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Biosynthesis Amino Acids &

- Problem: nctae?hto get ngw
Nucleotides irmaamms =
Ammonia is Incorporated into Biomolecules in PLANTS &
ANIMALS Through Glu and GiIn in 2 steps.

Glutamate + ATP — y-glutamyl-phosphate + ADP

*Glutamine is made from Glu y-glutamyl-phosphate + *NH4 — glutamine + P; + H*
by glutamine synthetase ina SUM: Glutamate + *NH4 + ATP — glutamime + ADP + Pi+ H*
two-step process (we o, NH,
discussed this previously when >C—CHz—CHz—CH—COO‘
moving ammonia from 00 o ATP ADP [ COO" HN o win coo- 5
extrahepatic tissues). "’;f‘;"“' . T i”f:;‘"”‘”' *‘iw j*é”ﬁf‘;"‘”"" ";w:
*Glutamate is made from Gin ~~ “*™* Glutamine
and a-Ketoglutarate by a-Ketoglutarate + glutaminé + NADPH + H* —2 glutamate + NADP*
glutamate synthase (GOGAT),, ketogiutarate + *NHq + ATP + NADPH + H* — glutamate + NADP*
a-Ketoglutarate, an +ADP + P;

intermediate of the citric acid
cycle, undergoes reductive
amination with glutamine as

Assimilation!
First, let’s discuss Glu-Synthetase....

(An alternative name for this enzyme, glutamate:oxoglutarate aminotransferase,

nitrogen donor. yields the acronym GOGAT, by which the enzyme also is known.)
- a-Ketoglutarate + glutamine + NADPH + H* — 2 glutamate + NADP+
G I n Am IdOt ran Sferases gil:\‘:;:\“gi::main ?::{mw domain
have similar mechanisms:
. . [Golog
GOGAT is like many others i
that transfer the amino group oy n,
. f\lc“z , channel
from the amide of GIn to keto -8 e
. [+) NH, C
functions. Pt i
¢ There are two domains: Glutamine «Ketoglutarate
* one binds Gln mnmld::nn;hran - i
» other is amino group acceptor and  glutamine (red) s released as ">c=° ri-coo-
binds substrate e st © ) R’l Ri-CHacHaco0-
Cys acts as nucleophile to cleave amide Gt s a-ketoglutarate
bond ;’lf: Gin utamy b gt Activated
orms glutamyl-enzyme substrate
intermediate 5 oo 0 /
->NHs goes thru channel "3N—|c" R2-C-C0O~
+ Then second substrate binds to 0 g
accept NH4 c,s-s_I o e
+ In the case of GOGAT, the substrate is o preceo
a-ketoglutarate, and there is o
. . Glutamyl-enzyme utamate
another subunit to provide for the intermediate
reduction NH; reacts with any of several (2]

I LT Al




Biosynthesis Amino Acids & Nucleotides

Mechanism of Glu Synthase: GOGAT SPLT o o
a-Subunit (site 3) £ |
0 H

0 1]
I

3
C—CHy—CHy—C—C00™ + 11.0 ﬁ» SHI»  C—CHy—CHy—C—C00™
| |
HaN NH} 0\ NH}

/i 780
Gin Glu #1
a-Subunit (site 2) ...
Tunnel =
{— "00c—C [
4 a-Keto 1472 ‘
‘K* “COC—CH, FMN binding domain b

o-Subunit (160 kDa)

a-Iminoglutarate

B-Subunit (site 1)
NADPH + H* —— FAD =— ——= FMNH,

1 3Fe4S s

NADP* ~——» FADH, —™- FMN =

+
H

B'Subunit (50 kDa) T00C—CHy—CHy—C—C00™
Glu #2

a-Ketoglutarate + glutamine + NADPH + H* — 2 glutamate + NADP+

G I n A m id ot ra n sfe r a s e s aKetoglutarate + glutamine + NADPH + H* — 2 glutamate + NADP*
have similar mechanisms: For GOGAT:
GOGAT is like many others

that transfer the amino group

a-k | :
from the amide of Gin to keto etoglutarate

. 1 -
functions (usually). . R*-COO
“ - R1-C-R R2—CH2CH2COO'
keto-containing
Substrate Enzyme Substituents

a-ketoglutarate Glu synthase (GOGAT) at C=0; R1=COOH, R2=propionate
Aspartate Asn synthetase at C=0; R! =OH, R2 =2-aminopropionate
CO, Carbamoyl-P synthetase at C=0; R1 =OH, R2 =0O-phosphate
Chorismate Anthranilate synthase at C=C; R! =H, R2 =Chorismate-aromatic
PRFI-AICAR GIn amidotransferase at C=0; R! =H, R? =1-amino-ribulosyl-5-P
PRPP GIn-PRPP amidotransferase at C-OPP;; R! & R2? =ribosyl-5-P

