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GLUCOGENIC AND KETOGENIC AMINO ACIDS

Glucogenic
Glucogenic| and Ketogenic
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Catabolism to OxaloAcetate

* Asparagine and aspartate

* Asparaginase systemically to treat leukemia!
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Catabolism to a-KetoGluterate (via Glu) - QHRP

e Glutamine: glutaminase and GDH
* Proline: oxidized to Glu }
* Arginine: arginase * .
e Histidine:
* Folic acid deficiency \)‘ e
* Impaired histidase: histidinemia and urocanic aciduria .\ e
l—I-CHQ—I\C!):SjCOOH '\ |—‘-CH2=CH-COO_ %5_000 -CIH-CHQ-CHQ-COOJ Glutamate
B risidase v _I_NESNJL’ /: ) a-KEE)AGLUTARATE
Histidine Urc;cé?gic N-Formimino- et;‘glr;\t/gro- N°-Formimino-
glutamate (FIGIu) tetrahydrofolate




Catabolism to pyruvate — (GSCAT?)

* Alanine: ALT
* Tryptophan catabolism produces alanine
 Serine: glycine or pyruvate

e Glycine:
* Reverse or CO, and NH, (glycine cleavage system)

* Transaminated to glyoxylate - oxidized to oxalate
or transaminated back to glycine

* Deficiency of transaminase causes oxalate stones
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Catabolism to pyruvate — (GSCAT?)

NH,
e Cysteine: desulfurization to yield pyruvate o o <,N S
(desulfinase) S SN
 Sulfate released can be used to synthesize
3’- phosphoadenosine-5'-phosphosulfate o ok NH
(PAPS), an activated sulfate donor o o
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* Oxidized to its disulfide derivative, Cystine o %
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Catabolism to fumarate

* Phenylalanine and tyrosine
* Irreversible reaction
* Phenylalanine hydroxylase (PAH)
* Tetrahydrobiopterin
* Fumarate and acetoacetate
* Inherited deficiencies:
phenylketonuria (PKU),

tyrosinemia, alkaptonuria as well as
the condition of albinism

Phenylalanine

Tetrahydro-
biopterin + O,
Phenylalanine
hydroxylase
Dihydro-
biopterin + H,O
v- p 2
Tyrosine
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Catabolism to succinyl CoA: Methionine

e S-adenosylmethionine (SAM)

* The major methyl group donor in one-carbon
metabolism

* Source for homocysteine (Hcy)

e Atherosclerotic vascular disease and thrombosis
 SAM synthesis: Met condenses with ATP

* A high-energy compound that is unusual (no P)
* Hydrolysis of all three phosphate bonds

Methionine

ATP
Methionine
adenosyl-
transferase P, + PP;

CH,
Adenosine - g* 2 P
|
e
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HCIJNH3+
COO
S-Adenosylmethionine (SAM)

Methyl acceptors
Methyltransferases
Methylated
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|
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Catabolism to succinyl CoA:
Methionin

* Activated methyl group:
e Can be transferred by methyltransferases

* Nitrogen or oxygen atoms and sometimes
to carbon atoms

* The reaction product, S-
adenosylhomocysteine (SAH), analogous to
methionine (thioether)

* Methyl transfer essentially irreversible
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Methionine

ATP
Methionine
adenosyl-
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SAH H,O
hydrolase
Adenosine

SH
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Homocysteine

Catabolism to succinyl CoA:
Methionin

e SAH hydrolysis: Hcy and adenosine

* Hecy: remethylated to methionine or transsulfuration
pathway, where it is converted to cysteine

* Methionine resynthesis: N5-methyl-THF;
methylcobalamin; methionine synthase
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Catabolism to succinyl CoA:
Methionin

* SAH hydrolysis: Hcy and adenosine

* Cysteine synthesis: condensation; Ser;
cystathionine (a-ketobutyrate and
cysteine); B6; oxidatively decarboxylated
to form propionyl CoA. Propionyl CoA is
converted to succinyl CoA

* Cysteine is conditionally essential

T~ |t WU ARSI

Methylated
products

Adenosine -§
CH
HQNHg+
COO
S-Adenosylhomocysteine (SAH)

