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Introduction

@ Biosynthetic pathways for amino acids,
nucleotides and lipids are very old

@ Biosynthetic (anabolic) pathways share
common intermediates with the
degradative (catabolic) pathways.

@ The amino acids are the building blocks for
proteins and other nitrogen-containing
compounds



Introduction

@ Nitrogen Fixation

¢ Reducing atmospheric N, to NH,
@ Amino acid biosynthesis pathways
@ Regulation of amino acid biosynthesis.

@ Amino acids as precursors to other
biological molecules.

¢ e.g., Nucleotides and porphoryns



Introduction

@ Nitrogen fixation is carried out by a few
select anaerobic micororganisms

@ The carbon backbones for amino acids
come from glycolysis, the citric acid cycle
and the pentose phosphate pathway.

@ The L-stereochemistry is enforced by
transamination of a-keto acids



1. Nitrogen Fixation

@ Microorganisms use ATP and ferredoxin to

reduce atmospheric nitrogen to ammonia.

e 60% of nitrogen fixation is done by these
microorganisms

@ 15% of nitrogen fixation is done by lighting and UV
radiation.

@ 25% by industrial processes
e Fritz Haber (500°C, 300 atm)

N, + 3H, -2 N,



1. Nitrogen Fixation

Enzyme has both a reductase and a
nitrogenase activity.

Electrons from

reduced
: ADP
ferredoxin ATP +P;

NHz

Reductase Nitrogenase
(Fe protein) (MoFe protein)



1.1 The Reductase (Fe protein)

Contains a 4Fe-4S

center

@ Hydrolysis of ATP causes
a conformational
change that aids the
transfer of the
electrons to the
nitrogenase domain
(MoFe protein)




1.1 The Nitrogenase (MoFe Protein)

The nitrogenase PR retfo cofactor
component is an

X, tetramer
(240 kD)

@ Electrons enter : .
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1.1 The Nitrogenase (MoFe Protein)

An lron-Molybdenum cofactor for the
nitrogenase binds and reduces the
atmospheric nitrogen.
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1.2 Assimilation of Ammonium Ion

The ammonium ion is assimilated into an
amino acid through glutamate and
glutamine

@ Most amino acids obtain their x—-amino group
from glutamate by transamination.

@ The sidechain nitrogen of glutamine is the nitrogen
source for the sidechain nitrogens of tryptophan
and histidine.

II



1.2 Assimilation of Ammonium Ion

Glutamate dehydrogenase

NH," + a-ketoglutarate + NADPH + H'
glutamate + NADP® + H;0

H+
+
H., +H NAD(P)H NAD(P)*

Q N *H3N
H,O 5 ' H
|(|: + NHyt === |(‘: - \\/ o
-00c” > coo- -00c” > coo- -00c” > coo-
a-Ketoglutarate Glutamate
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1.2 Assimilation of Ammonium Ion

Glutamine synthetase

NHs" + glutamate + ATP glutamine + ADP + P,

AP ADP  HSN _ NHsop HSN
O S O ’O S
.(‘/ \/ —OOC>\/\'( \P\'/ \/ —OOC
o O

0]

Glutamate Acyl-phosphate intermediate Glutamine

13

NH,



2. Amino Acid Biosynthesis

The biosynthetic pathways can be grouped

into families:

( Oxaloacetate )

v
Asparagine  Methionine Lysine

\ 4 o ¥\

Isoleucine Alanine  Valine Leucine
Phosphoenolpyruvate
+
Erythrose 4-phosphate [ o-Ketoglutarate ]
o \ N v
(Phenylalanine) Tyrosine Tryptophan

\ v ¥\

Tyrosine Glutamine Proline Arginine

14

(Ribose 5-phosphate)

Y

Histidine

(3-Phosphoglyceratej

|

4 \

Cysteine Glycine
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2.1 Essential Amino Acids

TABLE 24.1 Basic set of 20 amino
acids

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




2.1 Essential Amino Acids

4 =

B Nonessential
% |/ B Essential
2 |-

Number of amino acids
|

0 I

1234567 8910111213141516
Number of steps in pathway

16



2.2 Aspartate and Alanine

Transaminations:

