FATE OF THE
CARBON SKELETON
OF AMINO ACIDS



The pathways of amino acid catabolism, taken
together, normally account for only 10% to 15% of
the human body's energy production; these
pathways are not nearly as active as glycolysis
and fatty acid oxidation. Flux through these
catabolic routes also varies greatly, depending on
the Dbalance between requirements  for
biosynthetic processes and the availability of a
particular amino acid.



Leucine Arginine

Lysine Glutamine
Phenylalanine Ketone Glutamate [ Histidine
Tryptophan bodies Proline
Tyrosine A
[socitrate II a-Ketoglutarate Il
Acetoacetyl-CoA J f Gl Isoleqci:r}e
Citrate acid Succinyl-CoA %{: thionine
cycle reonine
Jv Valine
Acetyl-CoA Succinate
Phenylalanine
=} Malate
> Glucose
Alanine
Cysteine
Isoleucine Glycine
Leucine Serine [ ] Glucogenic
Threonine Threonine Asparagine .
Tryptophan ~ Tryptophan  Aspartate [ Ketogenic

The metabolism of the 20 proteinogenic amino acids converges towards 6 main products that
enter the citric acid cycle and can be oxidized to terminal form (CO, and H,O)
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_——————* Leucine
0

Lysine 0
Phenylalanine |Ketone CHy—C—CH;—C
___————> Tryptophan bodies 'S-CoA
Tyrosine A Acetoacetyl-CoA
F Acetyl-CoA + HpO
CoA-SH
0 OH 0
_/ Vs
Acetoacetyl-CoA C—CHy —C—CHy—C’
0 CH 'S-CoA
B-Hydroxy-g-methylglutaryl-CoA

J (HMG-CoA)
Acetyl-CoA T

P Acetyl-CoA

H; —C—Cl}
Acetoacetate
NADH — ‘
+H' [‘
% NAD*
0 0O OH
| Isoleucine CH;—C—CH C—CH,—CH—CHj
D — Leucine 0
Threonine Acetone n-#-Hydroxybutyrate

—_— 5 Tryptophan

Some (7) amino acids can be converted into ketone bodies = ketogenic
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Arginine

Glutamine
f— 1 lucone «—ro *
Glutamate Histidine
Proline
Glocose 6-phosphate
n ‘ [socitrate a-Ketoglutarate
( Fructose 6-phosphate )
Fractose 1.5 bispbosphate / Citrie \ Isoleucine
. Cit id ; Methionine
Dihydroxyacetone Dihydroxyacetone JAtrate acl SUCC]nyl'COA h Th o
\ . ‘ .-~ Valine
4’/ ,/
(2) Glyceraldehyde 3.phosphate Succinate .-
(2) 1.3 Bis tycerate 4 Phenylalanine
ﬂ"im'm ’ Oxaloacetate Fumarate |sf—— Tyro s?i'ne

(2) 3. Phosphoglycerate

12) 2-Fhosphoglycerate P
Tuvate
S Glucose
12) Phosphoenolpyruvate o\ T
' Q»(hn]’-muu- Alanine /
-OI'Z'P)N\Me——/ : CyStelne /,

Glycine .~ Some (18) amino
Serine .

Threonine g Asparagine aCIdS Can be
_i_ COERI AT converted to glucose

= glucogenic
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A. Amino Acids with Electrically Charged Side Chains
Positive Negative
- Arginine Histidine Lysin: ;sparticAcid Glutamic Acid
(arg) () (His) () iwLys) (9 (asp) (2) (Gl (3
“o 4o o /o) /o)
o] (o) [0} o
NH, NH, NH, NH, NH,
= (o]
N o © o
NH X -NH ©o
HZN« .
@NH,
@®NH,
B. Amino Acids with Polar Uncharged Side Chains C. Special Cases
Serine Threonine Asparagine Glutamine Cysteine Glycine Proline
sen @ hr) ) (asn) () (Gin) () ys) (@ Gly) © trro) )
‘Io ‘Io ’Yo ,70 IVO ,YO ,YO
o o o o o 0=<_ o
NH, NH, NH, NH, NH, NH, NH
HO
OH o SH
NH, (o]
NH,
D. Amino Acids with Hydrophobic Side Chains
Alanine Valine Isoleucine Leucine Methionine Phenylalanine Tyrosine Tryptophan
(ala) 0y van () aie) (Leu) (B Met) (T) (Phe) () mn &P ) ()
#,
. Iyo '90 O ~O
Alo (o] (o] (o]
%o o o
/o) o 2] NH NH, NH,
o NH NH, 2
(o] NH NH, 2
NH, = =
s\ Ny
OH

There are 20 proteinogenic amino acids, but 7 + 18 = 25...
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Leucine Arginine

Lysine Glutamine
Phenylalanine  Ketone Glutamate [ g;tidine
Tryptophan bodies Proline
Tyrosine A
l Isocitrate a-Ketoglutarate
Acetoacetyl-CoA J / Citric \ ils[oliucine
. : T . ethionine
Citrate :;(:;L Succinyl-CoA | T cariea
‘ Valine
Acetyl-CoA Succinate
y Y ¥ "4
Oxaloacetate Fumarate |@f—— Phenylalamne
W Tyrosine
“I~]=| Malate
CO,
N Dy
L uT\ate Glucose
Alanine
Cysteine
Isoleucine Glycine
Leucine Serine [ Glucogenic
Threonine Threonine Asparagine .
Tryptophan ~ Tryptophan Aspartate ] Ketogenic
[ ] GlucoKetogenic

Note that some (5) amino acids can be,
alternatively, both keto- and gluco-genic.
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Amino acid Three letter code |One letter code

alanine ala A [ 7 Glucogenic
arginine arg R [ Glucogenic
asparagine asn N [J Glucogenic
aspartic acid _ asp D [ Glucogenic
cysteine cys C [J Glucogenic
glutamic acid glu E ] Glucogenic
glutamine gin Q [ Glucogenic
glycine gly G [ Glucogenic
histidine his H [ Glucogenic
isoleucine ile I [ 1 GlucoKetogenic
leucine leu L [ Ketogenic
lysine lys K [ Ketogenic
methionine met M [ Glucogenic
phenylalanine phe F [ GlucoKetogenic
proline pro P [ Glucogenic
serine ser S [ Glucogenic
threonine thr T [ ] GlucoKetogenic
tryptophan trp W [ GlucoKetogenic
tyrosine tyr Y [ 1 GlucoKetogenic
valine val V [ Glucogenic