SAH H,O
hydrolase
Adenosine

SH H

|
i N\CH2
(|;H2 + I )<
HCNH," N
I

COO™ CHj -

Homocysteine

L
Cystathionine
B-synthase
H,O

CI)HQ—S-(le2
(I)H2 HCI)NHS“‘
H(IDNH3+ COO
COoO™
Cystathionine

Met

U NS-Methyltetrahydrofolate

A

—
There are

for homoc
methionir
B, —deriv
remethyla

of cystein
(pyridoxir
process—
becomes

H20
Y-Cystathionaseﬁ
o-Ketobutyrate + NH;

Cysteine




Relationship of homocysteine to vascular

disease

* Promotes oxidative damage, inflammation,

and endothelial dysfunction
* Independent risk factor: CVD, stroke

* Mild elevations (hyper-homocysteinemia):
~7% of the population

* Inversely related to plasma levels of folate,
B12, B6

* Supplementation therapy

 Whether Hcy is a cause or a marker of such
damage

Cardiovascular mortality
per 100,000

600-

500-

400+

300+

200+

100-

6

8 10
Total plasma
homocysteine (umol/l)
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Relationship of homocysteine to vascular
disease

 Deficiencies in cystathionine B-synthase (transsulfuration):
* Rare
 Severe hyperhomocysteinemia (>100 pumol/L)
* Classic homocystinuria

* Deficiencies in the remethylation reaction: rise in Hcy

* Elevated homocysteine and decreased folic acid:
associated with increased incidence of neural tube defects

(improper closure as in spina bifida) in the fetus
* Periconceptual supplementation with folate reduces
such defects
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Homocysteine
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Cystathionine
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Cl3H2—S—CI)H2
CIH2 HCIDNH3+
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Other amino acids that form
succinyl CoA

* Valine, isoleucine, and threonine
* \Valine and isoleucine: BCAA

* Threonine: a-ketobutyrate - propionyl CoA -
succinyl CoA
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2-amino-3-ketobutyrate Threonine

Leucine Valine Isoleucine
| | 1

TRANSAMINATION
(Branched-chain amino acid aminotransferase)

v

o-Ketoiso- N
caproic acid
oa-Ketoiso-
valeric acid
o-Keto-B-methyl-

valeric acid

OXIDATIVE DECARBOXYLATION
(Branched-chain o-keto acid dehydrogenase
coenzymes: NAD™, CoA, TPP, lipoic acid, FAD)

[Oxidative decarboxylation of branched-

chain amino acids is deficient in maple
syrup urine disease.

I

Isovaleryl CoA

Isobutyryl CoA
DODURLYS Lo o-Methyl-
butyryl CoA

FAD-linked DEHYDROGENATIONS

v

B-Methyl-
crotonyl CoA

Biotin | Carboxylase

N
p-Methyl- /
glutaconyl CoA K
HMG CoA ACETYL CoA
\v Propionyl CoA
Algéﬁ_':?r'E Biotin Carboxylase
- Methylmalonyl CoA

ACETYL CoA

5'-Deoxyadenosyl-
cobalamin
(derivative of B45)

Mutase

SUCCINYL CoA




Catabolism to acetyl CoA or acetoacetyl CoA

* Tryptophan, leucine, isoleucine, and
lysine form acetyl CoA or acetoacetyl CoA
directly, without pyruvate serving as an
intermediate

* Phenylalanine and tyrosine also give rise
to acetoacetate
* Tryptophan: alanine and acetoacetyl CoA

* Quinolinate is used in the synthesis of
NAD

Tryptophan
¢ Tryptophan dioxygenase

v

Kynurenine

v

Alanine + 3-Hydroxyanthranilate

,/~\

,/ A Quinolinate
e Y~ pRpP
%  /
ACETOACETYL CoA NAD(H)
2-0,POCH, o. H Ko AMP
H H R
PRPP synthetase
& OH
HO OH
Ribose 5-phosphate
2-0,POCH, 5 M
0 0

YW I

O—P—0—P—0"