Oxaloacetate + glutamate aspartate + a-ketoglutarate

Pyruvate + glutamate alanine + «a-ketoglutarate

7



2.2 Aspartate and Alanine

Transaminations:

Lysine
M + + R .
H N\H H NH3z
a-Keto- H
Glu glutarate H20
o=
2-03PO ’ ;L. 2~03P - ‘ \/
\+ Xt
N CHs
H
Internal aldlmme Pyridoxamine
\ phosphate (PMP)
NH3z* :
L-Amino acid

2-03P0O

External aldimine Quinonoid
intermediate

I8



2.3 Asparagine

Amidation of aspartate

N . - NH3 AMP +H=N 0
3 ! o adenine ‘ , S)H\)J\
~00C ~00C NH,
HO OH
Aspartate Acyl-adenylate intermediate Asparagine

19



2.4 Proline and Arginine

Reduction of Glutamate

H* P;
+ +
NADPH NADP*

Glutamate Acyl-phosphate Glutamic y-semialdehyde
intermediate

NHz*

ADP a-Keto-
+ 0 glutarate
ATP Pi
s + Glutamate & B
NADPH NADP* H3 coo
Ornithine

H+
+
NADPH NADP*

coo-
H H
Glutamate Glutamic \ " /Q\ \/ H/D\

v-semialdehyde H,0 N C00~ H N Co0~
2
Al-Pyrroline- Proline

5-carboxylate

20



2.5 Serine and Glycine

Oxidation of 3-phosphoglycerate

2 D y
O P Ht QO
OAP/ + OAF;/ -Keto- O P
\O NADt  NADH \O Glutamate glutarate \ H,0 i -
C00~
H CO0" g +HzN +HzN Ccoo
3-Phospho- 3-Phosphohydroxy- 3-Phospho- Serine
glycerate pyruvate serine

21



2.5 Serine and Glycine

Serine transhydroxymethylase produces
glycine from serine

Serine + tetrahydrofolate glycine + methylenetetrahydrofolate + H>O

22



2.6 Tetrahydrofolate

H
H,oN N N

Y
NﬁIquH

"

OH

O clig" D=4
p-Aminobenzoate Glutamate

In the news....pet food poison!
23
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Pet Food Poison

~\

Fluorouracil

|

Fluorodeoxyuridylate
(suicide inhibitor)

Thymidylat crmp

e
synthase f

dUumpP

N>, N'°-Methylene- Dihydrofolate
tetrahydrofolate

Glycine 4 NADPH + H*

Dihydrofolate(__ | Aminopterin

/‘ reductase @ and
Serine
NADP* methotrexate

Tetrahydrofolate (amethopterin)

Figure 25-13
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company
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2.5 Tetrahydrofolate

I

TABLE 24.2 One-carbon groups carried by

tetrahydrofolate

Oxidation state Group

Most reduced -CHj Methyl

( = methanol)

Intermediate —CHy— Methylene

( = formaldehyde)

Most oxidized —-CHO Formyl

( = formic acid) ~CHNH Formimino
~-CH= Methenyl
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2.5
Tetrahydro
-folate

H+

NADPH NADP*

I\““ I» - I\”’z

1 0 L
H N«\\ H»p C N\H CH 3 H N«‘\
Tetrahydrofolate N3,N10-Methylene- N3-Methyl-
tetrahydrofolate tetrahydrofolate
Formate + ATP NADP*
ADP + P; B
H
N H

CH» CHz
| o
N

H o/ ki ./

H N HC\ CH
N “\ T
I
0
N10-Formyl- N3,N10-Methenyl- N3-Formimino-
tetrahydrofolate tetrahydrofolate tetrahydrofolate

oty

N 5-Formyl-
tetrahydrofolate



2.6 Methionine

Methylation of homocysteine

N
‘ SCH,
LR
L
CHs HN.,
HsC
Homocysteine N3-Methyl- Methionine

tetrahydrofolate
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Tetrahydrofolate