.
NH,
CH,—CH—C00"~

. /
C /\lr ¢

+

NH,

Y |
o—(CH,—CH—CO0~
';j 2

O _
NH,
R H,N—CH,—CHy; —CH; —CH, —CH—CO0~
NHs
Lysine
C H3 —[I'H—[ 00~ 9 steps N
: 4 steps /( =<'\ I\HS
Alani
alllne2002 (__/}\ HO_(:-\\C ,g?[ ' CHE_AIH—COO_
N — ;
| "T00C—CH;—CH;—CHp—C—COO"~ fm
CH;—C—CO00 a-Ketoadipate 3 e
Pyruvate s steps [CH—CH, —CH—C00~
CoA-SH —_| ~ NAD* s
\\/- “00C—CH=CH—CO0O0" 4/  CoA-SH
Co, ‘/\ NADH Fumarate
6 steps - CO,
O - CO,
; o L ]
00C—CH;—CH;—CHz—C—5-CoA ' 3 ' s—C00
Glutaryl-CoA Acetoacetate
te
4 steps My COy - CoA-SH
o} 0
. ] /
T CHy—C—CHy;—C—5-CoA ¢«—
Acetoacetyl-CoA
l/ CoA-SH
NH COo
CH3—CH2—I H—t "H—CO0O~ %’ CH —C—S CoA —
( H3 | Acetyl-CoA
} |
CH;—(CH,—(—3-CoA Succinyl-CoA

3 steps
Propionyl-CoA

Portions of the carbon skeletons of 7 amino acids — tryptophan,

000

ne reonine
Tryptophan ryptophan Aspartate

+
e
CH3—CH—CH—COO"~

|
bk [Toreomin]

threonine |~ NAD™
dehydrogenase NADH

L
T
tZIHg—ﬁ-—CH—{"OO'
0 2-Amino-3-ketobutyrate

CoA

q Glycine

+
I~|JH
CH,—C00"

lysine,

phenylalanine, tyrosine, leucine, isoleucine, and threonine —yield acetyl-CoA
and/or acetoacetyl-CoA, the latter being converted to acetyl-CoA.
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0 0
Leucine CHy—C—CH;—C
Lysine 'S-CoA
Phenylalanine Acetoacetyl-CoA
Tryptophan / - Acetyl-CoA +H0
Tyrosine ' .
OH 0
h 4 = CH =
Acetoacetyl-CoA 0 CH 'S-CoA
B-Hydroxy-g-methylglutaryl-CoA
(HMG-CoA)
A 4
Acetyl-CoA
A Acetyl-CoA
0
H, —-C—CH-x
Acetoacetate
NADH — :
+H' \.\\ Ketone
z .
" NAD" bodies
0 P OH
Isoleucine " '
Leucine Hy—C—CH C—CH»,—CH—CH
Threonine
Tryptophan Acetone p-8-Hydroxybutyrate

Acetoacetyl-CoA (and acetyl-CoA) can yield ketone bodies in the liver, where it
IS converted to acetoacetate and then to acetone and D-B-hydroxybutyrate.
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D-B-Hydroxybutyrate, synthesized in the
liver, passes into the blood and thus to other
tissues, where it is converted in three steps
to acetyl-CoA. It is first oxidized to

e — acetoacetate, which is activated with coenzyme

bodies A donated from succinyl-CoA, then split by
thiolase. The acetyl-CoA thus formed is used for
energy production.

9 DH D
I /
C—CH CI—I;;—?—CH;—C\ n-B-Hydroxybutyrate
H o
Acetoacetate
- NAD"
/ N A-hydroxybutyrate
NADH /\\ dehydrogenas NADH + H
FH N\
‘. N\
b £ NAD' w | ,;’fD
P OH CI—Ig—C—CHg—C\ Acetoacetate
‘ o-
C—CH CH—CH - .
i reetomet o e Succinyl-CoA
Acetone o -Hydroxybutyrate s Succinate
Exhaled in Energy for '|:|} /D
lung alveoli peripheral tissues CI—IE—C—CHQ—C/ Acetoacetyl-CoA
~

S-CoA

Amino acids ability to form ketone bodies is - k ol
particularly evident in uncontrolled diabetes . |
mellitus, in which the liver produces large c—c! 4 ca—c]
amounts of ketone bodies from both fatty S Lo 5 Col
acids and the ketogenic amino acids.

2 Acetyl-CoA
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+
NH;

CH,—CH—COO0" o NH,
o VN | _
T | ['\ j —CH, —CH—COO
C C— —C
~¢” R | [Tryptophan]| £ GlucoKetogenic eoe S Glace Katogents
NH,
. H3§—CH2 —CH;—CH; —CH;—CH—COO™
NHg
Lysine
CH, —[I'H—[ 00~ 9 steps S ];_HS
Alani : 4 steps / \
Tnezc% (_J}\_ HO—(ZZ'\\C } CHz—éH—COO‘
7 “00C CH%\;H‘ CH E 00 o S GlucoKetogemic
) B p— gm={_Hy==CHg === - =
CH;—C—C00 a-Ketoadipate 3 :lq-H:’
Pyruvate b steps I —(CH, —CH—COO ™
CoA-SH — | — NAD* s
\\f/- “00C—CH=CH—CO0O~ */  CoA-SH
Fumarate '
Co, ‘/\\, NADH aral
6 steps —>C0,
(8] - C0O,
; o ]
00C—CHy—CH;—CHz:—(C—58-CoA ' 3 ' :—C00~
Glutaryl-CoA Acetoacetate
4 steps
> CO0, = CoA-SH
0] (0]
. ] /
~—— > CHy—C—CHy—C—S-CoA «———
Acetoacetyl-CoA
l/ CoA-SH
L
CHy=—CHy=—CH=—CH=COO0 "~ CHy;=—C—S-CoA —
=: Acetyl-CoA
[—] Gluco Ketogenic 6
|

