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ANABOLISM IT3 ANABOLISM ITI:
Lipids Nitrogen Compounds

Biosynthesis of Fatty Acids and Lipids  Biosynthesis of Amino Acids and Nucleotides
Nitrogen cycle
Nitrogen Fixation
Nitrogenase
Nitrogen Assimilation
Glutamine synthetase
Glutamate synthase (GOGAT)
Amino-acid biosynthesis
Non-essential
Essential
Nucleotide Biosynthesis
Purines

Salvage
De novo

Pyrimidines
Deoxyribonucleotides
Biosynthesis of secondary products of AA

Steroid Hormones
Metabolism & transport
Control
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ANABOLISM llI:
Biosynthesis
Amino Acids &
Nucleotides
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Biosynthesis Amino Acids &

Nucleotides
Non-essential Amino acids: Priocsot AAHLL AP was a T Tttr
These are very few steps and often the same enzyme(s) used

for degradation.
same as
AA #steps degradation From? asteps [

Glucose 6-phosphat

Asp 1 v OAA A
Glu v a-KG Transaminase route \‘“m [Fomsane]

1 [ isticine
Ala 1 v/ Pyr i —p—
Asn 1 — Asp Amidation route Phosphoenolpyruvate %
1

- Glu l Alanine

Glucose

Gln Nk | Valine
Pro 3( 1 ) ( / ) Ghl/AI’g Glu Famlly Tyrosine c"!m Leucine

[Arg
Ser

5 ( v ) ProorGlu] ~

3 / )
Gly 1

2

1

- 3PGA Oxaloacetate a-Ketoglutarate
Ser 3-PGA Family

v \\//
v Ser/Met
e

From Essential Family [55agne

Cys

Glutamine
Tyr Phe e e
| Red=biosvnthesis specific Green=essential Lysine
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Biosynthesis Amino Acids &
n
wense i Nucleotides i asn
Transaminase route A pool of Amidation route
0. 0O X )
o o o N Glu is provided v
) ) (4
\T/ G::C %l s by GOGAT
NF—
T CH glutamate-pyruvate | |
e T e [ 2 = tonominmse Q:T + ?Hz
CHs CHz
— i
%N p— pyrnate 2°
o Yo | NH;
@ a-ketoglutarate CH,
| — HaC
H—C—NH, [ Asparagine E
K o | Synthetase
o p N - N\,
N o, 0
- el -
. I I " +ATP
HN'—C—H  fy  glutamateomloacetote | AMP + PP;
" (|: | transaminase T + RN
2 CHy C
IC l ) GoTA HZ? HaN* (IJH
/N C L
NN B A b,
iy PR Ocloscetare Ly,
|
0, 0 0, 0 C,
N4 o 0 \C// 0. 0 /N
? \c/ | \c// 3 0
HaN*—CH | O:T | +ATP utamate
o—¢C glutamate-oxaloacetate HaN*—C—H
ha + ‘ tansaminase ffa * ol
CHz Hat GOTA ?”2 2'0
C, C. 7
7 c\o o o N o
|szamare= < Aspartate
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Biosynthesis Amino Acids &

Nucleotides

Non-essential Amino acids:

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

for degradation.
same as

These are very few steps and often the same enzyme(s) used

AA  #steps degradation From? asteps

Glucose

Glucose 6-phosphate— . | RiboseS-

Asp 1

Glu 1 v

Ala 1 v

Asn 1

Gln 1

Pro

[Arg 5

Ser 3

Gly 1

Cys 2
1

From Essential Fam"y Asparagine
T r Phe Methionine 6:‘:;‘-‘:‘
_yBﬁdstmmh.ess&nemﬁ.c Green=essential et el

OAA
oc-KG

Transaminase route

+
‘4 steps

roumhate, <= 3#hosphoglycerate ——| serine |

i
} Amidation route F-w»«iow Lo |

[
Tryptophan Pyruvate T EE.:E%‘E
Glu/Arg Tyrosine 1 :
Pro or Glu / \\’

3PGA P—
3-PGA Family \

Ser/Met
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Glu Family: Pro (Arg)

Biosynthesis Amino Acids &

Nucleotides

HyC—CH,
HiC  CH—CoO

,

:

[Arginine K
.