2.7 S-Adenosylmethionine (SAM)

Tetrahydrofolate does not have sufficient
methyl transfer potential for many
biosynthetic methylation reactions

~00C NHz* ~00C NH3* NH,
H-:\\ H.-‘\\
N -
+ ATP —— </ ‘ )+Pi+PPi
e
S 5t b N
/ 0)
H3C H3C/
HO  OH
Methionine S-Adenosylmethionine (SAM)

28



2.7 Activated Methyl Cycle

S-Adenosyl-}

ATP / [ methionine

Active
V ~CH,

Methionine S-Adenosyl-

‘ homocysteine
H,0

4

o Te Homocysteine

29



2.7 S-Adenosylmethionine

Oli

DNA methylation

30

g

onucleotide
target

Base to be
methylated

S-Adenosyl-
methionine



2.10 Aromatic Amino Acids

Example of essential amino acid synthesis
® Involve Shikimate and Chorismate intermediates

31



2.10 Aromatic Amino Acids

Chorismate:

32

2*o3r>o\//c00"

CH,

Phosphoenol-
pyruvate
+
O

CH,0PO32~

Erythrose
4-phosphate

H
H,0 Pi s

H OH E f H———O0H

H OH H OH

5-Enolpyruvyl-

shikimate

3-phosphate

HO H
Chorismate

—CO0

- 2-

CH,0PO3 Ho H
3-Deoxyarabino- 3-Dehydro- 3-Dehydro-
heptulosanate quinate shikimate

7-phosphate NADPH + H*
NADP*
CoO CO0O
_—-CO0O
7N

P CHy s &

o Shikimate Shikimate
2-03PO" TEO0= 3-phosphate

Phosphoenol-

pyruvate
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2.10 Tyrosine and Phenylalanine

COO~ COO~

Gluta- «-Keto-
CO, mate glutarate

COO~ O+H‘ \\ /

Phenylpyruvate Phenylalanine

CO0~ («olo
Ho H NAD* "
Chorismate Prephenate Gluta- «-Keto-

NADH mate glutarate

0, \ /

OH OH
p-Hydroxyphenylpyruvate Tyrosine
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Ho H

Chorismate

/

2.10 Tryptophan

~00C

COO~

H-N HN
PRPP PP
HO OH

Glutamine Glutamate i

+

Pyruvate B )
Anthranilate N-(5’-Phosphoribosyl)-

anthranilate

2—
03P H oH

Glyceraldehyde
3-phosphate

N
H H
Indole Indole-3-glycerol 1-(o-Carboxyphenylamino)-
. phosphate 1-deoxyribulose 5-phosphate
Serine
H>O
-ooc—_M
NH3t/
N
H
Tryptophan



2.10 Roundup

Glycophate inhibites the enzyme that
converts 5-Enolpyruvylshikimate
3-phosphate to chorismate.

2—
///\\N?/\\P4&O
LINAN
O O

Glyphosate
(Roundup)

~00C

35



3. Regulation of Amino Acid
Biosynthesis

Amino acid biosynthesis is regulated by

feedback inhibition.

e The first committed step in a biosynthetic pathway
is usually to the one that is regulated.

E = 4

A

Inhibited
by Z



3. Regulation of Amino Acid
Biosynthesis

Example: Serine biosynthesis
e 3-Phosphoglycerate dehydrogenase is inhibited by

serine.
o 0 + o, oo
OAP/ + OAF;/ -Keto- O>p/
\O NAD* NADH \O Glutamate glt rate \O H50 P; -
T S S8
H CO0" g = +HzN CO0"
3-Phospho- 3-Phosphohydroxy- 3-Phospho- Serine
glycerate pyruvate serine