(Hy—CH,—(—8-CoA

3 Succinyl-CoA
steps
Propionyl-CoA

Portions of the carbon skeletons of 5 of the ketogenic

Aspartate

+—
iy
CH;—CH—CH—C00"
OH Gluco Ketogenic
) l."l"l' mine = NAD™
dehydrogenase NADH
+
NH,

|
CH;, —ﬁ‘-—CH— CO0~
O 2-Amino-3-ketobutyrate

Acetyl-CoA

Glycine

CH,— 00"~

amino acids — tryptophan,

phenylalanine, isoleucine, threonine and tyrosine — can also be glucogenic.
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.
NH,

Leucine

Arginine
Lysine Glutamine
. . — Phenylalanine K ¢ Histidine
CHy—CH—C00 " IFHa Topin boies Proline
C = (/ \(-  (H. (" He (00— Isocitrate
Ny Yoo - [
e \ . —C . 2 o onic cetoacetyl-C Citric
C E Tryptophan | =] GlucoKetogenic . Phenylalanine Gluco Ketogenic ‘ :y:;;ie
N|H3 Susenate
.
. H,N—CH;—CH; —CH;—CH;—CH—COO0~
NH;

- - Phenylalanine
el
“I~|=} Malate

CHs —J‘H—COO_ 9 steps

.
. C=C NH,
Alanine steps / A é: _
l 2C0, B HO_L\E‘ (—CHs—CH—CO0O
' —C

Glucose

— s

o e

2 Isoleuci Glycil
Tyrosine | [—] GlucoKetogenic Loucine.  p-Sabdoa B Glucogenic
I Threonine Threonine Asparagine ;
L C - Tryptophan | Tryptophan [ Ketogenic
. | ~ 00C—CH;—CH;—CHz;—C—CO0 T
CHy—C—C00

Alanine
Cysteine

a-Ketoadipate 3 J* i
Pyruvate & steps l —CH, —CH—=C00
CoA-SH - NAD* '
N ~00C—CH=CH—C00"<”| - CoA-SH
co, (/\, NADH Fumarate

6 steps > C'Oz

tl’.l) (o} f CO, DFHS
~00C—CH,—CHy—CHy — C—S-CoA 32—000‘ “—

CH;—CH—CH—=C00"
Glutaryl-CoA Acetoacetate
utary cetoace OH 1 Gluco Ketogenic
4 steps M
> CO. CoA-SH
2 L

threonine NAD®
dehydrogenase
0 ) NADH
. | | %

—— CHy—C—CH, —C—S-CoA «—

NH;,
Acetoacetyl-CoA ) |
CH3—C—CH—CO00~
l/ CoA-SH I
. co O 2-Amino-3-ketobutyrate
NH, O: 0
oy L oy CoA
CHy—CH,—CH—CH—COO0 CH;—C—S-CoA T —
“H Acetyl-CoA Acetyl-CoA
1 Gluco Ketogenic _Iso]eucine v
C|} Iﬁ-Hg Glycine
CHy—CH,—(—S-CoA Succinyl-CoA 00
s ; —
Propionyl-CoA e CHy;—COO

Some of the carbon atoms () of isoleucine are converted to succinyl-CoA.
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Leucine Arginine
! Glutamine

Lysine
Phenylalanine  Ketone [Clutamatelée—— i fidine +
Tryptophan bodies Proline

NH;

CH;—CH—CH—C00"

{;olehucine
Methioni .
Thrsatine OH Threonine

Valine
ate
Phenylalani threonine FNAD
‘umarate | gem— E1Y @ A0INE T R L
Tyrosine lehydrogenase
3 ; NADH
I
NH;
Cystei M a B -2
Tleucine | Glycine CH3—C—CH—COO
Leucine Serine genic | |
Threonine Threonine Asparagine )
Tryptophan | Tryptophan Aspartate B Raibieits 0 2- Am1n0-3_ketobutyrate

~ 2-amino- |~ CoA
j-Ketobutyrate
CoAlizase s Acetyl-CoA
NAD" NADH
I\img [ Giycine ,' N J\ CO, + NH}
CH,—C00" cleavags
=i N;, Nyg-methylene
todioy H, folate
“mathyl || PLP
methyl
ol S H, folate
NH, NH;
CH,—CH—COO" HO—CH;—CH—COO|| Serine
T ”
N _serine — Hy0
H .‘U I”‘ lr.(:,"l Hzo
l4 steps NH;
+
+ (0} SH NH
NH, !

l alanine aminotransferase CH —("j—('oo- 2 steps W E—
CHa—CH—C00" T m e H, :

a-Ketoglutarate Glutamate Pyruvate

6 amino acids (alanine, glycine, serine, cysteine, tryptophan and
threonine) are degraded to pyruvate.
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Leucine

ysine
Phenylalanine  Ketone
Tryptophan bodies
Tyrosine

NH;
CH;—CH—CH—C00"

bu

T threonine |~ NAD™ Crystals of
Tyros: jehydrog NADH calcium oxalate
account
+ for up to 75% of
NH;y all kidney stones.
Tl G CH3—C—CH—COO"~
'lﬁu‘r‘:::r‘ﬁne ;f‘rrl::nine Asparagine I\QHS 0, H.0 NH. ﬁ NAD'* NADH
dypiophan| Kneiorinl) lbeartats O 2-Amino-3-ketobutyrate o, 2 oy 2 000
‘ = (IJDO éOO
Gty CoA Glycine Glyoxylate Oxalate
3-ketobutyrate
CoA ligase Acetyl-CoA
_ NAD" NADH
ITIHg | Glycine II SN COy + NHy
lycir
CH,—COO~
i - N5, Njg-methylene
i H, folate
: i LP
R Hj folate @
NH, NH;
CH,—CH—COO" HO—CH3;—CH—COQO| Serine
/% Tryptophan PLP
N serine | —— H20
H dehydratase Hzo
[ 4 steps NH;
+ 0 SH NH;
NH3 alanine aminotransferase CH _(":_‘,‘OO_ 2 steps CH —CH—C00"~
CHa—CH—C00" Y - =

a-Ketoglutarate Glutamate Pyruvate

6 amino acids (alanine, glycine, serine, cysteine, tryptophan and
threonine) are degraded to pyruvate.
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H H NADP* NAD
C C
B NP | e — o o
HC C HC C—C00
» vl o e
HC Gy HC____CH . .
C N o=p-0. '
Tr}'pmphan MNicotinate Ll, H NH, {_L H NH»
(niacin), N