. »*
“tamnannt®

Urea cycle
Ornithine

| ?rn;

"
H;N—CH,—CH,—CH,—CH—C00™

ornithine | — Carbamoyl phosphate
carbamoyl-
transferase [ > P;

I-Citrulline
- . AT + aspartate
argininosuccinate
synthetase DO
Argininosuccinate

avgininosuz:inase% Fumarate
N,

I
)—n—m,—cn,—cu,—cn—mo*

i NADP* + H+
€00~ 00~ €00~ H
+ | + * 1 | %o
n,u—‘c—n H;N—C—H H;N—C—H H :
_— (uncatalyzed) = [MHo0 1. ine-5-
c‘n, wo e c|"’ aketo  Glutaate clﬂz o v A'-pyrroline-5-carboxylate reductase
(‘Hz CH, e, ) HyC——CH,
CH, arginase _  CH, ornithineb-aminotransferase =0 HC_ CH—COO™
o, > > Ho N/ NADPH
NH *NH; H N
| — ¥
C=NH Ornithine Glutamate @ ====nzns A'-Pyrroline-
Ny LY 7y-semialdehyde 5-carboxylate

In mammals, Glu is only a-Ketoglutarate

A28 reduced in intestines. Then the

HN——H semialdehyde goes to Orn and l
G through Urea Cycle to Arg. In
G most tissues, it is converted to
oo~ Arg using the degradation

pathway for Pro /

oxaloacetate
GOTA aspartate I Glutamine I I Proline ﬂ Arginine |

oo . . .
o In bacteria, Glu is acetylated. This
c:n, limits the un-catalyzed cyclization
G of the Glu-semialdehyde before its
coo™

converted to Orn.

a-Ketoglutarate
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Biosynthesis Amino Acids &
Nucleotides

Non-essential Amino acids: Professor A HILL NP, was & Tea Totater
These are very few steps and often the same enzyme(s) used

for degradation. —

same as

AA #steps degradation From? mm&lm onare 42507, ibose’s:
Asp 1 v OAA —
Glu 1 V4 o-KG Transaminase route \‘“’"‘
Ala 1 v Pyr e ~— St e |
Asn 1 — Asp } Amidation route mem %
Gn 1 - Gl s L
Pro 3(1) (‘/) GhI/Arg Glu Family _ . . =
[Arg 5 (\/ ) ProorGiu] / \‘\

Ser 3 - 3PGA e aKetoglutarate
Gly 1 V4 Ser 3-PGA Family \\//
Cys 2 v Ser/Met x From Essential Family P
Tyr 1 v Phe —
|___Red=biosvnthesis specific Green=essential
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Biosynthesis Amino Acids &
warrni: s Nucleotides

Serine Derives from 3-Phosphoglycerate of Glycolysis
C00~

00~

I
H—C—OH
H—C:—O : 3-Phosphoglycerate Hsﬁ_zlf_ﬂ

CH,O0H
H phosphoglycerate 9
NAD+ dehydrogenase © P;
o S phosphoserine
0"‘( = phosphatase
NADH gD
s 9 H0
TOO_ 3 X Co0~
c=0 O % HN—c—n
I 3
bio® == Tl
phosphoserine
aminotransferase
+ Oxidation > transamination > dephosphorylation

to yield serine
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Biosynthesis Amino Acids &

3-PGA Family +

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

Serine contributes to Glycine and Cysteine

Serine Cysteine carbons are from Ser
BacterlaI/pIants [ome] v i°‘;
"
- Sulfation OH
Glycme cy steine 7o_ﬁi:‘.sl<..through APS e | <
s 1 NW.MW acetyitr consn SO
M M dnase, 00~
Methlonlne A O-Aceylserine H ﬁ—i—u
T
Glycine is reverse of degradation < Gt
o
+
e =
CH,—C00"~ CH,
N5, N"%-methflene
" H, folate O-acetylserine |-~ + HY
serine H,0 (thiol) lyase > CH;€00~
hydroxymethyl- |( pLp
transferase v
00~
H, folate In bacteria and plants, sulates are the ?
’ Cystei —C—
i source of S through APS. ol i
3 ~ In mammals, the Cys-sulfur is resycled
HO—CH,—CH—C00 from methionine degradation......
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Biosynthesis Amino Acids &

