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Many amino acids are synthesized by pathways that are present only in plants
‘and microorganisms. Since mammals must obtain these amino acids in their




Metabolism of the Common Intermediates

1.Oxidation: all amino acids can be oxidized in
TCA cycle with energy production

2.Faftty acids synthesis: some amino acids
provide acetyl CoA e.g. leucine and lysine
(ketogenic amino acids).

3.Gluconeogenesis: ketoacids derived from amino
acids are used for synthesis of glucose (is
important in starvation).

Glucogenic Kelogenic Glucogenic&Ketogenic
Ala, Ser, Gly, Cys, Leu , Lys Phe, Tyr, Trp,lle, Thr

Arg, His, Pro, Glu,
Gin, Val, Met, Asp, Asn.



Essential versus Nonessential Amino Acids

Cannot be synthesized
de novo, hence, must

be supplied in the diet. Synthesized by body
Essential Nonessential
Arginine“ Alanine
Histidine Aspartate
Isoleucine Cysteine
I.eucine Glutamate
L.ysine Glvycine
Methionine? Proline
Phenvlalanine© Serine
Threonine Tyrosine
Tryptophan
Valine

“ Arginine is synthesized by mammalian tis-
sues, but the rate is not sufficient to meet the
need during growth.

» Methionine is required in large amounts to
produce cysteine if the latter is not supplied
adequately by the diet.

< Phenvlalanine is needed in larger amounts
to form tyrosine if the latter is not supplied
adequately by the diet.



Amino acids catabolism

Removal of Carbon skeleton
a-amino groups 1
l 1) Oxaloacetate
l 2) a-ketoglutarate
Urea 3) Pyruvate

4) Fumarate
5) Succinyl coenzyme A (CoA)

6) Acetyl CoA
7) Acetoacetate

Enter the metabolic
pathways

Synthesis of Lipid, Glucose or
in the production of energy through
their oxidation to CO, and H,O



Biosynthesis of nonessential amino acids

Non essential amino acids are synthesized from intermediates of metabolism or,
from essential amino acids.

Synthesis from a-keto acids

(G ~

Amino acid u-Keto acid

B A

- > Alanine
Aminotransferase
Y ~
Vi ™
Amino acid u-Keto acid

X . \. Ala, Asp and Glu are synthesized by transfer of
el e s an amino group to the a-keto acids pyruvate,
|

- 4 oxaloacetate, and a-ketoglutarate respectively.
Amino acid u-Keto acid

«-KETOGLUTARATE MGluwmate-C

Aminotransferase
. _J

PYRUVATE <

Glutamate can also be synthesized by
Reverse of oxidative deamination,
catalyzed by glutamate dehydrogenase.



Biosynthesis of nonessential amino acids
Synthesis by amidation

Glutamine:

 tmandl
CH
CHy
iy it 2 Glutamine:
Gautamate scontains an amide linkage with ammonia at the y-carboxyl
ARV S *|Is formed from glutamate
yrnetase e *Reaction is driven by glutamine synthetase
S -Requires ATP
s -Reaction serves as a major step for detoxification of ammonia in
CH, addition to the synthesis of Glutamine for protein synthesis.
HICNH,*
coa
Glutamine
Aspargine:
Aspargine:

econtains an amide linkage with ammonia at the B-carboxyl
+|s formed from Aspratate

*Reaction is driven by asparagine synthatase using glutamine as a amide donor.
*Requires ATP



Proline:

Biosynthesis of nonessential amino acids

Glutamate is converted to proline by cyclization and reduction reactions.

Serine:

Synthesized from glycolysis intermediate 3-phosphogylcerate.

Glycine:

Cysteine:

(=3
m
froj

thyl group
m serine

NH,*

Glycine ——= CO, + NH,
N® N'°-Methylene-

hydroxyrnothyi-

""‘?‘”‘ Tetrahydrofolate
moval of

Serine
Serine dehydratase

H0

E PYRUVATE

Is synthesized by two consecutive reactions
1) Homocysteine + serine

» Cystathionine

hydroxymethyi-
transterase

Senne dehydratase
[ HO

NH,
(B |

Glycine ——> CO; + NH,

N* N'°-Methylene-

Tetrahydrofolate
Serine

PYRUVATE

2) l hydrolysis

a-ketobutyrate + cysteine



Biosynthesis of nonessential amino acids

Tyrosine

Phenylalanine

Phenylalanine Ll i » Tyrosine

Tyrosine and Cysteine are non essential AA. But there synthesis is dependent on the
essential AAs phenylalanine and methionine resp.
Hence, these AAs are non essential only when there is an adequate supply of essential AA.