HLCH,NH,
HO |
L
H

Serotonin,
a neurotransmitter

Gastrointestinal mucosa,
Platelets,
CNS neurons.

a precursor of
NAD and NADP

Indoleacetate,

a plant growth
factor

Tryptophan as precursor

The aromatic
tryptophan give rise to
nicotinate, indoleacetate,
and serotonin. Colored
atoms trace the source of
the ring atoms in
nicotinate.

rings of
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OH

NH;
/ \ CH;—CH—COO \ ,?Ef—C H,—COO~
C=C C Homogentisate

HO
8]
o ,
. NADH + H O
phenylalanine _ ] /- 2
hydroxylase | tetrahydrobiopterin omogentisate
1,2 dioxygenasze
NAD® -
+
\\_} H20 \") H

00C—C=C—C—CH;—C—CH;—CO0O"
HH | I

O
Maleylacetoacetate

.
NH,

HOﬂCHE—é‘-H—COO -

=

C
) a-Ketoglutarate
Lyrosine
aminotransferase
» Glutamate

0O
\ .
HO CHy—C—CO0
C=C

p-Hydroxyphenylpyruvdte

H
N DOC_% = C—(f—CHZ_(Ij_C H:—COO™
O 0
Fumarylacetoacetate

H:0
fumarylacetoacetase

H
_OOC—I(;]=C—C 00" + CH3—1|:—CH2—CO'D_

o O Acetoacetate
Fumarate Sce ?mf ;a&
COy N ~— Succinyl-
d-Ket IACY 1-CoA
OH transferase ’\__) Succinate
- CH;—C—CHy—C—8-CoA
C—CH,—C00" I |
\ ¢ !
HO Homogentisate Acetoacetyl-CoA

Catabolic pathways for phenylalanine and tyrosine

In humans these amino acids are normally converted

to acetoacetyI-COA and fumarate. Lehninger Principles of Biochemistry © W.H. Freeman



ﬂ CHy—CH—COO

C=C
Phenylalanine

O2
enlalanine |~ NADH + H' Os
PEU ‘_® : ]1]| |-; I\||” r/t:;r.:ah}u:'l1'c|-h-'Lt:|;:|terin itisate /—
NAD' Xygenase
\\.\_) H20 :\“-) H
' . 00C—(—=C—C—CHy;—C—CH,—C00™
NH, HH | (lj
I
PKU* = HOﬂCHg—CH—COO_ Maleylacetoacetate
1 C=‘: ileviacetpacetale
Phenylketonuria aleylact [
_ a-Ketoglutarate H
. tyrosine - N R e . o —
Genetic defect of aminotransferase 00C—(=C——CH——CH,—C00
the enzvme » Glutamate 0 0
y 0 Fumarylacetoacetate
Y l B H,0
HO CHQ—C—CDO fumarylacetoacetase
C=C
i v, ; ; H
Incidence p-Hydroxyphenylpyruvite 1000—G—C—C00" + CHy—C—CH;—C00"
1:10,000 births -0,
! p-hydroxyph :Ii:.l:.;J-:-._Ir. -l',1;|-.._ Fumarate Acet{:)acetate
: Co, . L~ Succinyl-CoA
Routine neonatal OH " transferase [\, g uccinate
screening ! — CH,—(—CH,—C—S-CoA
(—CH,—C00~ Il
\ d 0 0
HO Homogentisate Acetoacetyl-CoA
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N
NH, CO0

|
QCHQ —(!TH—C-DD_ (|3H2 (”) (|3H.a (H)
H,N—CH—C—N—CH—C—OCH,
H

Phenylalanine (aspartame)

CH;—C—CO0O0 "

Il
T
Pyruvate

aminotransferasze | PLP

\* NH,

CHj H—COO~
Alanine

b

i
@—CHZ —C—C00~

Phenylpyruvate

SN
H,0

OH
@cm—coa- {f \> CH,; —CH—COO0"

Phenylacetate Phenyllactate

Alternative pathways for catabolism of phenylalanine in phenylketonuria

In PKU, phenylpyruvate accumulates in the tissues, blood, and urine. The
urine may also contain phenylacetate and phenyllactate.
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NH,

ﬂ CHs —CI‘.H—COO B

C=C

02
NADH + H'
tetrahydrobiopterin
NAD"
> H,0

phenylalanine
PRU «—X)" hydronylase

.
NH,

I
HOﬂCH2 —CH—COO0™

C=C
Tyrosi . a-Ketoglutarate
osinemia ® tyrosine
II aminotransferase
¥

Glutamate

O
\ I )
HO CH;—C—COO0
C=C
p-Hydroxyphenylpyruvate

-0y
Tyrosinemia ® p-hydroxyphenylpyruvate
I dioxygenase

CO,
‘<O H
\ JFfC-—'C- H,—C00™
C
HO Homogentisate

09
homogentisate
2 dioxygenase (8)—1 Alkapt.nnu_rid

> H

- 00C—C=C—C—CH;—C—CH;—COO0 "
HH | I

O
maleylacetpacatal Jv
isomerase

Maleylacetoacetate
H
- DOC‘.—IC_‘.I—C—(T“—CHZ—(F‘-—CHZ—C 00~
O O

Fumarylacetoacetate
H-0

fumarylacetoacetase 8 Tyrosinemia
I

H
_OOC—g=C—C.DO' + CI—IS—tlﬁf—CHZ—COO_
O Acetoacetate

Fumarate Suecinyl.-CoA
. ~— Succinyl-
transforase \‘-%Succinate
C—H3—ﬁ-—CH2—C—S-CoA
0 8]

Acetpacetyl-CoA

Catabolic pathways for phenylalanine and tyrosine

Genetic defects in many of these enzymes cause

inheritable human diseases (shaded yellow).
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Genetic defect
of the enzyme

the first enzyme
whose absence
has been linked
to a hereditary
disease.