3-PGA Family +

From Essential Family: Cys, Tyr N u c I eoti d es
-
N [Serine] NH
[ = ﬂ— H,—C H3—c00‘
H3C—S—CH,—CH,—CH—CO0 e
|Glycine | | Cysteme |

3 steps 0, .

_phenylalanlne NADH +.H A

+|_| . hydroxylase tetrahydrobiopterin

3 Biosynthesis NAD*
HS—CH,—CH,—CH—C00~ of Cys from H20
Homocysteine Homocysteine K
cystathionine FRE and Serin _ﬂ_ l :
HO CH,—CH—CO0O0|~
p-synthase (22022l Mammals A '

cystathionine
y-lyase

& l .

The sulfur for Cysteine and
nearly all of Tyrosine come
from Essential Amino

(o] A H
- cids
a-Ketobutyrate via same enzymes used in degradation

+
NH,
_Ooc—ﬁ—CHz—CHs + HS—CH,—CH—C00"
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Biosynthesis Amino Acids &
Nucleotides
Essential Amino acids: .. _
1 These require many steps
| Ae and unique to those used for
hE degradation.
Met
Phe -
o Met 7 —Asp/Cys/THF/Glu
Thr 5 —Asp/Glu
Asp/Pyruvate Family < ["ys ? —Asp/Pyr/Glu
[le 10 —Asp(Thr)/Pyr/Glu
Val 4 —Pyr/Glu
Len 7 —Pyr/AcCoA/Glu
promatic Famity 4 Phe 10 —E4P/PEP/Glu
o Trp 12 —E4P/PEP/GIn/R5P/Ser
fistdine < His 10 —R5P/ATP/GIn/Glu
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Biosynthesis Amino Acids &

Nucleotides
Essential Amino acids:
1 These require many steps
1 A and unique to those used for
he degradation.

[~ o Met N7 —Asp/Cys/THF/Glu
Thr |5 —Asp/Glu
Asp/Pyruvate Family < L‘y s 9 —Asp/Pyr/Glu
e [le 10 —Asp(Thr)/Pyr/Glu
Val |4 —Pyr/Glu
\_ m Leu /)7 —Pyr/AcCoA/Glu

Trp 12 —E4P/PEP/GIn/R5P/Ser
His 10 —R5P/ATP/Gln/Glu

r o
Aromatic Family i e 10 —E4P/PEP/Glu

Histidine
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Biosynthesis Amino Acids &
Lo ieva s NUClEOtIAES

Oxaloacetate o bl
Yields Asp, / \ \
which Yields Met

Lys, and Thr, Methionine Lysine Threonine
which along with )
Pyruvate and l

Acetyl-CoA
Yields Val, Leu, Valine Leucine | | Isoleucine

and Isoleucine
Acetyl-

Pyruvate
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I]IHA*
-00C-C-C-CO0-

ATP

o
®—c—c—c—co& p-B-phosphate

Asp/Pyruvate Family

4Asp + SPyr + 1 Acetyl-CoA + GATP + 6NADPH + 2NAD+ + 2 H* + Me-THF >
Lys + Met + Thr + Ile + Val + Leu + SNADP*+ SH* + 6Pi + 4C02 + 2NADH + 4H20 + THF

1 Same as in catabolism

ruve
NADPH
e ’ HO q
. . a Ha+
Specific for anabolism Asp-B-semialdehyde [ ‘7 1)OC—Z:?—C3—C—’I—CO(> i O N OH
HC-C-C-COO SB/dehy _

f?
-00cC-C-C

TP
'fHA' [fH4+
@o—cc—oco&"—; Ho-c-c.c.coo- | Homoserine M1
o} "OH
Succ-CoA *[j)k
® Hat SUCC-COA‘

