acid,
tetrahydrofolic acid (THF), 1s produced
from folate by dihydrofolate reductase in
a two-step reaction requiring two moles
of NADPH. The carbon unit carried by
THEF is bound to nitrogen N> or NV, or to
both N> and N'°. THF allows one-carbon
compounds to be recognized and
manipulated by biosynthetic enzymes.
The figure shows the structures of the
various members of the THF family, and
indicates the sources of the one-carbon
units and the synthetic reactions in which
the specific members participate.
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Amino acid o-Keto acid
PYRUVATE Alanine
Aminotransferase
\. Y,
( L .
Amino acid o-Keto acid
OXALOACETATE (L-A)Aspanate
Aminotransferase
L J
[ A
Amino acid o-Keto acid
o-KETOGLUTARATE MGlutamate
Aminotransferase

\ )

Biosynthesis on non-essential
amino acids

e They are synthesized from intermediates of
metabolism or from essential amino acids
like the case of tyrosine and cysteine.
Histidine and arginine are generally
classified as non-essential depending on
conc.

e From o-keto acids

* From amidation (glutamine) formed from
glutamate important in synthesis and
degradation providing detoxification of
ammonia in liver and brain as previously
discussed in Urea cycle. Asparagine formed
from aspartate

e Proline formed from glutamate

e Serine (from 3 phosphoglycerate-3
phosphopyruvate-3 phosphoserine-serine
and glycine), glycine(serine) and cysteine
(homocysteine- cystathionine-cysteine
depends on methionine (essential)

e Tyrosine (20.7) phenylalanine (essential)
requires BH4 tetrahydrobiopterin



sttinuria

Histidinemia

Phenylketonuria

Methyimalonyl CoA
mutase deficiency

Albinism

lllll lllll

ol L
1 10 100
Incidence (per 100,000)

Homocystinuria*

Cystathioninuria*

*all have similar incidence

Metabolic defects in
amino acid metabolism

e (Caused by mutant genes resulting in

abnormal proteins, total lost or
partial deficiency (more often). Can
result in mental retardation or
developmental abnormalities. As
much as fifty disorders have been
described but are rare (why?)
1:250,000 however, we expect this
number to increase (why?). These
are some of the most commonly
encountered diseases with the
incidences in most populations.
Phenylketonuria, maple syrup urine
disease, albinism, homocystinuria
and alkaptonuria.



MAPLE SYRUP URINE IINSEASE)

(ses "Valng” and "lsokucing” balow)

[ ][ B
Creatina | Serine

Phemdlactate Parphyrins

Phanylpyruvale 2o - Leucine
1 e 3 1 Cystathicaine «mosocal proate
Phenylalanlne \ Glycine «@ *
Pueuuxerouumn ~ 1l a-Ketobutyrale T hreoning
(eaes Dokl Isovaleryl Col
Serine Cysteine / e
Tym"m s e Creating
Asparagine PYRUVATE ACETOACETYL COA i
P MWWW‘O D Alanine = l T "‘“"" Arginine
Aspartate (Ursa |
Homogentisate e '\‘ i Lysine Tryptophan
Purines OXALOACETATE Cilrate A5 /0"""""‘
Pyrimidines /' \ [—len [—H" e
Malodacctoscelale Maliia o

ALKAPTONURIA

® Disease Is due to a
deficiency in homo-
genlisate oxidase,

@ Homogentisate
accumulates, forming
polymers thal cause
urine 1o darken on
standing.

Fumatvlece(oaoe!ms—TguuAmn =-KETOGLUTRATE .— Glutamate +— «— Proline

Q

Acstoacetale Suctinale  SUCCINYL COA Glutamine s
\—/

Punnas e
L Pyrimidines

METHYLMALONYL CoA MUTASE Histidine

® Arthritis I8 & common DEFICIENCY hylmaloeryl Col HISTIDINENMIA
clinical feature. ® The disease is due to a deficiency in
methyimalonyl CoA mutase. ® The disease s due 1o a

® There is no effective deficiency in histidase.

