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Amino Acid metabolism

Amino acids

Folate metabolism
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T Met

Methylene \Cycle
Glu, GIn, THF

Asp, NH3
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oxaloacetate

Uric Acid (energy)
fumarate

TCA Cycle Nucleic Acid metabolism




Protein Degr adation:

* Endogenous proteins degrade continuously
- Damaged
- Mis-folded
- Un-needed

* Dietary protein intake - mostly degraded

Nitrogen Balance - expresses the patient” s current
status - are they gaining or losing net Nitrogen?



Transaminases Collect Amines

General reaction overview:
H
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Transfer the amine back to an acceptor a-keto acid

H
I
- NH R—C—Q0
®OO'5 +  R—C—om’' — ®OCHZ@ * I
% 5 N Rk NH,
ri doxam ne -keto pyri doxal am no
yphosphat e OLaci d p%osphat e acid
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In peripheral tissues, transaminases tend to form

Glutamate when they catabolize amino acids

In other words, alpha-ketoglutarate is the preferred
acceptor, and Glutamate is the resulting amino acid:

Some amino acid + a-ketoglutarate - some alpha keto acid + Glutamate



Glutamate can donate its aminesto

form other amino acids as needed

A specific example - production of Aspartate in liver
(described afew dlides from now):

Glutamate + oxaloacetate - a-ketoglutarate + aspartate



Getting Amines Into the Liver

H NAD( P)
Glutamate 5 )OCCI—;CHé cg’ _ (')OZC%WZ%_CQ') + NH
Dehydrogenase: NH, (mto) o)
gl ut anate NAD( P) H a-ketoglutaate anmoni a
H
@)
Glutamine ¢ ooc_é —CHoH 0ol ooc_é CHCHC?
Synthetase: ng Nl-g NH
(+) ATP: N ADP+ (+)
glutamate glutamine
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In the Liver: Precursers for Urea Cycle

Glutamine is hydrolyzed to glutamate and ammonia:

H
0
ooc_é_ CHZC’ ”ooc_é CHZCIjC{OH
N \y
M"% / <+)
glutamine 3 glutamate

Ammonia can aso be formed by the glutamate dehydrogenase reaction
and several other reactions as well.

Glutamate donates its amino group to form aspartate:

Glutamate-aspartate aminotransferase:

H H H
L I _ _
<->ozccwcHZE—CC%) * (I0CCHC—CO) ——p- (JoCCHEHC-CG) + <>ocmi —cg)
H O O H
G utamte oxaloacet & e gloﬂtkesrta?e aspartate
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2ATP + |-(:03+ N

Carbamoyl
phosphate
NHZ—& org” P
2ADP + P, >_®—<:
¢ )OOC—J? —C"LC'iC'iNHa“’ - )GJC—J:—CI-LCI-ACI-!NH—E—NHZ
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Liver cytoplasm
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NHz_&_NHz ATP Q) ¢—cg)
0,0cH,C-C4
Urea NH,
@ @ aspartate
H,0 AWP + PP
H
H (')QCCI-gé—OQ')
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Carbamoyl phosphate synthetase |

ATP NH, ATP
® o U ; AN i
1
HO—C—0’ p HO—C—-0f) %; HO—C—NH, » ()o—C—NH,
carbanoyl
bi car bonat e w carbonyl carbamate w y
ADP phosphate P, ADP  phosphate
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Ornithine Transcarbamoylase

Carbamoyl phosphate

° P
=) |
NH~C —OPG,
(-) +) ) |
00C _CI _c;Hzc:H2C|=%N|—|‘3 “Jooc —c —c HZCHZCHZNH_&I —NH,
|

NH, NH

(+) (+) 3

Ornithine Citrulline
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Argininosuccinate synthetase

H
()gce  c-0g)
|
L ]
aspart at e ) d 0
QCCHC -0
H o H NH
y )OOC—(% —CHCHCHNH-C -\ > v )CIIZ—él:—CI—iCI-ECI—LNH—(IZ:NI-f)
SY Citrdlline NH