HeC—CHy
H,_,C'\(I _CH—C00"
H,
C00-
H:N—C—H oo CO0"~ proline [~ ¥02
P o e B SIS Guugmue (e " [SHO
cI'H2 AN 2 (lH o cl*‘H2 / H(l CH,
(FHZ arginase C.Hg ornithinp 5-aminotransferase (.IHQ <—‘\— H(.\+/CH_(.OO,
1\|:H CH, (Ii_o = H
(Il—NH *NHy H A’-Pyrroline-
o (oies Glutamate 5-carboxylate
NH, Oriiine y-semialdehyde
Arginine
glutamate | - NAD(P)*
yarogenase [\ NAD(P)H + H*
e S C00™
" (|'OO H., folate N®-Formimino s (|OO Hgﬁ_(!‘_H
HN—C—H NHi H0 HO . H, folate H,N—C—H NH{ H,0 I
J‘.HQ _4,4\__, Y CH, AA :!Hg
1" 0 ® © ® o= e,
HCZ “NH e s
\ ] selo)y ’I\m
N=CH NH,
glutamate NADP"
B NADPH + H*
NH,
€o0"
. .. . . g C=0
Catabolic pathways for arginine, histidine, %
. . | 2
glutamate, glutamine, and proline EH
100"

These amino acids are converted to a-ketoglutarate.
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Catabolic pathways for methionine,
Isoleucine, threonine, and valine

These amino acids are converted to
succinyl-CoA; isoleucine also
contributes two of its carbon atoms to
acetyl-CoA.

The pathway of threonine
degradation shown here occurs in
humans.

CH;—S—CHs—CH:—CH—COO0"™

Methionine
3 stepsl

i
HS—CH;—CH.,—CH—COO~

Homocysteine
vetathionine | FEP
ystathionine .
f-synthase Serine

yatathionine FLP
y-lyaze [~» Cysteine
O threonine

I
CH;—CH—C—CO00~
a-Ketobutyrate

OR NH,
CHy—CH—CH—COO™

Threonine

. - CoA-SH
CH, NH IAD*
s NH; il NAD
(CHs;—CH,—CH—CH—COO~ e
<> NADH + H'
> co
{l) 200, CHz NH;
-~ -
CH;—CH,—C—S-CoA «—— "= oy (H—CH—C0O"
| Propionyl-CoA Valine
(Ho——58.CoA 2 stap HCU3
Acetyl-CoA lr
CH, O

T00C—CH—C—S-CoA
o] Methylmalonyl-CoA
methyimalonyl-
] I]‘I m I Jv
O

coenzyme B,
. |
00C—CH,—CH,—(C—8-CoA

Succinyl-CoA
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B-oxidation citric acid cycle  isoleucin oxidation
(leucin, valin)

0 O, 0 CH, 0
R—CH,—CH,—C_ /’('r—r('llrclizvr(-'\’ CH;—CH;—CH—C_
*S-CoA 0 R'e “S-CoA
FADH, FADH, FADH,
P N 0 THa 0
R—CH=CH—C_ C—CH=CH—C_ CHy—CH=C—C_
"S-CoA O ~0 “S-CoA
H,O H,O H,O
(I)u 0 o, (lm 0 ([m (I'n,; 0
R—CH—CH,—C_ C—CH—CH,—C_ CH3—CH—CH—C_
WO / "N Xz
S-CoA @) (8] S-CoA
NADH NADH NADH
R—C—CH,—C "C—C—CH,~ (\ CHy—C—CH—C’
/ < 2 \
'S-CoA o O S-CoA

A conserved reaction sequence for the attachment o f a carbonyl functional group on the
B-carbon (vs. a carboxyl group)

The: a) B-oxidation of fatty acid acyl-CoA, b) conversion of succinate to oxaloacetate in the citric acid
cycle, and c) oxidation of the deaminated carbon skeletons of isoleucine, leucine, and valine to
produce energy use the same reaction sequence.
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branched-chain
a-keto acid

dehydrogenase

CH2
branched-chain
Igoleuc1ne iminotransferase

H3N—C—H
(|3H2 C
CH,—CH CH3—(|3H

CH

Catabolic pathways for the three branched-chain amino acids: valine,
Isoleucine, and leucine

The three pathways, which occur in extrahepatic tissues, share the first two
enzymes, as shown here. The branched-chain -keto acid dehydrogenase
complex is analogous to the pyruvate and -ketoglutarate dehydrogenase
complexes and requires the same five cofactors (some not shown here).

This enzyme is defective in people with maple syrup urine disease.
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+
L
CH;—S—CHy;—CH;—CH—COO ™

3 steps

-
e
HS—CH,—CHy,—CH—COO ™

Homocysteine
oming FLP v
nohase
cystathionine | PLP
y-lyase [*» Cysteine
v
0

|
CH;—CH;—C—COO~

«a-Ketobutyrate

— CoA-SH

a-keto acid 4 NAD
dehydrogenase

> NADH + H*
> CO,

0}

|
CH3—CHy—C—S-CoA

2 steps‘L HCO;;

CH; O

“00C—CH—C—S-CoA
Methylmalonyl-CoA

methylmalonyl-
o - coenzyme Bys
CoA mutase

|
“00C—CH;—CH;—C—S-CoA
Succinyl-CoA

Accumulation of homocysteine in
the blood causes damage to the
endothelium, an increased risk of
thrombosis, and therefore
coronary heart disease and
stroke, at a young age.

cCOo0~
H,N—C—H
Ny
.
CH;—&:
Methionine
N
T CH,
/‘QH
TN (|3H2
N—
H
Tetrahydrofolate
coenzyme By, 1.'.‘|.|..:‘.|‘:\|‘Lm'
H f
~ N /
| CHI“’{ / Cco0-
A / o
- I‘Iw CIIHZ \ HBN—CII—H
CH; N— \ (IJHZ
N5Methyltetrahydrofolate T C|:H2
SH
Homocysteine
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-+
o NHj
A
C—CHy—CH—CO00_

BN

- H,0
Asparaginase
NH,
- Catabolic pathway for
% | asparagine and aspartate
_C—CHy—CH—C00"
-0 ﬁ Both amino acids are
converted to oxaloacetate.
- a-Ketoglutarate
aspartate

FLP

> (Glutamate

aminotransferase

w

0 O
N |
KO—CHQ—C—C 00~
0
Oxaloacetate
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C
H:N/ \NH
HC —CH B Goo-
[ .

HEC\ < /CH HSN—(lj—H NH,
CH;—CH;—CH;—CH;—COO ™ CH- /fLa N
| | methionine | N TN

valerate C | >
Biotin N | N~ N
N N |
H:N_ 2 .RSa,N H p-aminobenzoate
T OSTTH ol COO" -
HN?, L s6l-H \ [ I
\K‘La N CHQ_\\H_{\ —C—NH—CH—CH;—CH;—COO"™
o H | / | | | OH OH |
6-methylpterin glutamate adenosine
Tetrahydrofolate (H, folate) S-Adenosylmethionine (adoMet)

Carbon transfers generally involve one of three cofactors illustrated
= Biotin (vit. B8 or vit. H) transfers carbon in the most oxidized state (CO,).