37



3. Regulation of Amino Acid
Biosynthesis
Example: Serine

biosynthesis

e 3-Phosphoglycerate
dehydrogenase

Dimeric
regulatory domain

Catalytic
domain

R L)
= /f"-;‘:*:‘-»;ﬁ’.,.‘ (=
%%\ o ol N
\a\\@ et | /S
A"%\ Wyff h 2= \‘

q\



3.1 Regulation of Branched Pathways

Threonine
Combination Threonine <—
of feedback Hydroxyethyl-TPP Ldeammase(_
i hibiiad Pyruvate ) & a-Ketobutyrate
and
activation \ \ .
b
< < € v v
\ \ \
Leucine Valine  Isoleucine
| |

Activation

39



3.1 Regulation of Branched Pathways

The regulatory binding domain for threonine
deaminase is similar to that found in
3-phosphoglycerate dehydrogenase.

Amino acid-binding sites

D

40 Phosphoglycerate dehydrogenase Threonine deaminase
(dimeric regulatory domain) (single-chain regulatory domain)



3.1 Regulation of Branched Pathways

Enzyme multiplicity

e Example: Aspartokinase
e Threonine
e Methionine
e Lysine
Aspartokinase
domain

EE—
Unregulated
S

Threonine sensitive

Lysine sensitive

4T



3.1 Regulation of Branched Pathways

Cumulative feedback inhibition
e Example: Glutamine Synthetase

*tH3N *HzN *tHzN

H ATP ADP H g NH3 Pi H
X 0 o NH
-00C 7 \ / —ooc>\/\y( \P\/ \ / ~00C :
0 0 é 0 0
Glutamate Acyl-phosphate intermediate Glutamine

e Glutamine is the sources for nitrogen in the

synthesis of

e tryptophan histidine
e carbamoyl phsphate

e glucosamine 6-phosphate
e cytidine triphosphate

e adenosine monophosphate

42



f Branched Pathways

1011 O

3.1 Regulat

1tion

ib
ine Synthetase

Cumulative feedback inh

Top view

Glutam

Side view

Example
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3.1 Regulation of Branched Pathways

Cumulative feedback inhibition
e Glutamine Synthetase activity is also modulated by
and enzymatic cascade

(A) 0
N

Tyrosine
residue

> i
P
\

Ok
/
3 o

44



3.1 Regulation of Branched Pathways

Cumulative feedback inhibition

e Glutamine Synthetase activity is also modulated by
and enzymatic cascade

(B) ATP PP;j

AT * Pp

Deadenylylated Adenylylated
glutamine synthetase glutamine synthetase
(more active) (less active)

Al = Pp

ADP Pi
Poang Pa=2 forms of
45 AT=adenylyl transferase regulatory protein P



3.1 Regulation of Branched Pathways

Cumulative feedback inhibition-More

regulation!
¢ The regulatory protein P (P, or P,)

ATP

oc-Ketoqutarate@ © Glutamine
2 UTP 2 PP

2 H,0

o-Ketoglutarate © @ Glutamine



4. Amino Acid Derivatives

Amino acids
precursors Adenine Cytosi salkingasia

for many
biomolecules { Q ﬁ . DN

(Tetrai odothy onine)

Wo*

ooooooo N otinamide
nit of NAD*

47



4. Amino Acid Derivatives

oA
HO f|f— CH,—NH—R
H
X =0H, R=CH, Epinephrine
X=0H, R=H Norepinephrine
XxX=H, R=H Dopamine

HDmCHE— CH,— NHI
]
“\\/"\

N
Serotonin
(5-hvdroxvtrvptamine)

~00C—CHy—CHy—CH,— NHj
v-Aminobutyric acid (GABA)

N/\E/GHQ CH,— NH3
1\

NH
Histamine



4. Amino Acid Derivatives

H
l

~00C—CH,—CH,—C— C00_

NHi

Glutamate

NHj

. i 3
@GHE——G—COD—

% |

H

Histidine

COq

J

glutamate
decarboxylase
(PLP dependent)

CO,

histidine
decarboxylase
(PLP dependent)

49

H, 6k O

|{£C¢*
BR—0C=<

52 A

@ £
o Poﬁ

CHg

L
\

m

~00C—CH,— CH;— CHy— NHj

¥ -Aminobutyric acid
(GABA)

