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Important coenzymes

" Pyridoxal phosphate (PLP, B), transamination
and certain carbon skeleton catabolism

= Tetrahydrofolate (FH,), folic acid, one-carbon
transfer regardless of the oxidation state,
degradation & synthesis pathways

= Tetrahydrobiopterin (BH,), required for ring
hydroxylation reactions (e.g., phenylalanine to
tyrosine), utilize molecular O,



Synthesis of amino acids

= 11 non-essential, 9 essential

= Usually, non-essential are used for synthesis of nitrogen
compounds

= 9/11 can be produced from glucose plus a source of nitrogen

Essential Amino Acid Mnemonic
Private Tim Hall => PVT TIM HALL

=2/11 (tyrosine & cysteine [S
only]), require essential aa for .
synthesis PETre—

e V- Valine
e T - Threonine

= 10/11 (glucose derived); carbon  wrm.

e T - Tryptophan

skeletons are derived from . 1- Isoleucine

¢ M - Methionine

intermediates of glycolysis &
TCA cycle

- Histidine
- Arginine®
- Leucine

- Lysine

| e a1 - e 7

* Only essential during (+)Nitrogen Balance



Synthesis of amino acids

= 4/10 (serine, glycine, cysteine, & alanine) are produced from
intermediates of glycolysis

=6/10 are produced from TCA cycle intermediates

= 4/6 (glutamate, glutamine, proline, & arginine) have a-
Ketoglutarate as the precursor

= 2/6 (aspartate & asparagine) have oxaloacetate as the
precursor



Degradation of amino acids

= Generally, pathways are distinct from biosynthetic ones

= Almost every amino acid will have a degradative pathway that
can generate NADH

= The fate of the carbons depends on the physiologic state of
the individual (fed vs. fasting)



Degradation of

amino acids

= Liver is the only tissue that has all
synthetic & degradative pathways

= Carbons are degraded &
converted to
v GO,
v Glucose (puruvate & TCA
intermediates —(a-SCoA-F-0O)
v" ketone bodies precursors
(acetoacetate & acetyl CoA)

= Degradation classify amino acids
to glucogenic, ketogenic, or both

( Essential ] [ Nonessential |

a8 ™
Glucogenic
Glucogenic and Ketogenic
Ketogenic
Alanine Tyrosine
Arginine
Asparagine
Aspartate
Cysteine
Glutamate
Glutamine
Glycine
Proline
Serine
s NG 4 ~
Histidine Isoleucine Leucine
Methionine |Phenyl- Lysine
Threonine | @lanine
Valine Tryptophan
Y W e = =




&-P Gluconate Glycogen

Degradation of amino A K v

Xylulosa 5.P Glucosa 6-P £ Glucose

- 1 4t
Frucloss &-P Fructosa
Sedoheptulosa 7-P
e T ioss 407 4% "
W Fructosa 1.6-biS-P/— GlymmldghdeTFmC‘tﬁ‘Q 1-P

¥
Glyceraldshyde 3-P Glyceraldehyds 3-F %5 Dihydroxyacstone-P
T

1,3-bis-Phosphoglycerats Glycerol-P 4—— Glycarol

% Carbon skeletons converge to form TR S

¥
2-Phosphoglycerats

I I oa ++ Fatly aIyI cm.._panfacid
seven intermediate products: Pﬂ o

T Iy

T Lactate %5 Pynvale Malonyl Cof
CO;

v Oxaloacetate oo T i é’ e 4*
Carbamayl-P o R
v’ a-ketoglutarate %, )