» H4 Folate transfers carbon with multiple oxidation states.
= adoMet transfers carbon in the most reduced state (CH,)
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Leucine

Lysine

Phenylalanine Ketone
Tryptophan bodies

Tyrosine A
Isocitrate

v J
Acetoacetyl-CoA

Citrate

Acetyl-CoA

|

Alanine

Cysteine
Isoleucine Glycine
Leucine Serine
Threonine Threonine
Tryptophan Tryptophan

Oxaloacetate

Arginine
Glutamine
Glutamate |e— Histidine
Proline
a-Ketoglutarate
Gitric Isoleucine
< Methionin
ac1{l Succinyl-CoA Threon?nee
cycle b
‘ ‘ Valine
Succinate
1 Phenxlalanme
: Tyrosine

3 =1 Malate

Asparagine
Aspartate

» Glucose

As with carbohydrates and lipids, the degradation of amino acids leads to the
release of reducing equivalents (NADH and FADH,) through the action of the citric
acid cycle. These reducing equivalents are then used in mitochondrial respiration

to generate energy.
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COO~ I COO~ ] Co0-
H:,ﬂr—(lz—H H:,ﬂ.r—(lz—H Haﬂ—u‘T’f—H
(|3Hz NADPH, 0, (|3Hz INADPH, O, 'Ll”-Hg
|
CH CH \ CH,
H, / . N -/ - 2+ NO*
NH NH NH Nitric
| . | | oxide
C=NH, C=N—O0OH C=0
| | |
Arginine Hydroxyarginine Citrulline
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NH;
HOOCHQ—CH—COD'

Tetrahydrobiopterin
L¥rosine ) 02
hydroxylase

> Ho0
Dihydrobiopterin

i
HOOCHz —CH—COO"

Dopa
aromatic PLP
amino acid
decarboxylase COz
HO +
iy
HO / }CHg—CHg
- Dopamine
Ascorbate
- 02
H,0
Dehydroascorbate
HO +
i
HO / \ (|3H—C‘.Hg
- OH - . .
Norepinephrine
phenylethanolamine - adoMet
N-methyltransfoerase adoHey
HZN CH,
B*CH— Hy
Epmephrme

NH;
- 00C—CHs—CHy;—CH—CO0™

plutamate PLP
decarboxylase CO.

NH,
- 00C—CH,—CH,—CH,

v-Aminobutyrate
(GABA)

histidine | PLP
decarboxylase COs

NH,

CHE_—(I_‘-Hz
NWNH
Histamine

NHE
z—CH—COD'

\
N [Toplophan

trahydroblopbenn

H,0O
Dihydrobiopterin

HO £
@f%
N

H

3

H;—CH—COO~

5-Hydroxy-
tryptophan

aromatic PLP
amino acid
decarboxylase CO,

U‘% _&H2

Serotonin
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cCOO

ATP PP, +P, H,N—C—H

__/

NH;
Hzﬁ—CHQ—CHE—CHrfI:H—CU{} Ornithine
ornithine

decarboxylase

COq

H,N—(CH,),—NH; Putrescine

CHs S-Adenosylmethionine
" m,
5
CH,
doﬁrh;ﬁrﬂp: PLE
COq
HyN—CH,
L, =
H,
5
H;
Decarboxylated
adoMet '\\

propylaminotransferase I
> CH,—S—{ Adenosine]

Methylthicadenosine

¥

H,N—(CH,);—NH—(CH,),—NH, Spermidine

propylaminotransferase I1

"~ CH;—S[Adenosine]

HQN_{CHE J3 —NH_r CHE ]'.1 —NH_f GHEJB _NHa

Spermine
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Nitrogen is the fourth most abundant element in living organisms, after
carbon, hydrogen, and oxygen.

atomic number

H atomic weight

5 [3 7 B 9
B C N O F
1" 12 14 16 19
1 12 14 15 16 17

Na Ma silplsia

Nitrogen is predominantly present in amino acid and nucleotide
molecules, so the biosynthesis of the former is closely
interconnected with that of the latter.

Soluble nitrogen compounds are not very abundant in nature, so free
amino acids, purines and pyrimidines formed by metabolism are
largely recovered and reused.
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Nitrate

NOs The nitrogen cycle

nitrification
by =oil bacteria
(e.g., Nitrobacter)

denitrification The total amou nt Of
reduction nitrogen fixed*
by some

Nitrie - annually in  the

NOp bacteria,

most

biosphere exceeds
10 kg.

nitrogen fixatipn
by some bactefia
(e.g., Klebsiell,
Azotobacter, Rhizdbium)

nitrification
by soil bacteria
(e.g., Nitrosomona

o *Fixation (reduction)
N of atmospheric
nitosioin || degeadation nitrogen by nitrogen-
mieroorgammoms || micraanioms fixing bacteria to
yield ammonia

Am;'é‘;;uthjdﬂ (NH5 or NH,").

nitrogen-carbon
compounds

1
:
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Nitrogen-fixing nodules

Bacteroids produce the
nitrogenase complex that
converts atmospheric
nitrogen (N,) to ammonium
(NH,*); without the
bacteroids, the plant is
unable to utilize N,. The
infected root cells provide
some factors essential for
nitrogen fixation, including

leghemoglobin; this heme
protein has a very high
binding affinity for oxygen,
which  strongly inhibits
nitrogenase.

X

Root nodules of bird’s-foot
trefoil, a legume.

colorized electron

Artificially
micrograph of a thin section
through a pea root nodule.