I I
O OH .. o

PRPP




Catabolism to acetyl CoA or
acetoacetyl CoA

* Leucine: exclusively ketogenic
* |soleucine: both ketogenic and glucogenic

* Lysine:
* Exclusively ketogenic

* Neither of its amino groups undergoes
transamination

Leucine Valine Isoleucine

TRANSAMINATION
(Branched-chain amino acid aminotransferase)

v

o-Ketoiso- N
caproic acid
oa-Ketoiso-
valeric acid
o-Keto-B-methyl-
valeric acid
1

OXIDATIVE DECARBOXYLATION
(Branched-chain o-keto acid dehydrogenase
coenzymes: NAD™, CoA, TPP, lipoic acid, FAD)

[Oxidative decarboxylation of branched-

chain amino acids is deficient in maple
syrup urine disease.

I

Isovaleryl CoA
Isobutyryl CoA

o-Methyl-
butyryl CoA

FAD-linked DEHYDROGENATIONS

v

B-Methyl-
crotonyl CoA

Biotin | Carboxylase

N
B-Methyl- 4
glutaconyl CoA %
HMG CoA ACETYL CoA
\y Propionyl CoA
A‘;‘éﬁ:?r'E Biotin Carboxylase
£ Methylmalonyl CoA

ACETYL CoA

5'-Deoxyadenosyl-
cobalamin
(derivative of B45)

Mutase

SUCCINYL CoA




Branched-chain amino acid degradation

e BCAA are essential
 Particularly muscles

* Transamination (B6) branched-chain amino acid
aminotransferase - Oxidative decarboxylation branched-
chain a-keto acid dehydrogenase (BCKD) complex; E3
component is identical

* Produces unsaturated acyl CoA derivatives and FADH,

* BCAA catabolism also results in glutamine and alanine being
synthesized and sent out into the blood from muscle

Leucine Valine Isoleucine
] ] ]

TRANSAMINATION
(Branched-chain amino acid aminotransferase)

o-Ketoiso- l
caproic acid
a-Ketoiso-
valeric acid
o-Keto-B-methyl-
valeric acid

OXIDATIVE DECARBOXYLATION
(Branched-chain o-keto acid dehydrogenase
ccccc ymes: NAD", CoA, TPP, lipoic acid, FAD)

Oxidative decarboxylation of branched-|
chain amino acids is deficient in maple
syrup urine disease.
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Isobutyryl CoA
SeMbyE e o-Methyl-
butyryl CoA

FAD-linked DEHYDROGENATIONS
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B-Methyl-
crotonyl CoA

Biotin| Carboxylase

N
B-Methyl- /
glutaconyl CoA x
HMG CoA ACETYL CoA|
¢ Propionyl CoA
A?:i?::'E Biotin Y Carboxylase

+ Methylmalonyl CoA
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5'-Deoxyadenosyl-
cobalamin
(derivative of Byy)
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\II CNH(GI)

Folic acid and one-carbon metabolism | meeesems

S+ 1 -
* Addition of single-carbon groups: formyl, methenyl, mH
methylene, and methyl o
e Carrier compounds such as THF and SAM &II
« THF, dihydrofolate reductase, (NADPH) (N5 or N10 or both)| s
* Folate deficiency presents as a megaloblastic anemia I<, )

Dihydrofolate :DHF} Tetraydrofolate [THF]

o , HN" \&>I I -
N _N= (from dUMP)
DHFR T T cH:
_,,l.;-:. N3, N10-Methylene-THE
HN™ N H NADH + H*
MTHFR
NAD*

Hydride Tranafer
HH O H O
-
I I HH; HH; :[ I :{>Methuonme
N homocyste ne)
CH H
FI! NADPH I-ll NADP* N5-Met::1y|-THF
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A. Synthesis from a-keto acids

* Alanine, aspartate, and glutamate

* Transamination reactions

e Glutamate is unusual

a4 Amino acid o~Keto acid E
PYRUVATE € \/ > Alanine
Aminotransferase
PLP
\_ 4
( - - -
Amino acid o~Keto acid

OXALOACETATE <€ \-/ > Aspartate

Aminotransferase
\ PLP )
i )
Amino acid o-Keto acid
o-KETOGLUTARATE (\/ > Glutamate
Aminotransferase
& PLP Y




B. Synthesis by amidation

e Glutamine: glutamine synthetase; ATP, source?