FGAR GIn-FGAR amidotransferase at C=0; R! =CH,-NH-CHO, R2 =N-ribosyl-P
XMP GIn-XMP amidotransferase at C=0; Rl =N-XMP, Rz =N-XMP

uTP Cytidylate synthase at C=0; R =C-UTP, R2 =N-UTP

Proposed mechanism for glutamine amidotransferases. Each enzyme has two domains. The glutamine-
binding domain contains structural elements conserved among all of these enzymes, including a Cys residue
required for activity. The NHs-acceptor (second substrate) domain varies. These enzymes, which include

carbamoyl-phosphate synthetase (initiates the urea cycle), are important in many amino-acid and nuceotide
biosynthetic pathways.




Biosynthesis Amino Acids &

Nucleotides

Ammonia assimilation
» Glutamine Synthetase

€00~ o ATP ADP coo- o NHi P, [eloly o
I 7/ 7 I 7
H—C—CH, —CH;—C\ H—C—CH, —CH, —C H—Cl—CHz —CH, —C\
*NH, o= *NH; P03~ *NH; NH,
Glutamate glutamine synthetase Glutamine
» Glutamate Synthase: GOGA
coo- coo~ NADEM
| + | +
0=(|I H3;N—C—H H* NADP*
CH, + CH, CH,
| | glutamate |
CIHz CIHz synthase C|Hz
Co0™ C COo0~
07 NH,
a-Ketoglutarate Glutamine 2 Glutamate

Net: a-ketoglutarate + "NH, = Glutamate (ATP and NADPH needed)

ANABOLISM lll: Biosynthesis
Amino Acids & Nucleotides

1) Nitrogen fixation: N, > *NH,

3) Biosynthesis of amino acids

a) non-essential

b) essential
4) Biosynthesis of nucleotides

5) Control of nitrogen metabolism

6) Biosynthesis and degradation of heme; other 2°
products of amino acids




Biosynthesis Amino Acids &

Nucleotides
Amino Acid Synthesis e
. ucose 6-phosphate————
i
Overview ‘
Eotivosats 3-Phosph Serine
Source of N is Glu or NH,4* (via Gin) { I
*Derive from intermediates of: L | @
— glycolysis Trptophan ey | Ve
— citric acid cycle Tyrosine | | Porewes
— pentose phosphate pathway /’ o
. . \
*Bacteria can synthesize all 20. =
*Mammals require some in diet: \ Y
—Essential S [ |
—Non-essential Asparagine Glutamine

Biosynthesis Amino Acids & Nucleotides
Amino Acid Biosynthesis

Arg-Val-His-lle-Leu-Lys-Met-Phe Thr-Trp
Professor A.V.HILL M.P. was a Tea Total-er




Biosynthesis Amino Acids &
Nucleotides

Glu 1
Ala 1
Asn 1
Gln 1
Pro  3(1)
[Arg 3(1)
Ser 3
Gly 1
Cys 2
Tyr 1

Red=biosynthesis specific

v
v

(v)
(v)

v
v
v

a-KG
Pyr
Asp
Glu
Glu/Arg
Pro]
3PGA
Ser
Ser/Met
Phe

Green=essential

Non-essential Amino acids:
These are very few steps and often the same

enzyme(s) éjafn%gsfor degradation.