N

@GHETCHE— NHZ
N
H

Histamine




4. Amino Acid Derivatives

CH,—(— C00™

N
H

Tryptophan

i

|
NH;

tryptophan
hydroxvlase

H
HO |

O\

Tetrahydro-  Dihydro-
biopterin biopterin
+
0

— CH,—C—C00™

- Q) =
N

H
5-Hydroxytryptophan

aromatic amino
acid decarboxylase CO,
(PLP dependent)

HO._ :
E_ CHE e CHZ o NHI{
N

/

Serotonin

50
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4. Amino Acid

Derivatives

I
HO@ CH,— cf— COO™
NHj

Tyrosine

Tetrahydrobiopterin
tyrosine [;  + oF

hydroxylase
¥ Dihydrobiopterin

+ H,0

HO,
H

i
HO—@ OHy—Q— (00" — Melanin
NH3i

Dihydroxyphenylalanine
(L-DOPA)

arumnatic amino | g
acid decarboxylase I‘» COq

HO,

HD@ CH,— CH,—NH3

Dopamine

O, .

dopamine Jz + Ascorbate

B-hydroxylase |8
H,0 + Dehydroascorbate

HO,
\ O

|
HO —@ ¢— CH,—NH?

H
Norepinephrine

phenylethanolamine 8-Adenosylmethionine
N-methyltransferase |4
S-Adenosylhomocysteine
HO,
3 OH

:
HO C— CH,—N —CH;
I H
H

Epinephtine




4. Amino Acid Derivatives: some hallucinogenic and other amines

HO

Morepinephring

;..-.I
(9]
(o]
\ i
I
I—0—T

I=—(y—T

Mescaline

OH
1

HO—F——0

|
&)
/
NH; Psilocybin
N

I—{)—T
I—{—I

\'\

H,CO

H,CO, Z
2C

A



4. Amino Acid Derivatives
The Melanin Chemical Pathway

T‘l'HﬂE!HEE
T - R
. G
Humﬁu“ D W [Hslals! o : CQexH
e M ?
Twrasine Cropa Cropagquinome
HQ "
+Cystdne U |
HiZ 'w: ConH
Leu-:::u:l-:-;achr-:-me
TOL
|
Ny Y -
H

HH3 DO PACHR OWE Cropachrome

]
e HE=CO0H TAUTOMERASE
L, Cily
M :11 CooH |
? = L 1w
CHy |
I-H:i-".":l'.'l':IH e Sp—— Mo ~ - =zooH M

H

o

N ' 5 fi-Dih indale - i i
5.5 yeteinyddaps, 5.5 yeinyddaps, A b ol 3 f-Lihydrozaindole
\ / TYROS HASE \
RELATED FROTEM-
Benzothiagine ktermnediates CIlinones
Pheomelanins Eumnelanins
"The Martyr of the Solway," 1871 "Nina" 2007

#| by Sir John Everett Millais by Sara Shellenberger




4.1 Glutathione

Glutathione
¢ Sulfhydryl buffer and antioxiidant

O
~00C COO~
H "NH3+
v-Glutamate Cysteine Glycine

54



4.2 Nitric Oxide

Nitric oxide is a short-lived signal molecule.
e Formed from arginine

HO
\N+/H

w

HY NH

+

0, H,0

+ +
NADPH NADP*

N/

0, H50
+ +
NADPH NADP*

N/

Arginine N-w-Hydroxy- Citrulline Nit,:IiC
arginine oxiae
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4.3 Porphyrins

Porphyrins are synthesized from glycine an
succinyl coenzyme A (PLP mechanism)

~00C CO/—\ ~00C
H* COz
S
“Ncoa + -00C” NH \ / NHz*
o) 0
Succinyl CoA Glycine d-Aminolevulinate