NADPH

Pyr ey
HONHe: C—E—CO& OO0 gy -00C-6-C-C-C-C-C00-
¢-c-c-coo r Suce G SueeH
Pvyr NHe* Hat
NH“/l t\coz y oocbescor00- 3 e

-00C-¢-C-C-C-C-CO0-

? —_— Pyr + NHa+
9 €-C-co0- Cystathionine Succ-NH
Ho

?
€-C-C-C00~ T

? c ‘f . l]IHA' Succ Ha+
a-ketobutyrate | c-c-¢-coo- PP Cqcoo oo ~00C-€-C-C-C-C-C00-
c|=o c|=o Ns-memy\-THF\l homocysteine NHa+

C
N NADPH NHa*  NHa
Br2 NHa -00C-C-C-C-C-C-C00-
H3C-5-C-C-C-CO0~ “1\
coz
Ho-c.coo- HO-¢-C00- ‘ NHar

C-C-OH -00C-C-C-C-C-C-NHa:
C-C-C-OH | AcCoA

C

C-C-CoA  (-COO- HO-(-COO- 0=¢-C00- et
0=C-coo- 0=C-C00_\ _ Ho-C-coo- dcoo- €02 ¢ Glu crcrc,’imo’
| NHa* NHa+ } A [ | 7_A> d
cec GI?\ y Lcog S ot ol o —_— ]
| Glu ] | | s c
C c-C c C c C
a-keto B-methylvalerate Val | Glu a-ketoisovalerate
c
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Biosynthesis Amino Acids &
Nucleotides

Essential Amino acids:

These require many steps
| Ae and unique to those used for

ccccccc

—

hE degradation.
Met
Phe
[ Met 7 —Asp/Cys/THF/Glu
Thr 5 —Asp/Glu
Asp/Pyruvate Family < Lys 9 —Asp/Pyr/Glu
TR~ [le 10 —Asp(Thr)/Pyr/Glu
= Val 4 —Pyr/Glu
[ Len 7 —Pyr/AcCoA/Glu

[ Aromatic Family { Phe ]10 —~E4P/PEP/Glu
Trp )12 —E4P/PEP/GIn/R5P/Ser

TR 2 His 10 ~RSP/ATP/Gln/Glu
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Biosynthesis Amino Acids &
Aromatic Family: Phe, Trp N uc I eOti d es

Aromatic Amino Acids Derive
from PEP and Erythrose 4-

Phosphate
(and Rib5P and Ser)

+ Very complicated and amazing
chemistry!

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

* Chorismate is a common
+ intermediate.

Erythrose 4-phosphate Ribose 5-phosphate

S N\

Phenylalanine Tyrosine Tryptophan

l

Tyrosine

Phosphoenolpyruvate
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3-Dehydroshikimat
@ - SRy ERoSIISLS @ 2-keto-3-deoxy-p-arabinoheptulosonate
O\‘i ooph N y NADPH +H* 7-phosphate synthase
1t .
|CMZ osp! o(enEt'),)[.ayruva o NADB¥ © dehydroquinate synthase
* coo- e Sy
o§c M @ shikimate dehydrogenase
H—é—OH Erythrose 4-phosphate  HO. OH Shikimate 4 ihukm.late km.as.e" . ——
: pyru
“—j—o“ Hao synthase ’
H,—0—® o @ chorismate synthase
H,0 (5]
(1) . ADP
i - - -
s €00~ imate Biosynthesis of Chorismate,
X . .
¢ e 3-phosphate a Key Intermediate in
CH OH : ; H
17, —2Ketoddeoxyo- WSS Aromatic Amino Acid
HO—C—H arabinoheptulosonate HO H . .
H—¢_on 7-phosphate BlosyntheSIS
PEP
H_j_OH <] N
H,—0—® ' 5-Enolpyruvylshikimate
2 coo 3-phosphate O O H
e NAD* ®_ CH,
P, 0—C—C00"~
B Hoo o 1
Ho, oo
S 3-Dehydroquinate oi\ OH
OH (@]
"X H coo~ Chorismate -
HO 'H =
) ﬁ“z OH O
H,0 —=0—C—C00™
X H
€00~ HO H
3-Dehydroshikimate
OH
o H
HO 'H
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Biosynthesis Amino Acids &
Aromatic Family: Phe, Trp N ucC I QOti d es