AA f#isteps degradation From?
Sp

Amidation route

Glu Family

3-PGA Family

From Essential Family

Transaminase route

Arg-Val-His-lle-Leu-Lys-Met-Phe Thr-Trp
Professor A.V.HILL M.P. was a Tea Totaller

' Glycine
Cipstwinn
l Alanine
P ol »-i- ] Yoo
/(nnto\
\

Onaloacetate @ Metoghutarste
[\ /|
S —
Adparagine Ghamine
ot i
ey -

Biosynthesis Amino Acids &
Ala, Asp, Glu, GIn, Asn NUCleOtideS

Transaminase route

0
N
Y,
HN*—C—H CH, |
| I =¢
CH. CHy |
— CHy
<
& \ GPTA
|a) Retoghutarate
A "r//(l
g C o 0
Y o=t N4
N -—(‘:-—H i lcn: gutamate oulo _é
| anssmina 1
HoC CHy
1 e GOTA HC
C.
o N /N
IA\;WL.’. |: -
o _p g o, P
\c/ 1
HyN —t‘:n 0=C
| °=é Qutamate axaloxcetate J;
i“z + i ansaminae e
C
e e GOTA i
C.
/ N\
O/C\o o Yo O/C\o

GQGAT

o

> This is a “"GOGAT-like” enzyme
X ~
/ y '3 ° 1 i R

Amidation route

g
20 HO  NH? \':‘/
17 HN*—C—H
cm,mz AN 4 3 |
| HC
H —? —NH, !
C00” AMP +PPi o
__L-Anplmglna Resarsors Aspartate
_s nthetase
20 NV
(Ii\m’ H,0 NH,* ?
3 L L
CH, i
H— (I: —NH,* ; : "
| ~ ADP NH4+ + c\
CO0 ATP A

Ghtamate

(i ]




Biosynthesis Amino Acids &
Nucleotides

Glu Family: Pro (Arg)

n,cl—cln,
M, | H—c00
1 NADP+ + H+
HyNeC—H N—C—H Hl—C—H n %0
‘I”: WO  Ures (:"x ::::“ Glutamate c|u, "“::,',""” v o Al-pyrroline-5-carboxylate reductase
™y o <|u, / ™ / HyC—CH,
(',.* arginase (I”' ornithine b-aminotransferase (l=° T HE , CH—C00™ NADPH
o > b N o—— N
dnm Omithin G— o rnnnnn "
| A'-Pyrroline-
“NHy '0. y-semialdehyde S-carboxylate
" 4
o !
a an®
beone H a-Ketoglutarate
H
00"
| '}"- Urea cyde n,f«—i—«
Wy O, O, —CH,—CH-00~  Omithine é“
N
ornithine |~ Carbamoyl phosphate i 5
transferase L €00~
1-Citrulline [Glutamate] / i
Setiowccinta AP+ aspartate cota oxaloacetate
synthetase 3 X
o, aspartate | Glutamine I Proline Arginine
Argininosuccinate <00 ) ) )
d=0 In bacteria, Glu is acetylated. This
argininosuccinase Fumarate | . . . .

. : i limits the un-catalyzed cyclization
[ T S ™ of the Glu-semialdehyde before its
N M 00

e converted to Orn.

Biosynthesis Amino Acids &

Glu Family: Pro (Arg)

Nucleotides

Ha€ My
HiC, , CH—C00

a N '+ +

s - o : 4, [Profine] NADP+ + H
u.ﬁ—i—u HyN—C—H u,n—%—u n %0

c:u, Ho e (lu, :.:::m Glutamate i """::'o'"" i 4,0 IAl-pyrroline-5-carboxylate reductase

cln, (ln, (lu, n,:‘—(n,

(I"' arginase > (I"' ornithine ammolum’eul:e (l:o T e, | CH—C00" NADPH

n'm “NH, H :

C=NH G — T I

'rlm, '0. y-semialdehyde s«ﬁ"«,ﬁ.
o 7'\

» ot .
Canmannt® | B
1 In mammals, Glu is only a-Ketoglutarate
oo reduced in intestines. Then the
. ! i, Ureacycle n,ﬁ—%—« semialdehyde goes to Orn and
HN—CH, N, (N, —CH-C 00 Omnithine
i M through Urea Cycle to Arg. In
ornlthine |~ Carbamoyl phosphate ' . o
carbamoyl- i most tissues, it is converted to
transferase ®, €00~ . .
¥ Arg using the degradation
ek pathway for Pro.
ATP + aspartate oxaloacetate

argininosuccinate

synthetase GOTA
YRS s e+ o3, aspartate |Glutamine |
Argininosuccinate pros
dmo In bacteria, Glu is acetylated. This
argininosuccinase Fumarate I . . .
; ™ limits the un-catalyzed cyclization
“'")_:'._o.,_m,_o.,_'f,'.'_m. ‘,"x of the Glu-semialdehyde before its
0 e converted to Orn.