Glucogenic and Ketogenic Amino acids

Amino acids are classified as glucogenic, ketogenic, or both based on which of the
seven intermediates are produced during their catabolism.

Glucogenic Ketogenic
Amino acids that can be Amino acids that can be
converted into glucose converted into ketone bodies
through gluconeogenesis through ketogenesis

Amino acids whose catabolism yields pyruvate or one of the intermediates of the
citric acid cycle are termed glucogenic or glycogenic

Amino acids whose catabolism yields either acetoacetate or one of its precursor,
(acetyl CoA or acetoacetyl CoA) are termed ketogenic.

Some amino acids are both glucogenic or ketogenic



Catabolism of the carbon skeletons of amino acids

Amino acids that enter metabolism as oxaloacetate

(.SONHQ
GHa
HQNHs“
COO™
Asparagine
H,O
Asparaginase
NH;

a-Ketoglutarate
Aminotransfe
Glutamate
(.}OO‘
H

-0-Q
0 N

3

OXALOACETATE

(Aspargine and Aspartate)

Asparagine is hydrolyzed by Asparaginase, liberating ammonia and Aspartate

Aspartate loses its amino group by transamination to form oxaloacetate

» condenses with acetyl CoA to form citrate » Gluco gen ic
in the first reaction of the Krebs cycle.



Amino acids that form a-ketoglutarate

1) Glutamine:

CO-NH_
CH;

CH,
HCNH5*
coo

Glutamine
H>0

Glutaminase

Coo-
CH>
CHo
HCNH5*
coo™
Glutamate

(Glutamine, Proline, Arginine, Histidine)

Glucogenic

Oxidative deamination

NAD+ NADH NH,
COO™ CcOOo
CH, Glutamate GH2
(;:Hz dehydrogenase (;.Hz
H3;N™-CH o=C
COO™ COO™
NADP+ NADPH NH,
Glutamate u-Ketoglutarate

oxidative deamination by
glutamine dehydrogenase

2) Proline:

» o.-ketoglutarate

It is oxidized to glutamate. Glutamate is then oxidatively deaminated to form a-ketoglutarate

3) Arginine: This aa is cleaved by arginase to produce ornithine. Ornithine is subsequently converted to

a-ketoglutarate

4) Histidine:
’ NH;* NS “
[T CHz~CH-COOH A CH,=CH-COO™ __y _ 3 “OOC -CH-CH,-CH,-COO™ Giutamate
N___NH Histidase  N_ _NH HN, NH N
i S Tetrahydro- «-KETOGLUTARATE
i
Histidine S N-Formimino- folate S-Formimino-
glutamate (FIGlIu) tetrahydrofolate




Amino Acids that enter metabolism as fumarate

Phenylalanine and Tyrosine

1) Phenylalanine and 2) Tyrosine

L-Phenylalanine Fumarate

Tetrahydro-
i mopuu‘!ln-a-o2 hydroxylated
fychokyiaes Dihydro-

biopterin + H,O

Phenylalanine » Tyrosine

Acetoacetate

L-Tyrosine

FUMARATE ACETOACETATE

Hence these two aa are both glucogenic and ketogenic



Amino acids that enter metabolism as pyruvate

1) Alanine

GHs
HC.:N Ha*
COO™
c-Alanine
«-KETOGLUTARATE

Alanine
aminciransferase
Glutamate
s
¢=0
CcOO™
PYRUVATE

Glucogenic
Alanine, Serine, Glycine, Cystine Threonine

Alanine loses its amino group by transamination to form pyruvate

2) Serine and 3) Glycine

Glycine ——>» CO, + NH,

ﬂ NS,N'°-Methylene-
Serine tetrahydrofolate
hydroxymethyi-
PEn(eiane Tetrahydrofolate

Serine

Serine dehydratase
NH * H,0

PYRUVATE

§

Inter conversion of serine and glycine

Serine can be converted to glycine and N5, N10-methylenetetrahydorfolate or to
pyruvate by serine dehydratase.