(" Argininosuccinate
ATP AWP + PP
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Argininosuccinate lyase

H
(-)OZCO_L(’: C(jz-)

@
> (’ooc_é CIjCI—ECl—ENH_C.NI—E

ooc—é chHZCHZNH—C NH,”
(+I\)"é \ (|+\|)Ij '\H
Argininosuccinate ini

H Arginine
)oc-c=C-Cq”’
oc—C ¢}

Fumarate
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Arginase

H
v )ooc_é CHOHOHNH-CAH > (-)Q)C—é_CI—ECI—&Q-&Np(!;)
|
e M / \v v

Arginine

Ornithine
NI—E—e_NI—E

Urea
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Urea Cycle Connects to TCA Cycle

H
(-)OZCCI_EL oG
Ornithine Citrulline NH v
Aspartate
Urea Urea Cycle
Arginine Argininosuccinate - Oxal oacetate
Malate
H
('>ozc_ﬁ=c:-cq—>
TCA Cycle Citrate
Fumarate
a-Ketoglutarat
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Getting Amines Into the Liver
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CPS lis Stimulated by NAG

H
() 2
y N-acetyl 00C —C —CH,CH,C
() 4 glutamate JH OH
LRE =L =E ARG + CoA-C=0 “gynthetase - |
| OH | c=o0
NH, CH, |
) CH;
glutamate acetyl CoA NEaCe gkt

(NAG)

(repeating the figure from page 3 of your handout)

ATP =L ATP
0 i 1 i
| B
Ho—C -0~ Ho—c—0®) HO—C—NH E)O-C—NH,
carbonyl car bamoy |
bi carbonate y car bamat e y
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Muscle

(Amines) =

Glucose—» Pyruvate \ _
Gl utamate AMINo acids
A

o-ketogl utarate
\Alani "
blood
transport
L ———
v
Alanine _ ,_ketoglutarate
Urea

Glutamate —» NH
Glucose Fyr uvate

U Liver
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Complicating the picture: Other tissues may be involved

\
Muscle:
~Amino cids o purine
Transamination Deamination deamination:
Alanine <—— Glutamate—w \[—NH4
\_ Glutamine Y,
\
\
J
v - - . \
Glutamine Kidney:
N\LH?) (/
-
NH, Y,
4 Liver: / \] )

Y Glutamine B=Arginine g
. — (+)
Alanine i ; NH, Urea
-
\ -
\_ Glu —> Agpartate
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Why IsAmmonia Toxic?



Why IsAmmonia Toxic?

 Possible neurotoxic effects on
glutamate levels (and also GABA)

(due to shifting equilibria of reactions
Involving these compounds)



Why IsAmmonia Toxic?

 Possible neurotoxic effects on
glutamate levels (and also GABA)

(due to shifting equilibria of reactions
Involving these compounds)

 Possible metabolic/energetics effects:
- dpha-ketoglutarate levels
- glutamate levels
- glutamine
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Inherited Defects of Urea Cycle Enzymes. Diagnosis

Defects are diagnosed based on the metabolites seen

in the blood and/or urine.

CPSD No elevation except ammonia; diagnhosed by elimination.
OTCD Elevated CP causes synthesis of Orotate
ASD Elevated citrulline
ALD Elevated argininosuccinate
AD Elevated arginine
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H
() 2
y N-acetyl 00C —C —CH,CH,C
() 4 glutamate JH OH
LRE =L =E ARG + CoA-C=0 “gynthetase - |
| OH | c=o0
NH, CH, |
) CH;
glutamate acetyl CoA NEaCe gkt

(NAG)

(repeating the figure from page 3 of your handout)

ATP =L ATP
0 i 1 i
| B
Ho—C -0~ Ho—c—0®) HO—C—NH E)O-C—NH,
carbonyl car bamoy |
bi carbonate y car bamat e y
ADP phosphate R ADP  phosphat e