1mtm¢nl for this
disorder. A low-protein
diet for life is prudent

® Elevated lavels of methyl-
malonyl CoA cccur in bicod.

©® Meatabolic acidosis and
developmental problems occour.

@ Elevated leveis of histidine | |HEtamine
ccouwr in blood and urine.

® Mental retardation is
common, but not always
present.

Mathyimalony! samialdeings  ———y. Ptookmyl CoA

— P rostyi con
ot 1 Threonine ——«mw* CYSTATHIONINURIA
4 @ Accumulation of cystathionine
Iscbutyryl Coa soMatiwibutyrvl CoA Cystaine and Its metabolltes s due to a
| | deficiency in cystathionase.
@ No clinical symptoms are present
.m?vaoe«ale HMUB"‘;“'VM Cystathicning
Valine Isoleucine Serine 4 g HOMOCYSTINURIA
MAPLE SYRUP URINE DISEASE Homocysteina L] I_l". 9ease s due to a deficiency
6, - -’

® The dlmse is duo toa dor-cumcy in branched-
chain o id dehydr

L4

Adenosyhomocystans ® Accumulation of homocysteine
S . occurs in the urine,

@ Levels of branched-chain c-amino acids and their
keto analogs are elevated Iin plasma and urine,

® Methionine and its metabolites
are elevated in the blood.

® Neurclogic problems are common. The disease
has a high mortality rate.

® Mental retardation, osteoporosis,
Methionine myocardial infarction, and a
characteristic dislocation of the
lens ocour.

® Treatment involves a restricted dietary intake of
the branched-chain amino acids,

Good review
slide for
metabolism of
amino acids and
diseases caused
by enzyme
deficiency.
Notice
glucogenic and
ketogenic amino
acids and
metabolites of

each amino acid



Phenylketonuria (PKU)

1 Caused by a deficiency in

CHQ—Z—COO_ phenylalanine hydroxylase
@ NHg* 1:11,000.

Hyperphenylalaninemia
deficiency in enzymes

L-Phenylalanine

Tetrahydro- . . .
e biopterin + O, involved 1n synthesis of the
Dihydro- coenzyme tetrahydrobiopterin
. y
Phenylalanine biopterin + H,0
hydroxylase BH4
Y
H

CH,-C-CO0™
NH,*
HO

L-Tyrosine




Hyperphenylalaninemia

* Dihydrobiopterin (BH,) synthetase
* Dihydropteridine (BH,) reductase

e They are very important in synthesis of neurotransmitters, serotonin and
catecholamines, dietary restriction of phenylalanine does not reverse CNS effects
replacement therapy with BH, and 5-hydroxytryptophan and DOPA (sueno?)

Tyrosine synthesis Catecholamine synthesis

Phenylalanine
(o)

Tetrahydro-
biopterin
BH.‘\ \ /

Phenylalanine Dih
ydropteridine
hydrox ase r hictase
Dihydro-

H2 O biopterin

(BHy) NADPH +H

Tyrosine T
Dihwdrobiopterin

T synthetase

GTP

NADP*

Tyrosine
0,

Tyrosine
hydroxylase

KN

DOPA

Dihydro-
bioptenin
{BHy)

Tetrahydro-
biopterin

Dihydroptendine
reduclase

NADPH +H

T[)fh ydrobioplerin

T synthetase

GTP
Catecholamines

7%

NADP™

Serotonin synthesis

Tryptophan
Oz
Tetrahydro-
bioptenn NADP
(BH,4) \ /
fophian Dinhydr
opleridine
mx lase reducrase
Dihydro-
biopterin
H O
- (BH2) NADPH +H*
5-Hydroxy-
tryptamine T
Dihydrobiopterin
T synthetase
GTP
Serotonin

A deficiency in dihydrobiopterin reductase or dihydrobiopterin synthetase leads to
hyperphenylalaninemia, and decreased synthesis of catecholamines and serotonin.