4) Cystine
Cystine Touced BYNADR* B Systeine desulfuration » pyruvate
S5) Threonine
pyruvate

Threonine

»Succinyl CoA

a-ketobutyrate



Amino acids that enter metabolism as succinyl CoA

Methionine

(Methionine Valine, Isoleucine, Threonine)

«Converted into S-adenosylmethionine (SAM), (a major universal methyl donor in one-carbon metabolism)
«It is also a source of homocysteine---a metabolite associated with artherosclerotic vascular disease

P; - PP

2P

Methyl acceptors

Meothyitransferases

Methylated
Aiencl =z products
Gl
Gz
HONH*
CcCOO™

3 ) S-Adcnoaylhomocystcine

L] =
SH L H-C-NHL™Y ~cr,
I - Meothionine synthase ":-:"“z I H
CH S == -
l-lCN:l = N CH, Mothylcobalarmin CH_ u cH
Soo CH3 - (Methyl-B, ) $ N-
coo - CH= -
.4) L-Homocystoine L-Methionine Terrahydrofolate

1) Methionine condenses with ATP to form S-adenosylmethionine
2) Methyl group is activated and transferred to oxygen, nitrogen or carbon atoms.

3) The reaction product is S-adenosylhomocysteine

4) S-adenosylhomocysteine is hydrolyzed to homocysteine.

Homocysteine has two fates:
a) In case of methionine deficiency it is remethylated to methionine

is then converted to Succinyl CoA.

There are two major disposal
pathways for homocysteine.
Conversion to methionine
requires folate and vitamin

B s-derived coenzymes, and is a
remethyiation process. The
formation of cysteine requires
vitamin Bg (pyridoxine). and is

a transsulfuration process.

b) If methionine stores are adequate, it enters transulferation pathway to form cysteine
and a-ketobutyrate, which is oxidatively decarboxylated to form propionyl CoA which



Amino acids that form succinyl CoA
Valine, Isoleucine and Threonine

Valine

Isoleucine

TRANSAMIMNATION
{Branched-chain a-amino acid arminolransferaseo.

ce-Ketoiso-
wvaleric acid
l =55 vni:t acid
1

OXIDATIVE DECARBOXYLATION
(Brancheod-chairn «-keto acid dehydrogenase

Oxidative decarboxylation
of branched-chain amino

ocids is deficient in maplc
syrup urine disease.

c-Methyl-
I butyryl CoA

FAD-linked DEHYDROGENATION

T

~
£ e

Propionyl CoA
Biotin
Methyimalonyl CoA
S'-Deoxyadenosyl-

cobalamin
(derivative of B ;)

SUCCINYL CoA

) ) Metabolism of Isoleucine
1) Valine and Isoleucine—aiso give Acetyl CoA and hence

Valine and Isoleucine Is both glucogenic and ketogeic

Propionyl CoA

l Requires vitamin B12 and Biotin

Succinyl CoA » TCA cycle

2) Threonine
Threonine
l dehydrated

Propionyl CoA

Succinyl CoA » T CA cycle




1) Leucine

Exclusively Ketogenic

Leucine

| ANSAMINATI
(Branched-chain a-amino acid aménotranstierase)

u-Ketolso-
caproiec acid

OXIDATIVE DECARBOXYLATION
(Branched-chain a-xelo Scid Cenydrooenass
coenzymes: NAD, CoA, TPP, lipoic acd, FAD)

I I
Ox

ve DOXY!
of branched-chain amino
is in

syrup urine disease.

Amino acids that form acetyl CoA or acetoacetyl CoA

2) Isoleucine 3) Lysine 4) Tryptophan

Ketogenic and glucogenic Exclusively Ketogenic Glucogenic and ketogenic

Since its metabolism

a0 yields both alanine and
ARSARRAT] - Acetoacetyl CoA

Acetyl CoA

wal acid

1
OXIDATIVE DECARBOXYLATION
o ke acid

W"NAD.W. Wipo-éac-; FAD)
| 1
O

on
of branched-chain amino
ide is defick =

Syrup urine disease.

Lysine is unusual in that neither of its amino groups
undergoes transamination as the first step of in catabolism

o-Meth:
butyryl (’.;A
1
FAD-linked DEHYDROGENATION

v

A:mt coAa

Propionyl CoA
Buotin ¢

Methylmalonyl CoA

5'-Deoxyadenosyl-
cobalamin
(derivative of Byo)

SUCCINYL CoA




Overview of Amino Acid Catabolism
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,I \ ' A co, Pro
pmj SEES I A B Mot Seven central products of
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Metabolic defects in Amino

acid metabolism

Cystinuria

Histidinemia

Phenylketonuria
Methylima CoA
mutase deficiency

Albinism

Incidence (per 100,000)

Homocystinuria*

Alkaptonuria*

Maple syrup urine disease*

stathioninuria*
*All have similar incidence




The common metabolic intermediates that arised from the

degradations of amino acids are: acetyl CoA, pyruvate, one of the krebs
cycle intermediates (a-ketoglutarate, succinyl CoA, fumarate& oxaloacetate)