Symbiotic nitrogen-fixing
bacteria, or bacteroids (red), live
inside  the nodule cells,
surrounded by the peribacteroid
membrane (blue). The cell
nucleus IS shown in
yellow/green.
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4CoA + 4C0O9 +
4 pyruvate 4 acetyl-CoA

—

l@aﬂ'edoxiﬂ DN 8 Ferredoxi@

8 flavodoxin ' 8 flavodoxin
(oxidized) \L (reduced)

,ﬁnitmgenass /8 Dinitmgen&

reductase ] reductase
(reduced) (oxidized)

16 ATP 16ADP
+ 16P;
— T — T

A! Dinitrogen& (Dinitrogenash

| reductase (reduced)/ reductase (oxidized)/
\ + 16ATP N\ +16ATP

L -

’/Dinitrc-genase\. n/]:)initrogenae.e\
\( oxidized) /J \ (reducedy

8e

Conversion of atmospheric N,
Into ammonium ion NH,*
(ionized NH; in solution at
neutral pH) is carried out by
bacteria equipped with the
enzyme nitrogenase.

The so-called nitrogen fixation
IS an energetically expensive
process: for the production of
2 molecules of NH; 16
molecules of ATP and 8 pairs
of electrons are needed.

NH,* can then be used by
plants for biosynthesis.
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Glucose

Amino Acid Biosynthetic Families,
Grouped by Metabolic Precursor
Glucose 6-phosphate: L'I"Ketﬂgllltﬂrﬂtﬂ P]'Tl“ﬂte
& steps Glutamate T
Glutamine Valine
Ribose 5- Proline Leucine*
4 steps phosphate Arginine Isoleucine*
3-Phosphoglycerate Phosphoenolpyruvate and
Serne erythrose 4-phosphate
Glycine Tryptophan™
:l Cystelne Phenylalanine*
Epmtns;mate'i-% 3-Phosphoglycerate Serine ¥s T:I'TGI-SIWH E.‘f
Oxaloacetate
Aspartate Ribose S-phosphate
Asparagine Histidine*
Glycine Methionine*
Phosphoenolpyruvate Cysteine Threonine*
Lysing*
Alanine
Tryptophan 3
. - Valine
Ph;.;ﬂ;‘;zme Pyruvate >Leu::il}e *Essentlal aming achds.
Isoleucine "Derived Tmom phenylalaning In mammats.
Citrate
\ Leucine Arginine
: Lysi Glutami
P{)e]:;lalanine Ketone (_ Hi:tfgi]::se
Oxaloacetate w-Ketoglutarate Tryptophan  bodies Proline
Tyrosine
\_// Isocitrate
| Aspartate | Glutamate | A 4
parta utama @etyl-CoA Citric Bstllemetine
Crote acid  [Swmmrconle— yiaonine
A Valine
ﬁf&;{gﬁ:]&z Glutamine | Aceti/l-CoA Succinate
. . Proline Phenylalani
e e I .

Overview of amino acid biosynthesis

The carbon skeleton precursors derive from three buwine G S —
: : . : Toptphan  Trypioghan  Avcerteis” [0 Ketogenic
sources: glycolysis (pink), the citric acid cycle (blue), e P

and the pentose phosphate pathway (purple).
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—— Amino acid biosynthesis: overview

Serine family Cysteine Gll_luco?_le - — - —
T > OSP ate - -—% phosphate
Pentose phos- : |
T SIEP;?%QO_ phate pathway v |
: : Erythrose !
Glycine —— Serine ¢ I(}]rls)i(EO- 4-phosphate '
Phospho- +
enolpyruvate T
Pyruvate family (0 Histidine
Valine 4¢— ¢ +— .
\ Alanine
® v
Leucine ¢— 4¢—<€— ‘V |
Pyruvat |
|' Serine
K
LysineQ_ 1 Asparagine I - — = —‘
| NH <+—o—p v ®
| 3 l i TT-Iypto-
I ® phan
® < Oxalo- Tricarboxylic .
Threo- o _ I.q— Aspar- acetate  [acid cycl)gr PPEWI' Tyrosine
nine ' tate alanine /
I | Synthesized fi :
I nthesized from ,
l I 2-0x0- phenylalanine ’%ﬁri'l";t'c
) glutarat
Iso- ® +
leucine o
Methionine 2NH4 , — — —»Ormithine— — — \
Aspartate family J 7
Glutamine Glutamate— ” Urealcycle
(¥ Essential amino acid N L
. . N ' 3
Transamination N . - J
»> Al < —
Reductive amination Glutamate family UL rginine
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Nonessential and Essential AminoAcids for Humans

Conditionally
Nonessential essential* Essential
Alanine Arginine Histidine
Asparagine Cysteine Isoleucine
Aspartate Glutamine Leucine
Glutamate Glycine Lysine
Serine Proline Methionine
Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

"Required to some degree in young, growing animals, and/or sometimes during illness.
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Nonessential and Essential AminoAcids for Humans

Conditionally
Nonessential essential* Essential
Alanine Arginine Histidine
Asparagine Cysteine Isoleucine
Aspartate Glutamine Leucine
Glutamate Glycine Lysine
Serine Proline Methionine
Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

"Required to some degree in young, growing animals, and/or sometimes during illness.
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Arginine
Glutamine
Glutamate |tf—— Histidine

\ l Proline

a-Ketoglutarate
LY

a-Ketoglutarate

|

" Glutamate "
AN B

Glutamine Proline || || Arginine
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Glutamate

NHj3
Smthetas ATP
Allosteric regulation of
ADP+ B glutamine synthetase
® «——— Glycine
&) «——- Alanine The enzyme undergoes
o \ cumulative regulation by six
g :_‘_‘_‘“'“\ end products of glutamine
) R metabolism.
oo > g Alanine and glycine probably

!
|
I general status of amino acid

. AMP Gl i CTP i i
 AMP <= Glutamine == metabolism in the cell.

|
Trypto phan7 § Histidine
|

Carbamoyl phosphate Glucosamine 6-phosphate

|
|
|
|
i serve as indicators of the
|
|
|
|
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- o

. ™\
!
[

«a-Ketoglutarate ¥  Glutamate
|
\
e
A
“ATp-> @&
PP, ATP
P (ar) i
. ore || uvmp
|
l adenylylation \ Ny / NHg
® AN \ / Vs

€y

S®

uridylylation

Glutamine = Glutamine - ATP
synthetase — synthetase -
(inactive) —~ (active) -
7 / \\
deadenylylation ! [ \
AMP - ADP
Y +P;
@ P; ‘ ADP
’ P
v

Glutamine

[op!