HoH synthase (@)

Indole

Tryptophan
PLP
synthase ()
4 F H,0

ITryptophan

H__C. M 3.phosphate H
P c phosphate I}
| I N ZN—
H SO Toptophan L I
H

Indole glycerol phosphate

OHOH CO;  HO H
o N )
G—G—G—CH0POS coo‘f
<o-NH

Indole-glycerol
phosphate synthase  H.

/

(‘200’ ?00’
¢—o H Gy
CH, CH,
= -
prephenate I ]
dehydratase TA
Phenylpyruvate | Phenylatanine]
-00C__CH,—C—CO0~ €0z + Hz0
- —_—
chorismate mutase @ NADPH
Y v
PEP OH coz o
H OH NADP* [
coo o ’ il P NADETNST L
Glutamate hosphoribosy| ) H H m
H CH,  Glutamine pyrophosphate  PPi picphenate
arter G dehydrogenase
,&q-o/ ~coo P ’kf ~H Anthranilate
H . hosphoribosyl-
DO 'H anthranilate OH'  Pyruvate H P eratorate. b
thase ! p-Hydroxyphenyl-
Chorismate Y™ Anthranilate pyruvate
Phosphoribosyl anthranilate
E4P
Phosphoribosy!
anthranilate
isomerase
H Glyceraldehyde OH OH

H
7 AC-cH0POy
OH

Carboxyphenylamino-
1-deoxyribulose-5-phosphate




Biosynthesis
Amino Acids
& Nucleotides

OO
CH—CH—CH,—0—(P)
Indole-3-glycerol phosphate
H
o
I~ -Ch-c—o0-®

O W Giyceraldenyde
3-phosphate

Trp Synthase

8 .
t 'CH,—CH—C0O0 b » -
g i ® ( ,-)
e I Sl serne S cyceraigenyse (7 4N
o ) >phosphate = ~ )
\\ Indole 7 y sl
t -
2 N <) »
H & D —
J 7
B .C‘/—\ﬂ = Tunnel g A
N HyC, €00 N
H (L \
Indole. ;A.H N
ch B A
- p Indole: \ ~
®-0—cH—F 5 y | From serine (
Lﬁ CH 4 S\
PEP V Quinonoid “ } Fong
’ M
H Glyceraldehyde PLP-aminoacr ylate / Y
e M Sgtophae H oHOH Indole condenses with dduct 3 2N
S " _C OH O the aminoacrylate ) )
| Il N Z \——C—C—C—CH,0P0* intermediate (2 steps). L Le -
H NCH Tryptophan A & HH
H H synthase (@) M N~
H H 87 He”
E4P indole Indole glycerol phosphate f
e
H Enzyme —PLP
Tryptophan CH,—C4CO0 CHy—CH—CO0™ H0 *
PLP Y | \ N
synthase () N W NH N ZNH N4 |
: H HCY (2 o H HeZ B ° I CH,—CH—COO
OH OH
c’:’ (®—0—CH, ‘) I @-o_mzfﬁ e B Tryptoph:
ry . imine linkage
7N~ N7 CHy SN CH, joining trypto-
| I} H H phan to PLP is.
Y N/C hydrolyzed.
H H ITryptophan id intermediats Aldimine with tryptophan
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Biosynthesis Amino Acids &

Nucleotides

1 Arg

Met
Phe

r
Red Green.

Asp/Pyruvate Family <

\| o
Aromatic Family {

Essential Amino acids:

These require many steps
and unique to those used for

degradation.