Fates of the Carbon Skeletons of Amino Acids. Glucogenic amino acids are shaded red. and ketogenic




Summary of the metabolism of amino acids

MAPLE SYRUP URINE DISEASE
(see ~Valine™ and “Isoleucine™ below)

Potphyrins
1 Conjugates Homocysteine Leucine
Phenylpyruvate A INISM
T m TSN - t Cystathionine 1
A -etoisocaproate
Pl‘enyial-nino \ Gilycine :
PHENYLKETONURIA \.. Il a-Ketobutyrate —hreon w’ ——
Serine Cysteine / e =
Asparagine > PYRUVATE «~~ ACETOACETYL Coa
p—Hydroxypb-nywnmtc L R Y Alanine l 1 1"‘“"""" Arginine
Aspartate [Oreal <—‘]
I Catecholam-ne—sf / \ ACETYL COA Lysine Tryptophan
ALKAPTONUHIA Purines OXALOACETATE Cn — T /o" REEa-
(see text) 7z I\e [ miacin ] [Serctonin]
Maidte o
TYROSINEMIA TYPE I . e !- ATE ETOG :rrn‘ A — Glutamat /4— -— Proline
® The disease is due toa & - s = e A ‘.'.\ g
deficiency in fumary/- \ / <
acetoacetate hydrolase. Acetcacetlate Succinate SUCCINYL COA Glutamine \--.. Uroccanate
® Accumulation of P ———
fumarylacetoacetate
and its metabolites,
icula inyl-
5;:-::.. Y ST - METHYLMALONYL CoA MUTASE |

DEFICIENCY

® The disease is due to a deficiency in
methylmalonyl CoA mutase.

& Elevated levels of mmn
malonyl CoA occur in bl

& Metabolic acidosis and
developmental problems occur.

HISTIDINEMIA

@ Characteristic cabbage-
like odor occurs.

® Liver failure and renal
tubular acidosis result.

® The disease is due toa
deficiency in histidase.

@ Elevated levels of histi
wocur in Dlood and urine.

& Treatment includes
dietary restriction of
phonrl.lunlno and

tyros
Methylmalonyl semialdehyde Propionyl CoA
—— 1 Threonine a-Ketobulty CYSTATHIONINURIA
Isobutyryl a-Methyibutyryl CoA ® Accumulation of cystathionine
Cysteine and its metabolites is due to a
I l deficiency in cystathionase.
® No clinical symptoms are present.
a—Kmolsovalenna a-Keto-B-Methyhvalerate
Cystathionine
V-llno Isoleucine Serine ﬂ HOMOCYSTINURIA

The disease is due to a deficiency

MAPLE SYRUP URINE DISEASE Homocysteine
in cystathionine synthase.

- The discase is due to a deficiency in branchod- t
chain a-keto acid dehydrogenase. Accumulation of homocysteine

occurs in the urine.

@ Levels of branched-chain a-amino acids and their t
«a-keto analogs are elevated in plasma and urine. Methionine and its metabolites
S-Adenosylmethionine are elevated in the blood.
® Neurologic problems are common. The disease "
has a high mortal rate.
9 ity Methionine Mental retardation, osteoporosis,

myocardial infarction, and a
characteristic dislocation of the
s OoCcCCcur.

® Treatment involves a reslrlctad dietary intake of
the branched-chain amino acids.




Metabolism of amino acids

Some clinically important amino acids

Catabolism of amino acids

ilms

Al

Remowval of

Metabolism of
a-amino group

] [carban skeletons

convatpos*!o produce

[ Seven products }
consl:anhg of
{ ACETYL CoA )l 8 PYRUVATE
|acETOACETYL Coa|| OoxarLoaceETars
FUMARATE

- NMETOGLUTARATE

SUCCINYL Coa

N

clas.slivad as
[ Hetogenic ][ Glucogenic ]
By Eyes
[ Lipids Lipids
[ Energy Energy
Glucose

Synthesis of amino acids

T

involves

Transamination of
w-keto acids,
for exam
pyruvate —> .l.nin-

Amidation,
for example,
asparate —> asparagine

Synthesis from other
amino acids,
for example,
Pphenylalanine — tyrosine

[ mMethionine |

e Source of methyl groups

in metabolism
= Precursor of cysteine

[ Arginine ]
- Member of
urea cycle

- Precursor of
nitric oxide

L Glutamine ] |

- Storage and transport
form of ammonia

e Precursor of purines
and pyrimidines

[ Phenylalanine |

- Precursor of tyrosine
= Elevated in phenyl-
ketonuria

[ Histidine )]
e Precursor of histamine
= Elevated in histidinemia
[ Tryptophan |
e Precursor of serotonin
[ Alanine ]