IEREETET R. Lyons



2ATP + |-(:03+ N

Carbamoyl
phosphate
NHZ—& org” P
2ADP + P, >_®—<:
¢ )OOC—J? —C"LC'iC'iNHa“’ - )GJC—J:—CI-LCI-ACI-!NH—E—NHZ
|_!;

Liver cytoplasm

(+)
Ornithine Citrulline
K Liver mitochondrion /

H o
"’ooc—lé—a-pjoy\n{) HCDC—%I—O—LCI—&O—&NH_H:_NHZ
(l:l)l-g o (III)H* Citrulline
Ornithine
% H
NHz_&_NHz ATP Q) ¢—cg)
0,0cH,C-C4
Urea NH,
@ @ aspartate
H,0 AWP + PP
H
H (')QCCI-gé—OQ')
()ooc_+_o—p-£0—5Nl-LE4\u—|2 NH,
I o Ooc—é—%%%mc N
Arginine ([\)‘ Ardin .
gininosuccinate
@
<'>ozc-ﬁ:('§-cdz"
Fumarate

R. Lyons



Clinical Management of Urea Cycle Defects

 Dialysisto remove ammonia
 Provide the patient with aternative ways to excrete
nitrogenous compounds:

* Intravenous sodium benzoate or phenylacetate
* Supplemental arginine

atenoyl dhogdate
Excreted by kidney
Qnithire Gtrdlire
0]
I\E Ny AP Apatde
ASD
Agnire Agnrmmrate
Excreted by kidney
Detay ALD
Agni
IEREETE R. Lyons

 Levulose - acidifies the gut
e Low protein diet



Degrading the Amino Acid Carbon Backbone



Easily-degraded products after transamination:

H
: )
()oCCHC—CQ .
,\'"_g transamination

aspa(rt)ate oxal oacet ate

“YoceHc-cq?
CHZB

H
: ) () )
()OCCHCHC-CE) o gCcHeHC-CY
,\'"_g transamination
+)

gl ut (anate a- ketogl ut ar at e

H
CH-C-CF) o o CHa—g-cq')

NH transamination
()
al ani ne pyruvat e

IEREETE R. Lyons

We also already know how to degrade Glutamine:

: glutaminase .
Glutamine ---------------- > glutamate + ammonia

...and by analogy, how to degrade Asparagine:

Aspar agine ---- 22125 > gspartate + ammonia



Amino Acids are categorized as ‘Glucogenic’

or ‘ketogenic’ or both.

Many amino acids are purely glucogenic:
Glutamate, aspartate, alanine, glutamine,

asparagine, ...

Some amino acids are both gluco- and ketogenic:
Threonine, isoleucine, phenylalanine,
tyrosine, tryptophan

The only PURELY ketogenic Amino Acids:

leucine, lysine



Amino acids with 5-carbon
backbones tend to form

o—ketoglutarate

IEREETET R. Lyons

H
Voo ¢ _aoopeCan
& ":!._E

Arginine

Urea (via
the urea cycle)

H

a0E ¢ —CcHOoHH
d
7 Ornithine

a-ketoglutarate

glutamate

H )
O 4
(-)OOC_% —O'EC"EC//\H < - ac (ﬁ
(ngg Proline
glutamate - 5 - semialdehyde
NAD(P)"”
NADP)H
H 0 H o)
("ooc_+_c1chzc’/\OH (')m_él_%%ch
N - H
& '/ N
glutamate .
NH, HO glutamine

l

| o - ketoglutarate |




Degradation and Biosynthesis of Serine and Glycine

Glycine
Synthase:

Serine
Hydroxymethyl-
transferase:

Serine
Dehydratase:

IEREETET R. Lyons

NaD? NADH
H AN
el - o

Glycine THF N - N°- ‘net hyl ene THF

_ ()
( )ooc_CH—(L\)'F& < > ooc_ﬁ — N4
O_| /\
Serine THF  N°-N°- nethyl ene THF Glycine
H,0 NH ”
) 00 —CH N ooe_C _NE_E Yo _c _N%) (-)
S —> éi
OH
H,O