) Argininosuccinate “[g e L - GI (o Arg
v’ Pyruvate O - e

nnnnn Si VICDA(—I"I thylmalonyl Cod

v’ Fumarate . ] e
v Succinyl CoA A S
v’ Acetyl CoA Sor Ly

v' Acetoacetate E]r: PYRUVATE(—@e o

Asn 002 Tyr
ACETYL CoA & ACETOACETATE

% These products result either in: //’L‘ I
v’ Synthesis of glucose "'Ht e 5 -
/ SyntheSiS Of Iipid ;UMAR\KI-E ..--KETOGLUTARATE«-_—-’Glu—EirS‘:)

p co,

v" Production of energy (CO, & H,0) by TCA e T ETT e

cycle Val




A. Amino Acids that form Oxaloacetate

= 1. Aspartate
= AST (reversible)

= 2. Asparagine

= Glutamine provides the nitrogen;
different from glutamine

» Degraded by asparginase; similar to
glutaminase

% Asparagine is essential amino acid for
some rapidly dividing leukemic cells
(Asparaginase can be administered
systemically to treat leukemic patients)

(IZOO‘
CH;
t=0
(IZOO‘
Oxaloacetate

transamination I PLP

coo~

‘_ﬂ‘TP Aspariate
Glutamine

Glutamate
AMP + PP,

-----

CoOo~
Asparagine



B. a-Ketoglutarate related

1. GLUTAMATE

= Transamination or Glutamate DH
= Used for the synthesis of
Glutathione; an important

antioxidant

=2. GLUTAMINE

= Glutamine synthetase

= 3 human enzymes fixes free
ammonia (glutamate DH & CPSI)

= Reconverted to glutamate by a
different enzyme, glutaminase

Glucose

a-Ketoglutarate

EGIutamine O !.Glutamate

------

coo™
Glutamine



B. a-Ketoglutarate related

= 3. ARGININE
= Cleaved by arginase to form urea & ornithine
= |f ornithine is In excess, it will be transaminated to glutamate

0—b-0

72_4 giutamate 5kinase :2_«

glutamate 5 -phosphate

dlutamate
glutamate NADPH
& - semialdehyde
dehydrogenase

ydrog NADP* + P
MH, ornithine-—-oxo-acid
transaminase
’ L
H3N+ az- keto acid an amino acid  H N
arnithine dutamate 5 - semialdehyde

Ornithine synthesis from glutamate



NH*S_' _______
B. a-Ketoglutarate related G, EH= 600
NN
= 4. HISTIDINE Histidine
= Essential, however, 5 carbons come from htmf’ NH“ ______
glutamate I AR
. « i g . oM
= [n a series of steps, histidine is converted N“‘“""‘"Urmnﬂte
to N-Formiminoglutamate (FIGLU). The !
subsequent reactions transfer one carbon ':E:;::':-E::"éi{"'gﬁ"'ciil""df:fr:'-‘"
of FIGLU to the FH, pool and release NH,* - e
& glutamate o
. NH
* The FIGIu excretion test has been used N-Formiminoglutamate
in diagnosing a deficiency of folic acid S
c0O6 o i@]@iﬁi@é@'“f
/S == . |
CHE_C{L Hisﬁdmboxylase CHE_THE N*-Formimino-FH,
/:{ +NH3 PLP /:{ +NH,, beHI
N NH {H N5, N19-Methylene-FH,
w\\\\‘.ﬂ/ NW HEDi
Histidine Histamine

N'°-Formyl-FH,



C. Pyruvate related
= 1. Alanine: transamination (ALT)

= 2. Serine:
* Produces glycine & cysteine
= Degraded to form pyruvate

O O O
Ao Ho™ ok HS/\’/lLOH
NH,

NH,

glycine (Gly) oysteino (Cys)

serine (Ser)
= 3. Glycine:

= Synthesized mainly from serine
(reversible)

= Requires FH, & PLP

= Energy can be generated directly through
glycine cleavage enzyme (dehydrogenase)

to produce CO,, NH,, & C to FH,

GHa
HC')NHQ*'
COO
L-Alanine

o-KETOGLUTARATE
Alanine
aminotransferase
Glutamate

GHs
c=0
COO™

PYRUVATE

Glucose : Glycine:

T 1.