* Asparagine: asparagine synthetase; glutamine; ATP, source?

Glutamine synthesis

As pa ragine Glutamine Synthetase
synthetase E
(AS) Glutamate  + NH, + ATP Glutamine  + ADP + Pi

Aspartate + Glutamine 7?’ Asparagine

ATP  AMP
+ PPi

NH,* Asparaginase

/ NH4<T H,0 +

Glutaminase

Glutamine hydrolysis



C. Proline

e Glutamate via glutamate semialdehyde is converted to
proline by cyclization and reduction reactions

* The semialdehyde can also be transaminated to ornithine

PYCR1
o o} o PYCR2 (o}

A
HO ~ EC:2.7211;1.21.41 o EC:1.5.1.2 ol
—f=g * s
HN ) R O Tl N
OH QGOH Lglutamate Aoe L-P5C L-proline
H
NADPH Glutamate
O— NADP” T 2 aoRne
Bk H A '-pyrroline- Ec26.1.13 | o-Ketoglutarate

5-carboxylate o

glutamic acid glutamic
semialdehyde " N

NH,
L-omithine




D. Ser, Gly, and Cys: The pathways of synthesis

dalre mterconnected OH o
O NAD™ O
o 1. ®-0 O ®-0 O
° Serlne 1' D-3-Phosphoglycerate Phosphohydroxy-
* 3-phosphoglycerate - 3-phosphopyruvate P
- 3-phosphoserine - Serine K n
e Oxidation; transamination; hydrolysis NHg NHg*
O i 2 O
Y AT o8
. L-Serine Phospho-L-serine
* Serine — 2: , ;
* From Gly; serine hydroxymethyltransferase B ch'"e ] ’mco”NH"‘
. N°,N'*-Methylene-
using THF as the one-carbon donor core |- tatiahydeotolate
hydroxymethyl-
ansh e ! Tetrahydrofolate
Serine
Serine dehydratase




D. Ser, Gly, and Cys: The
nathways of synthesis

are interconnected
e Glycine:
* From serine by removal of a
hydroxymethyl group, also by

serine hydroxymethyltransferase

 THF is the one-carbon acceptor

* Cysteine:
* Hcy combines with serine,
forming cystathionine

* Hydrolysis to a-ketobutyrate and

cysteine

N
i “CH,
CH, o | )<
H(I:NH3+ N c
— | |
oL CHj3 1
Homocysteine

l.
iL-Serine N>-Methyltetra

Cystathionine
pB-synthase

Y
(|3H2—S-C|)H2
(|3H2 H(IDNH3+
HCIDNHS+ COO
COO

Cystathionine

HoO
y-Cystathionase @Q‘\

Y a-Ketobutyrate + NH;
Cysteine

I




E. Tyrosine

* Tyrosine is formed from phenylalanine by PAH

* Requires molecular oxygen and the coenzyme
tetrahydrobiopterin (BH,), which is synthesized
from guanosine triphosphate (GTP)

* One atom of molecular oxygen becomes the
hydroxyl group of tyrosine, and the other atom is
reduced to water

* BH, is oxidized to dihydrobiopterin (BH,). BH, is

regenerated from BH, by NADH-requiring
dihydropteridine reductase

* Tyrosine, like cysteine, is conditionally essential

Phenylalanine

Tetrahydro-

biopterin + O,
Phenylalanine
hydroxylase
Dihydro-

biopterin + H,0
v p 2

Tyrosine

v oV

FUMARATE ACETOACETATE




AMINO ACID METABOLISM DISORDERS

Cystinuria

* Single gene disorders (inborn errors of metabolism) | Histidinemia

Phenylketonuria

 Variable activity of the enzymes Methylmalonyl CoA

mutase deficiency

* Without treatment - intellectual disability or other | Aminism
developmental abnormalities