Serine



H

H ) (I: 9
—~S—CH—CH—C—00d
oi—s—og—aj—é—ood" > (5! = |
" 7Y b
() ATP+ i
H20 PF;)'i‘L Adenine
Methionine o
A S-Adenosyl Methionine

tetrahydrofolate Methy! acceptor
Bios ynthetic
Methylation * see examples
reaction
N5 methyl Methylated acceptor

Methlory ne chle i 8 oy oy dcot
And Biological Hs—crg—ca—j—cod* -« & om
H

Methyl Groups

Homocysteine

H
H S-Adenosyl Homocysteine
HO— cq—%—ood')
N
M
Serine
H
\»HS —C@—j—cod‘)
( +)H3
Cysteine
\/
(remainder of
homocysteine
degraded
for energy)

IEREETET R. Lyons



Phenylalanine and Tyrosine

(Normal path shown in black, pathological reaction shown in red)

(+) Tetrahydr obi opterin + O
+

Di hydr obi opterin + HO
NH3 v NH3
@—CHZ—éH—CO(S') > HOO CHZ—éH—coé')

(+)

Enzyme:
Phenylalanine Phenylalanine Tyrosine

| hydroxylase *
Phenylketonuria *
(no phenylalanine

hydroxylase) Homogentisate
0 Deficiency: Enzyme:
Alkaptonuria homogentisate

|| ( - ) “ . 9 o
_ — C— Ochronosis dioxygenase
{ — CH,— C—CO00

(you don’t need to

Phenylpyruvate know the rest)

IENCEEIES R. Lyons



Branched Chain Amino Acids

Isoleucine Leucine Valine
S i e pd cHgH—grcm”
G, N G, M CH, N
| e | oK |)/a—KG

———————————————— Transamination ----------——----

‘\Glu ¢\\>Glu ¢\>Glu

CH, CH, CH _c_cod’ CH,CHCH, —C _cad’ CH.CH_C —Ca0’

| | |
NAD' CoASH NAD' CoASH AD' CoASH

--- Branched-chain a-keto acid dehydrogenase ---

‘\IC\I:SDH T ‘\NADH +COp ‘\NADH +COy
CI-!3 CI—E CH _C__S- @A C|-|3C|-|CI-|2 —C_S-CoA CHBCH_C —S-CoA
| | |
b b Lo L b

| | |

(continues on to degradation path similar to p-oxidation of fatty acids)
IEREETET R. Lyons



Synthesis of Bioactive Amines

(+) (+)

'\|'H3 HO NH3
— 0 )
o )-on—di—cb’ ——» 10 oHy— i —cad
Tyrosine
Tyrosine hydroxylase Dihydroxyphenylalanine
(L-DOPA)
HO HO
(4 — H o oH
0 Yooyt —e o )-GO — HOO(EH%NCHB
v H
Dopamine Norepinephrine Epinephrine

IENCEEIES R. Lyons



Synthesis of Bioactive Amines

(-) )
| N j CH,—CH—COO0 Oj*%_ —
Z | Tryptophan

N
( +;_b hydroxylase
Tryptophan 5- hydroxytryptophan

+ PLP-dependent
* decvarboxylation o,

NAD+ w T +)
p

Serotonin

IEREETET R. Lyons



Synthesis of Bioactive Amines

(-) ) (-)
CO0—CH,, CH, CH—CQ0 » COO—CH,CH, CH, N\
I{IH Glutamate
N3 decarboxylase _ o
Glutamate (PLP-dependent ) y-aminobutyric acid
(GABA)
\ (-
(+)
| Histidine
H NH, decarboxylase
(+) (PLP-dependent )
Histidine Histamine

IENCEEIES R. Lyons



NON-Essential Amino Acids:

Glutamate, aspartate, alanine, glutamine, asparagine,
(proline), glycine, serine (cysteine, tyrosine)

Essential Amino Acids:

Arginine (1), phenylalanine, methionine, histidine,
|soleucine, leucine, valine, threonine, tryptophan, lysine
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