S-Phusfnhoglycerate —» | Serine *

------- -

/

2-Phosphoglycerate jmmmmeeaas )
: Cysteine :

----------

\p;r'L]JEate 4/45052

a Glycine ——>» CO, + NH:,]

B PYRUVATE

N5,N'%-Methylene-
Serine tetrahydrofolate
hydroxymethyl-
faE—— Tetrahydrofolate

Serine

Serine dehydratase
NH,,"' H,O




Methionine —\\‘

C. Pyruvate related
i 2
s CHa
o 4. CyStelne E‘DOC—(IZH—CHEEGH H_(:3_[{”_|3
= C&N from serine o : N = T
=S from methionine PLP nase
= Feedback inhibition through SN 0
cysteine " i700C=CH=CHyES
i P LR f NHy | CHp
= Cysteine essentiality is FA . Succingl Con
governed by methionine ; -
] . . ' - L-Methylmalonyl CoA
= Excess cysteine in diet i, Cystathionine Ty
I 1 . HsO p-Methylmalonyl CoA
spgrgs methionine | ':‘J’S‘““"Taje o e
| Th|S IS the Only degrada“ve n“ NHZ o -Ketobutryate —e Propionyl CoA
route for homocysteine "\, {000=CH-CHEsH.
2 Requires PLP eanes gii:q'iﬁ;:
= liver deSU|fura_39 produces Vitamin B, or congenital enzyme
hydrogen sulfide (H,S) & deficiency result in homocystinemia,

pyruvate which is associated with CV disease



D. Fumarate related

=1. ASPARTATE
= Urea cycle

* Fumarate to malate; anaplerotic or
oxidative purposes

=2. PHENYLALANINE & TYROSINE

= Tyrosine, hydroxylated or diet, is oxidized
to form acetoacetate and fumarate

= Diseases

L-Phenylalanine
Tetrahydro-

Phenylalanine biopterin + O,

hyd, |
peres Dihydro-

biopterin + H,0

L-Tyrosine

vV oV

FUMARATE ACETOACETATE

NHg
CH,— CH COO~

@

Ci—C:
Phenylalanine
PKU phenylalanine hydroxylase
s
HO @C H; —CH—COO0~
Tyrosine
Tyrosinemia 11 tyrosine aminotransferase
PLP
i
HO Q CH,—C—=C00~
Cr—C;
p-Hydroxyphenylpyruvate
CO,
OH
:Ci—CH, - C00™

Homogentisate

Alcaptonuria + homogentisate oxidase
Tyrosinemia Ix fumarylacetoacetate hydrolase
0]

HO

L
“00C—CH=CH—COO™  EHy—~C=CH,—COO"

Fumarate Acetoacetate



E. Amino Acids That SN
i N® — CH,y—FH, Bio *— SAM
Form SUCCInyI' COA FH“X;E_CHS’/ ‘/L’"CHB"donated

Homocysteine
Serine —| — S-Adenosyl homocysteine

= Met, Val, lle, & Thr .

Cystathioning

Cysteine 4/ PLP
3

r

= Degraded to form propionyl-CoA A

N CO,
Propionyl CoA ‘T Isoleucme
. . GDQ‘N\ Biotin Acetyl CoA
= Propionyl CoA is carboxylated } e

o-Methylmalonyl Coa ===

(B-) then converted to succinyl
CoA (By,) ey

Succinyl CoA
_.--TCA cycle
Glucose 4"~
HCO, + ATP  ADP +P,

? biotin (]? " B oo rina
CH3CH,—C—SCoA &l‘. CHg—gH—C—SCoA - CH3—CIH—~:=::)C:: T ?Hz—CHz—L/UU

propionyk CoA COO methylmalonyl-CoA C=0 m;rl]:ny{-CoA C=0

carboxylase epimerase éCDA e éCDA

propionmyl-CoA D-methylmalonyl-CoA L-methylmaonyl-CoA succinyl-CoA



E. Amino Acids That Form Succinyl- CoA

= 1. METHIONINE

= Methionine —» SAM — S-
adenosylhomocysteine (SAH)