~ Common

* >50 of these disorders have been described (most | Bow 0

are rare , <1 per 250,000) Incidence (per 100,000)
* Collectively, however, they constitute a very Homocystinuria,

Alkaptonuria*

significant portion of pediatric genetic diseases

Maple syrup urine disease*

Cystathioninuria*

Cystinosis*

*All have similar incidence




® The diseass is due 10 &
ceficiency in fumany)-
acefoacetate hydrolase

@ Fumarylacetoncetate
and its matabolites,
particulardy suecinyi
acetone, accumadlate
in the wine

DEFICIENCY
@ Characteristic cabbage-
Primgroroas .mmuac:‘bamm
Elovatod lovels of methyimalonic acid
.mmmm
@ Metabolic scidosis and dovelopmenta’
problems oocur.

MAPLE SYRUP URINE
{see "Valre' and "loleucne” below)

CYSTATHIONINURIA

@ Accumulation of cystathonine
and s metabolites is cue 10 a
race deficiency in cystathionase.

MAPLE SYRUP URINE DISEASE Homocysters
© Thoe disesse is Cud 10 0 deficiency in Branched-
chain a-keto acid dehydrogenase. '
@ Lovels of branched-chain a-amino acids and their
a-keto analogs are olevated in plasma and urine.

©® Neurclogic problems are common The dissase
has & high mortaity rate.

® Treatment invoives a restricted dietary intake of
the hranchod-chain amino acids.

Valine Iscleucine w-—.‘[.ﬁ HOMOCYSTINUNA

@ The disease is due 10 a deliciency
n cystathionine synthase.

@ Accumulation of hommocysteine
occurs in the urine.

@ Methionine and i1s metaboites




A. Phenylketonuria

* The most common clinically encountered inborn error
of amino acid metabolism (incidence 1:15,000)

* Deficiency of PAH and hyperphenylalaninemia (10
folds; plasma, urine, tissues), Tyrosine is deficient

* Management!

H

CH,-G-CO0™
NH,*

Phenylalanine

Tetrahydro-
biopterin + O
PKU 4
Phenylalanine D.Ihydrc->-
hydroxylase biopterin + H20

Y
H

CH,-C-CO0™
NH*
HO

Tyrosine

e Other causes of Hyperphenylalaninemia (indirect) and

management!

Tyrosine synthesis Catecholamine synthesis

Phenylalanine

02
Tetrahydro
biopterin \ /

Phenylalanine  (BH,)

hydroxylase

Dihydro-
biopterin
HeQ (BHy)
Tyrosine

Dihydropteridine
reductase

NADH + H*

NAD"

Tyrosine

a

Tyrosine
hydroxylase

H,0

DOPA

Catechol-
amines

0O,
Tetrahydro
biopterin
(BH,)

Dihydro-

biopterin
(BHy)

A

GiliR

NAD*

Dihydropteridine
reductase

NADH + H*

Serotonin synthesis

Tryptophan

0,
Tetrahydro
biopterin \ /

Tryptophan — (BHy)
hydroxylase
Dihydro-
Ho0 biopterin

5-Hydroxy- (/12

tryptophan

Serotonin  gTP
A deficiency in dihydropteridine reductase or any of the enzymes of BH, synthesis leads to
hyperphenylalaninemia and decreased synthesis of catecholamines and serotonin.

NAD"

Dihydropteridine
reductase

NADH + H*




A. Phenylketonuria

* Name of the disease?
* Elevated levels of phenylketones

* Phenylpyruvate (a phenylketone), phenylacetate, and
phenyllactate, which are not normally produced in
significant amounts

* These metabolites give urine a characteristic musty
(“mousy”) odor
* CNS effects:

» Severe intellectual disability, developmental delay,
microcephaly, and seizures

* Symptoms of intellectual disability by age 1 year and
* Rarely achieves an intelligence quotient (1Q) >50

Phenylalanine roteins

Tissue p
/

i / Melanin
. —
Tyrosine

—> Catecholamines

N\

Fumara te
Acetoacetate

Phenylketonuria

Phenylpyruvate » Phenyllactate

T Phenylacetate
Phenylalanine
| ~
Y

120+

100




Phenylketonuria

Phenylpyruvate » Phenyllactate

A. Phenylketonuria A

Phenylacetate

Phenylalanine =
* Hypopigmentation T Ea
e (fair hair, light skin color, and blue eyes)