-m_ Characteristics of PKU

> Phenvllactate

-~
-
-\
. D N 4
,l' cetate

Phenylalanine

iz

Tyrosme

Tlssue proteins

Melanin

= Catecholamines

N\

Fumarate
Acetoacetate

*Hypopigmentation deficiency in
pigmentation (fair hair, light skin and
blue eyes) due to hydroxyation of
Tyrosine to melanin which 1s inhibited

» Elevated phenylalanine (tissue, plasma,
and urine. Phenylpyruvate, Phenyllactate
and Phenylacetate also elevated when
normally not . Musty (hongo) odor urine.
eMental retardation failure to walk or talk,
seizures, hyperactivity, tremor,
microcephaly, failure to grow. 1Q below 50.

Phenylketonuria

Phenylpyruvate === Phenyllactate

1

Phenylalanine _Tissue proteins

Phenylacetate

' =
" -
' e
' E

by high levels of phenylalanine R




Intellectual ability 1n untreated
PKU patients of different ages.

120- e Maternal PKU syndrome causes
100- microcephaly, mental retardation
and congenital heart
80 .
abnormalities.

g °0- e 40 different mutations of the

40 gene phenylalanine hydrohylase

ool 6-10 are cause PKU.

| e Feeding synthetic amino acid
OBirth 2 a4 6 g  preparations low in
Age in Years ~ phenylalanine, with natural foods
fruits,vegetables & certain

Treatment must start within/7-10 cereals.

days of life to prevent retardation



Changes 1n 1Q scores after discontinuaton of low-
phenylalanine diet in patients with PKU

Synthetic formula with limited ammounts of e Life long restriction of dietary

leucine.isoleucine and valine.

110
100
90 -
S

80 -

70

T
o
1 T T T

0 1 2 3
Years after discontinuation of diet

phenylalanine 1s recommended

Maple syrup urine disease
(MSUD) recessive disorder
deficiency in the branched-chain
a-ketoacid dehydrogenase
enzyme that decarboxylates
leucine, 1soleucine and valine
these amino acids and their o-
ketoacids accumulate in blood
with toxic effects that interferes
with brain function. Feeding
problems, vomiting,
dehydration, severe metabolic
acidosis and maple syrup odor.
Mental retardation, phsical
disability and death.



Albinism

A group of conditions with a defect of in tyrosine metabolism in a
deficiency in the production of melanin. This suggest that melanin
production depends on this pathway and other pathways are not

available. Autosomal recessive, autosomal dominant and X-linked.
Photophobia, they sunburn easilyand do not tan.




Homocystinuria

SIH
CH
CH
H(IDNH3+
COO
L-Homocysteine

L-Serine

Cystathionine
synthase Be

v H,O
CIJHZ-S—Cl)H2
(|3H2 HC|3NH3+

HCINH3Jr COO
COO
Cystathionine

e Disorder involving defects in the

metabolism of homocysteine
(autosomal recessive) High plasma
and urinary levels of this amino
acid and methionine and low levels
of cysteine. Common cause 1s the
defect of cystathionine synthase
which converts homocysteine to
cystathionine. Homozygous show
ectopia lentis (displacement of the
lens) skeletal abnormaliities,
premature arterial disease,
osteoporosis and mental
retardation. Patients could or not be
responsive to vitamin B
(cofactor).

TREATMENT: restriction of methionine intake and supplement with vitamins B, and B,

and folate.



m Urine from a patient

with alkaptonuria | Alkaptonuria

e Rare metabolic disease involving the
deficiency in homogentisic acid oxidase,
resulting in accumulation of homogentisic

- acid (degradative pathway of tyrosine)

.o urine is entirely black.

T};ospocimononthe left, o : Symptoms

which has been standing
for fifteen minutes, shows

morince st  Homogentisic aciduria (high levels of this
ox?datlon of homogenisic . . . . .