_.______________,_.
=

=
s
I\
@]

@
-

-

4

{

Second level of regulation of glutamine synthetase: covalent modifications

Cascade leading to adenylylation (inactivation) of glutamine synthetase. AT
represents adenylyltransferase; UT, uridylyltransferase.
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I
. CH,—C—S-CoA CoA-SH i
o, NH, \ / o, HN—C—CH,
C—CH,—CH,—CH—C00 i C—CH,—CH,—CH—CO0
; amate synthasse ,

/ acetylglutams

o (8]
Clutamata N-Acetylglutamate
_ ATP L - ATP
ghitamate kinase FREETE o
s ADP ADP
o NH, ]
0 CHy—CH:—CH—COO Clutamyl o Hi - e—
oo T e y-Glutamy Hy
'@‘O, phosphate /C_CHH_CHZ_CH_COO N-Acetyl-y-glutamyl
® o phosphate
|~ (NADEH) + H . . NAD(PH + H'
' \"-DNADIP]' NAINE)
\\wP, Py
O\ e HN- ll'_l‘ CH
~C—CH,—CH,—CH—CO00 o, ey . .
Glutamate y-semisldehyde C—CH—CH;—CH—CO0O0 N-Acatylaluta B th f
- vlglutamate
nenenrymatic o y-semialdehyde 1 IOSyn eSIS O
|~ Glutamate 1 . L.
aminotransferase 1
- on ninot I d
HHZC :l 00 l\":.:-I'Dl.‘t‘\:ngl.u.t.ar:at& 1 ro Ine an a.r Inlne

H}( &‘—P)'mlir;;sﬁécfrm)'lﬁﬂ HN—@—CH; fro m g I u ta. m ate

HyN— CH,—CH,—CH,—CH—COO0

yyrraline te | —(NAINPIH + H* N-Acotylornithine
o HyO
N-acetylornithinase /-
l‘\" CH,COO0
NH; Urea cycle

HgN--CH,—CH,—CH,—CH—CO0"  Ormithine

thine Carbamoyl phosphate
= - /’_.

transter -'\\_’PI

L-Citrulline

. |‘/- ATP + aspartate

""'\-+AMP+PP,

Argininosuccinate

argininosuccinase
'\‘-I' Fumarate

LN NH,
I;G—g—CH,—GHZ—CH,—CH—COO
H,N
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Nonessential and Essential AminoAcids for Humans

Conditionally
Nonessential essential* Essential
Alanine Arginine Histidine
Asparagine Cysteine Isoleucine
Aspartate Glutamine Leucine
Glutamate Glycine Lysine
Serine Proline Methionine
Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

"Required to some degree in young, growing animals, and/or sometimes during illness.

Lehninger Principles of Biochemistry © W.H. Freeman



Citric
Citrate acid
cycle

Acetyl-CoA
Oxaloacetate

Cysteine
Glycine
Serine

3-Phosphoglycerate

l

Serine

/

Glycine Cysteine I
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cl*.c:u:r

H—C—0H

H—(%‘—o—@-
H

optoecnete |~ NAD
{ehydrogenase \ o NADH + H'

TDD

3-Phosphoglycerate

C=0 3-Phosphohydroxypyruvate

é‘fHu—D—l:f_’)

. | Glutamate

| a-Ketogtutarate Biosynthesis of serine from

COo

Hafi—(%‘-—H 3-Phosphoserine 3 = p h OS p h O g |yce rate
CH,—0—(P)

H:0 . .
g FP and of glycine from serine
coo
N1
é‘fHuDH

- H, folate
rine [ppp
nydroxyme L]
T sl L:

N® N'_Methylene H, folate
H.O

CO0o

Hafki—ﬂ
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DGC_([‘-H_CHE_CH:E_SH + HOCH:—CH—CO0
fNHa

Homocysteine Serine
PLP
H:O
NH,

00C—CH—CH, —CH, —8—CH,—CH—C00

t+

Cyatathionine

L~ Hz0
PLP
"~ NH,
DDC—(I'_l‘—C H,—CH, + HS—CH,—CH—COOD
0
x-Ketobutyrate

Biosynthesis of cysteine
from homocysteine and
serine in mammals
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Nonessential and Essential AminoAcids for Humans

Conditionally
Nonessential essential* Essential
Alanine Arginine Histidine
AsEaraEina Cysteine Isoleucine
Aspartate Glutamine Leucine
Glutamate Glycine Lysine
Serine Proline Methionine
Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

“Required to some degree in young, growing animals, and/or sometimes during illness.
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Asparagine is

formed by
amidation of Oxaloacetate
aspartate l Aspartate and
(donor | | alanine are
glutamine). ~— /N T synthesized from
| Asparagine || | Methionine | | Lysine | | Threonine | oxaloacetate and
J pyruvate,
[Valine | [Leucine | [Tsolencine | respectively, by
~_ N / transamination

Pyruvate ~ with glutamate.
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Nonessential and Essential AminoAcids for Humans

Conditionally
Nonessential essential* Essential
Alanine Arginine Histidine
AsEaraEina Cysteine Isoleucine
Aspartate Glutamine Leucine
Glutamate Glycine Lysine
Serine Proline Methionine
Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

“Required to some degree in young, growing animals, and/or sometimes during illness.
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Phosphoenolpyruvate

+
Erythrose 4-phosphate

Tyrosine
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" NHE
NHz 'IE=1:TH2
éHz NH

|
€00 _—cHy),

/ CH—NH;
COO
T* Ornithine

o=, Biosynthesis of creatine and

NH Guanidinoacetate

b, phosphocreatine

Creatine is made from three amino
N, acids: glycine, arginine, and
i methionine.

H, This pathway shows the versatility
of amino acids as precursors of

. ) A'TP - -
s other nitrogenous biomolecules.

adoHecy

Kamt —

Phosphocreatine
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@

.

L
v-Glu—-Cys

Glutathione metabolism

(a) Biosynthesis of glutathione. |
(b) Reduced form of glutathione. | = L LA

NH,
) I [
OD{*—J: H—CH,—CH u—C—I\'—CH—C—Ii{—CH.z —C00

I |
H CH, H

jm]

[ o

s5H
Glutathione (GSH)

{reduced)

() y-Glu—Cyz—Gly

4

I
5

|
y-Glu—Cys—-Gly
Glutathione (GSSG)

{oxidized)
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