Biosynthesis Amino Acids &
warni s« Nucleotides

Serine Derives from 3-Phosphoglycerate of Glycolysis
C00~

c00~

|
H—C—OH B
| 3-Phosphoglycerate H;N—C—H m
—H [Serine |

H—C—0—F)
| CH,0H

\ /

+ Oxidation > transamination > dephosphorylation
to yield serine

Biosynthesis Amino Acids &
warrm s Nucleotides

Serine Derives from 3-Phosphoglycerate of Glycolysis
C00~

co0~

|

H—C—OH B

| 3-Phosphoglycerate HsN—C—H
H._c|_o_® phogly 2 |

CH>O0H
H phosphoglycerate 9
NAD+ dehydrogenase © P;
o S phosphoserine
- 3 phosphatase
NADH £ 2
2 f.‘" Hzo
00~ - Co0~
c=o "! ? HsN—C—H
CH—0—(P) CH,—0—F)
phosphoserine
aminotransferase
PLP
+ Oxidation -> transamination > dephosphorylation

to yield serine




Biosynthesis Amino Acids &

3-PGA Family +

From Essential Family: Gly, Cys N u c I eoti d es

Serine contributes to Glycine and Cysteine
Glycine is reverse of degradation

Cysteine carbons are from Ser

. vl
£ Bacterial/plants e J
|  Serine Jui—c—n
CH,—C00" e b
H* .
N°,N""-methliene ""‘“"“"""[:». Sulfation OH
cerine [ Hafolste 'o—g—o—?v—o—cu o ] through APS P
hydroxymethyl- 2 o o W " Adenosine 5'-phosphosulfate (APS) serine “:C—<
PLP H H acetyltransferase \ oo o, S-COA
transferase oH oM oo
Hafolate — sl AP o
N Acefylserine H;N—C—H
l[!H, ~o_¥_o_zl_o_<« o (] O-Aceflylserine H, —1:
523 . o o 3'-Phosphoadenosi H,
HO—CH,—CH—C00 . i
A | P |
\ “o-p=0 =0
)
sere] - g,
oap -
. | Methionine [\?@Tom.u.m.\.svv...,,m.;m, i
y O-acetylserine [~ + H
S0 sulfte (thiol) lyase > CH,C00~
[lycine | [ cysteine | e
NADP* V4

- 82 sulfide

. 2
In bacteria and plants, sulfates are the sosgce of S through APS. "’"_E; "
In mammals, the Cys-sulfur is recycled from methignine degradation '

Biosynthesis Amino Acids &

3-PGA Family +

]
From Essential Family: Cys, Tyr N u c I eotl d es
+ + —
NH, NH, (O
CH,—CH—C00"~ H3C—S—CH,—CH,—CH—C00™ "WM_ NV, g
= U
0, 3 stepsl = .__. o
phenylalanine NADH +_H* . & ——
hydroxylase tetrahyd:oblopterm NH; Biosynthesis
NAD
H,0 HS—CH,—CH,—CH—C00~ of Cys from
. Homocysteine Homocysteine
NH; s [PLP and Ser in
ﬂ_ | B cystathionine Serine
HO cH,—CH—cog B-synthase Mammals
C=

C

g «:ystathioniner"'P l
. y-lyase [Giycine ] - [cystene |

The sulfur for Cysteine and e

N
nearly all of Tyrosine come i
. . “00C—C—CH,—CH, + —CH,—CH—CO00™
from Essential Amino ﬁ Hy—CH, + I,
Acids °

via same enzymes used in degradati_ o-Katobityate




Biosynthesis Amino Acids &

Nucleotides
w1 ow Essential Amino acids: S p—
o These require many steps — [ ..
Gl 1 au - and unique to those used for : =
Pro 3(1) (™ Glu . L
er 3 woa  degradation. |
Ser 3PG! Tryprephen
Gy 1 = SCI(’ \ i i —'
'ys 2 * Ser, N
El'\I 1 * ; e __,___,/ \. e
Aem——————— N\l (-] S —Asp/Cys/THF/Glu \o A

Thr 5 —Asp/Glu S
Asp/Pyruvate Family < Ly s 9 —Asp /Pyr/Glu =

Ile 10 —Asp(Thr)/Pyr/Glu

Val 4 —Pyr/Glu

Leu 7 —Pyr/AcCoA/Glu

promatic Famiy 4 Phe 10 ~E4P/PEP/Glu
Trp 12 —E4P/PEP/GIn/R5P/Ser
His 10 —RSP/ATP/GIn/Glu