— | acid in urine gives it a dark color upon

B aeonana . standing (Fig. A)

e Large joint arthritis
* Pigmentation of cartilage (Fig.
B)asymptomatic until age of forty

e Diets low in protein recommended although
no treatment as such

Tl A A
&h -" .‘ .. ~“t l
Dense, black pigment deposited
on the intervertebral disks of
the vertebrae.
| et T

) - v
.



Metabolism of amino acids

Some clinically

important amino acids

-

s Catabolism of amino acids ]

—
(=] c-amino group

invo'lves

¥ v

Removal of

| B

oanmrgns;ro produce
Seven products ]

T
oonsf;sh'ng of

v

v

ACETYL CoA | PYRUVATE
ACETOACETYL CoA| OXALOACETATE
| FUMARATE
-KETOGLUTARATE
SUCCINYL CoA
Classiied as Class;fedas
- Y .
[ Ketogenic : Glucogenic ]
T - T
prowvide prowvide
Y A 4 =
Lipids Lipids J
Energy Energy 3
Glucose

-

L > Synthesis of amino acids

inw;ﬁ/us

u-keto acids,
for example,

Transamination of

pyruvate — alanine

Amidation.
- for example,

asparate — asparagine

amino acids,
for example,
phenylalanine

Synthesis from other

> tyrosine

[ Methionine ]
» Source of methyl groups
in metabolism

e Precursor of homo-
gentisic acid

[ Arginine ]
o Member of
urea cycle
« Precursor of
nitric oxide

[ Glutamine ]

* Storage and transport
form of ammonia

e Precursor of purines
and pyrimidines

| Phenylalanine |

e Precursor of tyrosine

« Elevated in phenyl-
ketonuria

[ Histidine
« Precursor of histamine
« Elevated in histidinemia
[' Tryrptophan
e Precursor of serotonin
| Alanine

e Transport form of
ammonia from muscle

Metabolic defects in amino metabolism

dmracze;nzed by

Family of defects in
enzymes of amino acid
metabolism

]
caussd
'br

Point mutations, deletions,
splicing errors

Mnichca;n lsad to

Partially or completely
inactive enzyme

wiuchH f;gads to

Accumulation of substrate |

and a deficiency in product
of defective enzyme

T
which leads to

Disturbances Iin
metabolism, particularly
the CNS

wfﬁchl;.adsto

Seizures, mental retardation,

other CNS effects

Inherited as recessive:
heterozygotes usually do not
show symptoms

u=swally

Amino acids:
Disposal of
Nitrogen

19

Concept conneoct

|



Summary

Amino acids that yield Pyruvate or intermediates in the TCA cycle are
called glycogenic. They can give rise to glycogen or glucose in the liver
and glycogen in muscle. Amino acids that whose catabolism yield acetyl
CoA, acetoacetyl Co A are termed ketogenic (Tyrosine, phenylalanine,
tryptophaisoleucine are both ketogenic and glucogenic Leucine and
lysine are ketogenic. Non-essential AA can be synthesized from
metabolic intermediates or carbon skeletons of essential AA. Alanine,
aspartate, glutamate, glutamine, asparagine, proline, cysteine,serine,
glycine, and tyrosine.

Essential AA in diet methionine, phenylalanine.

Metabolic diseases

PKU (-) phenylalanine hydroxylase,

Hyperphenylalanine (-) BH, Synthetase or reductase coenzyme of PH
tetrahydrobiopterin. Untreated patients of PKU suffer mental retardation
failure to walk or talk, seizure, hyperactivity, tremor etc. Tyrosine
becomes essential under this condition.

(MSUD) (-) branched chain a-ketoacid dehydrogenase



Albinism (-) tyrosinase
Alkaptonuria (-) homogentisic acid oxidase

homogentisic aciduria, large joint arthritis, pigmentation of
cartilage

Homocystinuria (-) cystahionine B-synthase (vitamin By)
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