*CH,—COO0™

*NHF 'clzoo‘
A
Glycine CH,
+ Al
:B— Enz— PLP JSHe
1 ‘13=O
Hz0 = SCoA
R Succinyl-CoA
(‘ :B—Enz
H -+
C."l‘ - i e — ] 25
: H—(I:—coo H—cl:——coo H—%——COO
) i
CH — CH <« l(‘)H
X OH X OH OH
m - + | l
N CHj N CH; N CH;
H L H l 3 H _
Bcoo ®co0”
Al Al
CH, CH,
| Al
CH, CH,
0 ‘é 0 : %Ac SCoA
== — L —o0lo
9 ~ 7 [ JU T
Enz—B-—H HC--C v HC—CO0O
.\ CoASH i
‘fH 0 +¥H
|
cH CH
ANAN ~ANAN
5
o]
®coom ®co0
Al Al
CH, CH,
Al Al
CH, CH,
Al Al
o=(l: e o=<[: + :B—Enz—PLP
Enz—B: $H (!ZH
J—R‘H +~.-'H'a
CH §-Aminolevulinate (ALA)
ANAN

(3) C—C bond formation, (4) CoA elimination.
The mechanism of action of the PLP-dependent enzyme, (5) cecarboxylation facilitated by the PLP - Schiff base. and
J-aminolevulinate synthase. The reaction steps are (6) transimination yielding ALA and regenerating the
(1) transimination, (2) PLP-stabilized carbanion formation, PLP-enzyme.



4.3 Porphyrins

CO0™

HaNT
5-Amino-
levulinate

8 Ht

+
16 H,0

Propionate (P)
Acetate (A)

A P A P A 3 A p
— & P 8 / \ / / )
+
H3zN N N N N
H H H H H
Porphobilogen Linear tetrapyrrole l
V = Vinyl M = Methyl

Protoporhyrin IX

Iron %

Heme

Coproporphyrinogen Il

Uroporphyrinogen Il



4.3 Porphyrins

FeZ+-binding elemeants — mRENA transcription Glycine

ALA dekydmgensse

~

-

\ 23

v

ALA zyvnithetase hd
d-Amino-levalinic

= [ Cofh — .
uecing Lo acid (dALA)

".\ ? He rie

Frotoporphyrinagen [l
Frodooomil vie-
N i 3 e

Frotoparphuyrin [

_

A= oxin' ase

Femmchelatase

MITOCHOMORION

_/ CYTOFLASHM
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Hx

p Forphobilinogen

PA dearinase
v

Hydroxymethyl bilane

LT a0l W rogen
- W swnthase

Uroparphyrinogen 11

4//' LiP 0 decamioe 3o
ca

-

b

Coproparphyrinagen [l

Hermoglabin

zlobin chains
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4.3 Porphyrins-degradation

0200
°'Q o" Erythrocytes
h 4
Macrophages of the
Spleen & Bone Marrow
¥
herme
\
bilirubin
‘.-""-bilirubin(oonjuga{e-d) .:I Liver
] TN TN ey
II G) oy ¢ Vs -
"I"{ e a0 , = —
l s E Small
e ~ =+ Intestine

Stercobilin

- Ur obilin
7
Bilirubin (conjugated)

http://www.umanitoba.ca/faculties/medicine/units/biochem/coursenotes/blanchaer_tutorials /Frank_ll/urobilinogen.html



4.3 Porphyrins-degradation

Heme
/ 2 O, + NADPH

\ CO + H,0 + NADP*

\ Fe3+

M V M P P M M V
— / \ = o CORT9S
O N N N N 0 Stercobilin-brown
Biliverdin

NADPH + H*
/

\ NADP*

M V M P 5 M M V

o o N o C05794

0] T G - 0]
Hy
Bilirubin

A e
i
= 2P
AP

urobilin-yellow



4.3 Porphyrins-disease states

Jaundice Porphyrias
. porphobilinogen
Neonatal deaminase (hepatic
porphyrias; acute
e Transfusion intermittent porphyria)
-Hepatitis/cirrhosis ~ *Yroporphyrinogen

synthase,ferrochelatase
(erythropoietic
porphyrias)
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