* SAH — homocysteine — cyseine
(PLP)

= Methionine can be regenerated from
homocysteine (FH, & vitamin B;,)

= Homocystinemia is associated with
CV disease

. e Heoy _
HyC—5—C—C—C—CO0

M52 CO0™ —p i e
¢ | Adenine
o S-adenosyl-
m ethionine
HOH OHH (SAM)

THF@ acceptor
M-methyl-THF l@methylated acceptor

adenosine H,O S—C C C coo-

|
H: Hz CH, MH,

H
H3—C—C—C—C00~ I )
. | 0 Adening
homocysteine MHz, S-adenosyl-
Y H homocysteine

OH OH

i oni NH
methionine *  ATP PP+

“CHy" donated
Homaocysteine

SEriﬂe\i — S-Adenosyl homocysteine
PLP

Cystathionine

Cysteine ‘/iPLF'

 Threonine —rr o-Ketobutyrate

""""" NHs
co,

Propionyl CoA Isoleucme

............

\{Botln Netvl CoA
Valine !

D- Meth}flmalon}rl CopA "t

L- Methylmalc-nyl CoA
lWMmMBw
Succinyl CoA

l

_.--TGAcycle
Glucose 4~



E. Amino Acids That Form Succinyl- CoA

= 2. THREONINE

= Converted to pyruvate or to a-
ketobutyrate

» Degraded by threonine dehydratase
(PLP) to ammonia and a-
ketobutyrate, which subsequently
undergoes oxidative decarboxylation
to form propionyl CoA (succinyl CoA)

N‘E—CHE—Fqufa‘]g SAM

“CH5" donated
Homocysteine

SEriﬂe\i — S-Adenosyl homocysteine
PLP

Cystathionine

Cysteine 4/1PLP

+ Threonine —rb- a-Ketobutyrate

""""" NH,
co,

Propionyl CoA ' Isoleucine '

GDz\{Botin \ :,qgeﬂ-'" CoA
' Valine '

o-Methylmalonyl CoA T

L-Methylmalonyl CoA
lWMmMBm
Succinyl CoA

!

_.--TCA cycle
Glucose 4«



E. Amino Acids That Form Succinyl- CoA
=3. VALINE & ISOLEUCINE " Vaiine E— R

....................................

" Branched-chain amino faaion SO SO O
acids (V, I, L) T
= AImost 25% of the ““*w

content of the average {‘”‘”‘2“} e Poo
protein (energy) \'\_L ______ e
* Highest degradation - / \ o
activity is in muscle e oo /
( ene rg y) L-Methylmflonyl CoA
)

Gluconeogenic

= A. Branched-chain a-amino acid aminotransferase, (PLP)
= B. Oxidative decarboxylation (a-keto acid dehydrogenase)

= |_eucine, does not produce succinyl CoA (acetoacetate and
acetyl CoA), strictly ketogenic



F. AMINO ACIDS THAT FORM ACETYL CoA
& ACETOACETATE (ketogenic)

*| eu, Lys, lle, Phe, Tyr, & Trp

=1. Tryptophan

= Non-ring carbons oxidized to form

alanine

= Ring carbon oxidized to acetyl

CoA

= NAD+ & NADP+ can be produced
from the ring structure of
tryptophan (niacin requirements)

O

AN

»

N

@\—W - CH,— CH=COO0"!
G
M

. Kynurenine

Tryptophan

;H—o- HCOO™

Formate

pLp/| kynurenine

>

Hanthurenic acid

and other urinary
metabolites

- - ‘r.-‘
Micotinamide
moiety of

.................

g Alanine
. COs

Acetyl CoA

NAD and NADP



P )