- Transport form of
ammonia from muscle

Metabolic defects in amino metabolism

characl\aﬂzod
% oy

Family of defects in
enzymes of amino acid
metabolism

Screened for in neonates

can be l

caus;o;dby

Point mutations, deletions,
splicing errors

-vhk:haa;nkandro

Partially or completely
inactive enzyme

Inheritance is recessive;
heterozygotes usually do not
show symptoms

wusually

l

rmréd by

Dietary restriction

ml‘;omm

Accumulation of substrate
and a deficiency in product
of defective enzyme

can result Characteristic smell of

the urine

Mnlchﬁ;emm

Disturbances in
metabolism, p.rtlcul.-rly
th. N

m&:adsto

Seizures, mental retardation,
other ffects

CNS e

Amino acids:

19

Concept connect




Phenylketonurea (Prevalence of 1:15,000)

A deficiency in phenylalanine hydroxylase results in the disease phenylketonuria (PKU).

More than 400 mutations in gene that code for PKU has been identified and the disease is often heterozygous.

Deficiency of enzymes required for the synthesis of BH4 and

dihydropterine (BH2) Reductase which regenerates BH4 from
- BH2 also leads to hyperphenylalaninemia.
[ CH,- (': -CIoO™
NH,* Tyrosine synthesis Catecholamine synthesis Serotonin synthesis
Phonyl.lanlno Tyrosine Tryptophan
L-Phenylalanine V 0, V
Tetrahydr NAD' Tetrahydro NAD" Tetrahydn
et Toll| [ 2t S [ e N S B
tarin « 4 j ]
— biop! O, /I\ Dhydro- :7{:' ‘/i\ Diydo- A u,g\lf\ Diyaro-
Dihydro- BH, (:‘2) NADH + H* H29 bopa (‘31'\":’ NADH + H' 5-Hydroxy- (22 NADH + H*
Fhanyvalanng
s biopterin + HO +hol- tryptophan
A Catec Y A
H
o _c OO0~ A deficiency in dihydrobiopterin reductase or any of the enzymes of BH, synthesis leads to
| Nﬂa + hyperphenylalaninemia, and decreased synthesis of catecholamines and serotonin.
HO
L-Tyrosine BH4 is also required for tyrosine hydroxylase and tryptophan
! hydroxylase

Treatment: replacement therapy with BH4 or generated products



Pathways of phenylalanine metabolism
in normal individuals and in patients
with phenylketonuria.

F’!'u-n‘,I::‘;«ru'.';'mv:— -==3 Phenyllactate
" phenylacetate
P""“"‘i'“"'"‘ __y Tissue proteins Characteristics of classic PKU:
v 7 5 Wslanin 1) Elevated phenylalanine, phenylpyruvate, phenyllactate and
7 sine i i i
yro = Caeere phenylacetate in tissues, plasma_ and urine.
S = ] 2) CNS symptoms: Mental retardation, failure to walk or talk,
umarate - - -
e R seizures, hyperctivity, tremor etc.
Phenylketonuria 3) Hypopigmentation: deficiency in the formation of Melanin
lead to the deficiency of pigmentation (fair hair, light skin,
Phenylpyruvate *Phonyllactato COlor, and b|ue eyeS-
1 \ Phenylacetate
Phenylalanine » TiSSue proteins
— Treatments: Synthetic nutrient with low phenylalanine content
o S supplemented with tyrosine
- B Catecholamines
- Fumarate
= Aceto: ptate




Maple syrup urine disease (MSUD) (rare, prevalence of 1:185,000)

Autosomal recessive disease in which there is a partial or complete deficiency of

Branched chain a-keto acid dehydrogenase, an enzyme that decarboxylates leucine,
Isoleucine, and Valine.

Leucine
Valine
| . — Disease leads to accumulation of these amino aids
S S S TR and branched chain a-keto acid substrates causing
e . abnormalities in brain functions.
Lx.cn.vg D.IEGA;.::V&L - Characteristics of MSUD
ﬂm*iﬁ(iﬁmﬁlﬁ;ﬁfﬁwzfﬁ Patients show feeding problems, vomiting,
Cmidative decarboxylation dehydration, severe metabolic acidosis and
S st e Classic maple syrup odor to the urine.
Treatments:
e Giving a synthetic formula that contains
oty eyl = - - z
1 i limited amount of leucine, Isoleucine,
i i} 10 and Valine.
‘im‘ \ AGHTVI_ —
st i 1 T
—" i cona
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