* The hydroxylation of tyrosine by copper-
requiring tyrosinase, is decreased

* Newborn screening and diagnosis (24-48h) -

* Management! Aspartame |

* Maternal phenylketonuria syndrome: o] \

. . . o
* Teratogenic (microcephaly and congenital -
heart abnormalities)

* Prior to conception 0%

0 1 2 3
Years after discontinuation of diet

80




B. Maple syrup urine disease

e Autosomal recessive * |f untreated, the disease is fatal

* Deficiency in BCKD * If treatment is delayed,

« BCAA and their corresponding a- intellectual disability results
keto acids accumulate causing * Screening and diagnosis
CNS effects

* Feeding problems, vomiting,
ketoacidosis, changes in muscle
tone, neurologic problems

e Characteristic maple syrup—like
urine odor (lle)




B. Maple syrup urine disease

Leucine Valine Isoleucine
| 1 1

TRANSAMINATION
(Branched-chain amino acid aminotransferase)

Leucine Valine Isoleucine
| | ]

v

o~Ketoiso-

caproic acid v

o-Ketoiso-

valeric acid

o~-Keto-B-methyl-
valeric acid

TRANSAMINATION
(Branched-chain amino acid aminotransferase)

L
OXIDATIVE DECARBOXYLATION
(Branched-chain a-keto acid dehydrogenase
coenzymes: NAD™*, CoA, TPP, lipoic acid, FAD)

v

o~-Ketoiso-
caproic acid
o~-Ketoiso-
valeric acid
o~-Keto-B-methyl-
valeric acid
L

OXIDATIVE DECARBOXYLATION
(Branched-chain a-keto acid dehydrogenase
coenzymes: NAD™, CoA, TPP, lipoic acid, FAD)

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

Isovaleryl CoA A4

Isobutyryl CoA etV

butyryl CoA

FAD-linked DEHYDROGENATIONS

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

* A group of conditions in which a
defect in tyrosine metabolism
results in a deficiency in the
oroduction of melanin * Total absence of pigment

(tyrosinase-negative

oculocutaneous albinism, type 1

albinism), results from an absent

or defective copper-requiring

* Albinism appears in different tyrosinase
forms, and it may be inherited
as: autosomal recessive (primary
mode), autosomal dominant, or

X-linked

 Partial or full absence of
pigment from the skin, hair, and
eyes

* Hypopigmentation, vision
defects, photophobia, increased
risk for skin cancer



D. Homocystinuria

* A group of disorders, autosomal-recessive, high urinary
levels of Hcy, high plasma levels of Hcy and
methionine, and low plasma levels of cysteine

* Most common cause: cystathionine B-synthase

* Homozygous patients exhibit increased risk for
developing thrombi (the major cause of early death)

* Management: restriction of methionine and
supplementation with vitamin B12 and folate

 Some patients are responsive to oral administration of
pyridoxine (milder form)

* Deficiencies in methylcobalamin or MTHF reductase
[MTHEFR]; also result in elevated Hcy

SIH
CH,
CH
HCIJN H,'
COO
Homocysteine

L-Serine
Cystathionine
B-synthase
PLP H,O

CI)HZ—S-CI)H2
(|3H2 H(IJNH3+
HCI3NH3+ COO
COO™
Cystathionine




m Urine from a patient
with alkaptonuria

E. Alkaptonuria and Tyrosinemia Type 1

* A rare organic aciduria: a * Deficiencies in |
deficiency in homogentisic fumarylacetoacetate hydrolase, | (Mg o=, !
acid oxidase (accumulation of  result in tyrosinemia type | and v s 1B
HA) a characteristic cabbage-like
odor to urine

* Symptoms: homogentisic
aciduria (oxidized to a dark

. B Vertebrae from a patient
Tyrosine with alkaptonuria

\

pigment), early onset of p-Hydroxyphenylpyruvate
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