Amino acid a-Keto acid

Biosynthesis of Nonessential | s

- J/

] ™1 -
Amino Acids
OXALOACETATE (LL)Aspanate

Aminotransferase

J
~

= Synthesized from intermediates of metabolism or, as
. . . Amino acid o-Keto acid
In the case of tyrosine & cysteine FEEN 7

R &

Aminotransferase

= A. Synthesis from a-keto acids: Alanine, aspartate, . /
Glycine —>» CO, + NH,

and glutamate Al EE
= B. Synthesis by amidation: Glutamine & Asparagine | = == > runactome

Serine

= C. Proline: Glutamate converted to proline by ‘/$
cyclization & reduction rxns Bw HO

= D. Serine, glycine, & cysteine: =T

= Serine: from glycine (serine hydroxymethyl transferase) “"7.2CG

= Glycine: from serine (serine hydroxymethyl transferase) B e e
= Cysteine: from homocysteine & serine S ; ey
R | e oo

= E. Tyrosine: from phenylalanine ¢ e

Propionyl CoA ! Isoleucine :
Tetrahydro- :
PKU bloptm"’ln +0, CO2™\|Biotin \Myl CoA
Dihydro- ! Valine !
Phenylalanine D-Methyimalonyl CoA vttt
hydroxylase biopterin + H,0 l

L-Methylmalonyl CoA

H

f i lVl(amm By,
CHQ*(I}COO = —
NH,* uccinyl Co,
HO l

L-Tyrosine _.--TCAcycle
Glucose 4~




Metabolic Defects in Amino Acid

Metabolism
= Commonly caused by mutant genes

* The inherited defects may be total or, mostly, partial
deficiency in catalytic activity

= \Without treatment, result in mental retardation or other
developmental abnormalities

= More than 50 have been described, many are rare

» Phenylketonuria is relatively common



Phenylketonuria (PKU)

= Deficiency of phenylalanine hydroxylase, most common clinically

encountered inborn error of amino acid metabolism

= Characterized by accumulation of phenylalanine and a deficiency

of tyrosine

= Restricting dietary phenylalanine does not reverse the CNS effects

(deficiencies in neurotransmitters)

* Replacement therapy improves the clinical outcome

= Maternal PKU syndrome

Tyrosine synthesis Catecholamine synthesis Serotonin synthesis

Phenylalanine Tyrosine Tryptophan
(o ) (e O-
Tetratwydro NAD' Tetrahydro NAD® Tetrahydro NAD'
| t-oplrnn\\ / = biopterin \ / : bicptorin \ /
Phenylalanine  (BH,) yrosine (BHy) fyptophan (BHy)
Nydroxy? . D‘"f‘" o‘”"’;?“ hydroxylase - Dl?oroplz‘vﬂdv o hydroxylase S W'Ml Lg;d"”
/ Dityycro- / \ Dihydro- / \ Diydro-
H 20 bloplenn " 70 Diopltenn H-0 Dloptenn
(BH,) ¢ (8H,) . - (BH,) oM
Tyrosine 2 NADH + H DOPA 2 NADH + H 5-Hydroxy- $2 NADH + H
A \ tryptophan
A Catechol- A Y A
amines in g1p
A deficiency in dihydrobiopterin reductase or any of the enzymes of BH, synthesis leads to
hyperphenylalaninemia, and decreased synthesis of catecholamines and serotonin,




Phenylketonuria (PKU)

= Characteristics of PKU:

= Elevated metabolites:
musty (“mousey”) odor

= CNS symptoms:
Mental retardation,
failure to walk or talk,
seizures, ...., and
failure to grow

Phenylalanine Tissue proteins

i / Melanin
. —
Tyrosine
\ —> Catecholamines
Fumarate
Acetoacetate

Phenylketonuria

Phenylpyruvate === Phenyllactate

1

Phenylalanine

Phenylacetate

3
.
:
] -
== P
.
' . o

= Untreated PKU typically shows symptoms of mental retardation
by year 1 (neonatal screening, 24 to 48 hours of protein feeding)