Histidine

Biosynthesis Amino Acids &

Asp/Pyruvate Family:

Lys, Met, Thr, lle, Val, Leu N u c I eoti d es

Aspartate
Oxaloacetate / \‘ \‘
Yields Asp, Methionine Lysine Threonine
which Yields Met
and Thr, which
along with - - -
Pyruvate Yields Valine Leucine Isoleucine
Lys, Val, Ile and \ /(Acety..c.,A
Leu, which needs
Acetyl-CoA Pyruvate

10



Asp/Pyruvate Family .l [Asp] R o

4Asp + SPyr + 1 Acetyl-CoA + GATP + 6NADPH + 2NAD++ 2 H* + Me-THF >

Lys + Met + Thr + Ile + Val + Leu + SNADP* + SH* + 6Pi + 4CO2 + 2NADH + 4H20 + THE ATP l
Q NHa
i i ®-c-c-c-co& Asp-B-phosphate /_/

‘Same as in catabolism
H NH4 it
. . N Ha+ "
‘Speaﬁc for anabolism Asp-B-semialdehyde ch c ,Io“of {)oogc—g.c-g-co& . L 5 P
SB/dehy Z

NADPH

f?
-00C-C-C

HA H4
@-o c-c- c coo- 4__ HO-C-C- c o0 Homoserlne M
= oM
'Succ-CoA
Y Succ-CoA
Ha

HONHa+ ? ¢ ﬁ c<;o— ' ‘ ?
M c-C-coo- Cys -00C-€-C-C-C-C-CO0~
€-C-C-c00- r
- SUCC GluSucc— H
Pyr : 3
NHM“‘ #Coz ooc-oc- »c-ci-co& NHa

? Pyr + NHa* ~00C-6-C-C-C-C-C00-
? c-c-coo- Cystathionine Succ-NH
c-c-c-coo-
HO C»(i Ho e Suce —* et
a-ketobutyrate | ¢¢-¢-c00" ™ ¢-¢-coo cctcoo -00C-C-C-C-C-C-C00-
-0 c=o0

| N5-methyl-THF ] NOMOCysteine ‘ NHa+
c +
< NADPH ‘ NHe*  Har
Bz NHa -00C-C-C-C-C-C-CO0-
HaC-5-C-C-€-€C00- U
(e}
| C-C-OH - :I:’ \:/ 00C-C-C-C-C-C»NH4

C-C-C-OH |

| C

c

C-C-CoA ?—COO’

02C.Co0- — . 0=G:C00- \ Ho-C.co0-

! Y e cc cc
C-C-T c-coo- c-coo, I

i i
c ccc

Biosynthesis Amino Acids &
Nucleotides

Ao oan o Egsential Amino acids:

Glu 1 * a-KG

Aot These require many steps

Asn Asp

Gl 1 a and unique to those used for

Pro 3(1) (% Glu

Ser 3 woa  degradation. i
Gly 1 * Ser L’“,‘,!::_‘“
Cys 2 * Ser

Tyr 1

et wsrsarner | VIt —Asp/Cys/THF/Glu
Th —Asp/Glu

7

5
Asp/Pyru!ate Family < ["YS ? —Asp/Pyr/Glu

4

o= [le 0 —Asp(Thr)/Pyr/Glu
) (o) Val —Pyr/Glu

= /7:1/“1“ Len 7 —Pyr/AcCoA/Glu
e, { Phe 10 —E4P/PEP/Glu
- Trp 12 —E4P/PEP/GIn/R5P/Ser
istidine { s 10 _RSP/ATP/GIn/Glu

11



Biosynthesis Amino Acids &
Aromatic Family: Phe, Trp N u c I eoti d es

Aromatic Amino Acids Derive
from PEP and Erythrose 4-

Phosphate
(and Rib5P and Ser)

Phosphoenolpyruvate
+
Erythrose 4-phosphate

s

+ Very complicated and amazing
chemistry!

+ Rings must be synthesized and
closed and then oxidized to create
double bonds.

« Chorismate is a common
intermediate.

Ribose 5-phosphate

Phenylalanine Tyrosine Tryptophan

1

Tyrosine

12