Met
Thr
Lys
Ile
Val
Leu 7
Phe 10
Trp 12

A= O N

[ Histidine {

His ) 10

—Asp/Cys/THF/Glu
—Asp/Glu
—Asp/Pyr/Glu
—Asp(Thr)/Pyr/Glu
—Pyr/Glu
—Pyr/AcCoA/Glu
—E4P/PEP/Glu
—E4P/PEP/GIn/R5P/Ser
—RS5P/ATP/Gln/Glu

nnnnnn
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o m{»\;) Histidine Derives from
»k\ "c‘n "
i
Ribose 5-Phosphate
1-pyrophusphate(?kw)
0}‘" - Ribose 5-Phosphate
NAN+> N n—{RB-® ATP
¥
‘I_"’/"\ =) ®‘°‘f‘/ \ =]
.E\i“_i:.l .L\i_
N'-5'-Phosphoribosyl-ATP N'-5'-Phosphoribosyl-AMP o AMP
To purine biosynthesis ol o ||
"0—P—0—CH, O_ H
WO NS0 W -0 & o
Hyf Nl\c NH, " :l\c N H uﬂl\c N NI H " 3
: ! 5 0—P—0—P—0
5-Aminoimidazole- u—tla—cu 5 N—T—cn I |
 4-carboxamide (ST ®—°—f"x/ SN _ _
ribonucleotide (AICAR) ) OH OH o o]
T N PRPP
o $n vlﬂ Activated
= /: 5Iu“mﬂ:ﬁlmﬁmln& " H,—0—® N'»5'-l::'s‘ip:;::‘l;::g:l(:r:ir'nino» carbon atom
..j"' o bl caroramide
ol ribonucleotide
CH—0—® @ ATP phosphoribosyl transferase [5) glu!amine amidotransferase
greeet | @
8 Ps3 h-;-d;‘ol .;hosphaze phosphatase Ribose
ot”""’ 4 ide ri ide i © histidinol dehydrogenase unit
— SO we ' *Synthesized from ribose 5-
b == "hE' o g e I phosphate via ribose phosphate
e © =% I ° ™ pyrophosphokinase
rialeng e —a highly requlated allosteric enzyme
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Biosynthesis Amino Acids &

Aromatic FamllayndPl_:g Trp, (Tyr) N u c I eoti d es

Aromatic Amino Acids Derive and
from PEP and Erythrose 4- Histidine

Phosphate
(and Rib5P, Ser, and ATP)

Histidine
Phosphoenolpyruvate
+ ATP
+
Erythrose 4-phosphate PRPP |« Ribose 5-phosphate
Chorismate

/ Serine
Anthranilate|

Phenylalanine Tyrosine Tryptophan
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Biosynthesis Amino Acids &
Nucleotides
Essential Amino acids: ...
1 These require many steps
| Ae and unique to those used for
hE degradation.
Met
Phe r
" Met 7 —Asp/Cys/THF/Glu
Thr 5 —Asp/Glu
Asp/Pyruvate Family < ["yb‘ 9 —Asp/Pyr/Glu
[le 10 —Asp(Thr)/Pyr/Glu
Val 4 —Pyr/Glu
Len 7 —Pyr/AcCoA/Glu
Aromatic Family Phe 10 —E4P/PEP/Glu
o Trp 12 —E4P/PEP/GIn/R5P/Ser
Histidine < fis 10 —RS5P/ATP/GIn/Glu
73
Biosynthesis Amino Acids = - .«
= Asn ;\Vslw
& Nucleotides Bl W
Essential vs. Nonessential and Conditionally E' Lo :m
Essential Amino Acids he 1+ Ph
. Essentlal amino aC| dS TABLE 18-1 :lhznzlﬁﬁr;ti;xlatand Essential Amino Acids for Humans and
must be obta"’]ed as Nonessential Conditionally essential® Essential
. . Alanine Arginine Histidine
dletal’y prOteIn. Asparagine Cysteine Isoleucine
i . Aspartate Glutamine Leucine
* Nonessential amino Glutamate Glycine Lysine
. . Serine Proline Methionine
aC|dS are eaS”y made Tyrosine Phenylalanine
from central I':yfs;::;
metabOllteS Valine

« Consumption of a
variety of foods
supplies all the
essential amino acids.

aRequired to some degree in young, growing animals and/or sometimes during
iliness.

+ Conditionally Essential amino acids
are made from essential or become
essential in certain physiological

conditions.
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