= Hypopigmentation: fair hair, light skin color, and blue eyes. The
hydroxylation of tyrosine by tyrosinase, is the first step in the
formation of the pigment melanin. It is competitively inhibited by
the high levels of phenylalanine



Maple syrup urine disease

= Rare, autosomal recessive disorder
= Partial/complete deficiency (branched-chain a-keto acid

dehydrogenase)

= Amino acids & their
corresponding a-keto acids
accumulate in the blood, causing
a toxic effect that interferes with
brain functions

= The disease is characterized a
maple syrup odor of urine

= |f untreated, leads to mental
retardation, physical disabilities,
& even death

= Treatment: synthetic formula -
limited amounts of leucine,
iIsoleucine, & valine — sufficient

........................

Transamination

o.-Ketoisovalerate

Oxidative
decarboxylation €O, €O,
(ex-keto acid NADH NADH
dehydrogenase)
Isobutyryl CoA 2-Methylbutyryl CoA

FAD (2H) l
t=b2NADH

\A co, l\-» Ac_etylGoA <ﬂlco A

5 NADH Propionyl CoA :

I Defective in CO,
maple syrup
urine disease

p-Methylmalonyl CoA
L-Methylmalonyl CoA
Succinyl CoA

|

Gluconeogenic

o.-Keto-p-methylvalerate

............

o.-Ketoisocaproate

CO,
NADH

Isovaleryl CoA
t+MDwm
CO,

Ketogenic



Homocystinuria

= A group of disorders involving defects in the metabolism of homocysteine
» [nherited as autosomal recessive illnesses

= Characterized by high plasma and urinary levels of homocysteine &
methionine & low levels of cysteine

= The most common cause of homocystinuria | Sh
is a defect in the enzyme cystathionine [3- CH,
synthase, which converts homocysteine to GHa
cystathionine IS

= Patients can be responsive or L-Homocysteine
nonresponsive to oral pyridoxine (B6)—a St
coenzyme of cystathionine (3-synthase Cystathionine Be

. . . B-synthase

* Responsive patients usually have a milder H,0
and later onset of clinical symptoms CHy-S-CH,

= Treatment: restriction of methionine intake GHp  HONHg*
& supplementation with vitamins B6, B12, & Hggg§+ CeS
folate Cystathionine




Albinism

= Refers to a group of conditions in which a defect in tyrosine
metabolism results in a partial or full deficiency in the production of
melanin

* Inherited by several modes: autosomal recessive, autosomal
dominant, or X-linked

= Complete albinism - rare (the most severe form of the condition)
results from a complete deficiency of tyrosinase activity, causing a
total absence of pigment from the hair, eyes, and skin

= [n addition: vision defects and photophobia and higher risk for skin
cancer

5 \
. i




u Urine from a patient
with alkaptonuria

Alkaptonuria A

= A rare metabolic disease

= A deficiency in homogentisic acid
oxidase — accumulation of

s
<—>—C:H2 —CH—CO00"

i

- Phenylalanine

+ phenylalanine hydroxylase

PKi

c

homogentisic acid o) T
* Three characteristic symptoms: - ey ST o
» Homogentisic aciduria ot s Sovs T O
[ | Large jOint arthritis oxidation of homogentisic HO@CHQ_C_GOO_
* Black pigmentation of cartilage & [ Vertebre romapatien F
H with alkaptonuria Lik
collagenous tissue .. o

- Patients asymptomatic until about age
40

= Diets low in protein— especially Phe &
Tyr

- Homogentisate

Alcaptonuria homogentisate oxidase

Tyrosinemia 1 fumarylacetoacetate hydrolase

H N o B

- Although alkaptonuria is not life- s

threatening, the associated arthritis
may be severely crippling

on the intervertebral disks of ~ |f3
the vertebrae,



