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Biosynthesis Amino Acids &
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¢ Nitrogen (after H, O, and C) is a major element of living
organisms

* Most nitrogen is inert in the atmosphere as dinitrogen
e Making dinitrogen useful is not easy

Atmosphere is 80% N, , but is chemically inert
need Nz + 3 Hz > 2 NH3
Even though AG’°= —-33.5 kd/mol... breaking a triple bond has high
activation energy (i.e., SLOW, kinetically stable),
this can be accomplished using non-biological processes:
N, and O, = NO via lightning

N2 and H, = NHj; via the industrial Haber-Bosch process
requires T>400 °C, P>300 atm

Industrial synthesis of NHj3 via the Haber process is one of mankind’s most
significant chemical processes.

Biosynthesis Amino Acids &
Nucleotides - Haberprocess
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Intracellular protein Catabolism
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ANABOLISM lll: Biosynthesis
Amino Acids & Nucleotides

1) Nitrogen fixation: N, > *NH,
2) Nitrogen assimilation: incorporation of ammonia into
biomolecules

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
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Chemistry of Molecular Nitrogen
Review: Oxidation States of Nitrogen Compounds

Nitrate Nitrogen(lV) Nitrite Nitric oxide Nitrogen(l) Nitrogen Ammonia

dioxide (Nitrogen(ll)) oxide
« NOs- * NO2 * NO2~ - NO * N2O * N2 * NHs
« N*5 Og © N* Ozt © N¥® Ozt © N*202 © N1 02 < NO © N3 Hg*
« Nitrate + Nitrogen * Na-Nitrite  Non-salt  Non-salt + Covalent * NHs: N has
« Also Nitric acid dioxide « Also Nitrous « Gas - gas triple bond oxidation
(HNOs) and . gas acid (HONO) | - Physio- . gas state of —3.
Dlnltrogen « “ite” is light on logically + Ammonium
pentoxide oxygen and important 2° cation salts
(NOs) oxidation messenger gas
. is the tat and
higher oxidation state. paracrine
X signal

Biology of Molecular
Nitrogen: The Nitrogen
Cycle

Biosynthesis Amino Acids &
Nucleotides

Nitrogen Fixation versus Nitrogen Assimilation

« Converts N, to NH; « Converts NO3, NO,, and/or
+ Requires multiple ATPs NHj; to amino acids
« Uses electrons from + Uses electrons from NADH,
pyruvate NADPH, or photosynthetic
transfer from ferrodoxin

Both:

+ Are electron transfer processes

+ Use Mo cofactor

* Involve multiple redox cofactors, such as Fe-S, NADH,
NADPH, ferrodoxin, flavodoxin, and so on




Biosynthesis Amino Acids &
Nucleotides

The Nitrogen Cycle

Chemical transformations maintain a
balance between Nz and biologically

useful forms of nitrogen_ Denitrifying bacteria, N, (atmosphere) itrogen-fixing
: . . + archaea, and fungi Oxidation bacteria and
1. Fixation. Bacteria reduce N to NHa/NH, ™. state =0 archa
2. Nitrification. Bacteria ammonia

into nitrite (NO,-) and nitrate (NO3").
Organisms die, returning NHs to soil.

Nitrifying bacteria again convert NH; to NO (nitrite) H, (ammo
nitrite and nitrate. Oxidation fdation
state= -3

state=+3

3. Assimilation. @
a.Nitrate/nitrite: Plants and g @
. . ;. amd Icro-
microorganisms reduce NO,~ and :::;::: Plants . orgarisms
NOjs- to NH; via nitrite reductases and fungi - S e
. i Nitrifying bacteria i
i and nitrate reductases. r-trt-fvgng and archaea rganisms
nimals can acteria [ |
onlydo > . NHj is incorporated into amino — T
i 6..C.IdS.. . . NO; (nitrate) Amino acids
4. Denitrification. Nitrate is reduced to Np Oxidation ) Nand other reducpd
under anaerobic conditions. NOg- is the state = +5 % ﬁ "'°9e""ay“
Lo ompound,

ultimate electron acceptor instead of O.,.

Biosynthesis Amino Acids &
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Only a Few Organisms Can “Fix” N, to Useful Forms

N, + 8H" + 8¢ + I6ATP + 16 H,0 — 2NH, + H, + 16ADP + 16 P,

» Most are single-celled prokaryotes (archaea).
+ Some live in symbiosis with plants.
- (e.g., proteobacteria with legumes such as peanuts, beans)
+ Afew live in symbiosis with animals.
- (e.g., spirochaete with termites)
They have enzymes that overcome the high activation energy by
binding and hydrolyzing ATP.

Like CO, fixation by Rubisco, oxygen can parasitize this process
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P~
—Takes care of energy @ \@g, reductase (a2)
requirement and Oz lability. i e a=30Kda
' —Bacteria have access to . N

)¢ plant’s carbohydrate and
- CAC intermediates for

Dinitrogenase

i energy. (02 B2)

, —Bacteria are covered with
leghemoglobin to bind Oz a=~55Kda
and prevent corruption of

. the catalyst in dinitrogenase. p=~65Kda

£ —Can produce more NHs
than the plant needs;
excess released to soil

N
N |trogen-F|X| ng Nodules Nitrogen Fixation Is Carried Out imo

by the Nitrogenase Complex
'N2+3H2: 2NH3
— exergonic (AG° = —33.5 kJ/mol) but very slow due to the triple bond’s high activation energy
* The nitrogenase complex (60+240 kDa). uses ATP to overcome the activation energy.
+Passes electrons to N2 and catalyzes a step-wise reduction of N> to NH3
N, + 8 H* + 8 e~ + NnATP = 2 NH3 + H, + nADP + nP;
2NHz+ 2 H+ &= 2 +NH, About 16 ATP molecules are consumed per one Na.

Biosynthesis Amino Acids &

Nucleotides
Cofactors in the E=AET

Nitrogenase Complex ADP e—flow, one at a time,

H
@4+ | starting from reduced
ferredoxin or flavodoxin

8 Ferredoxin or 8 Ferredoxin or
8 flavodoxin 8 flavodoxin
(oxidized) (reduced)

4Fe-4s (g7

redox This is the

center _ . 8 Dinitrogenase 8 Dinitrogenase
6e Cr|t|Ca| reductase reductase
t (reduced) (oxidized)
Pt:lusterv@E> step 16 ATP 16 ADP
/ +16P;

8 Dinitrogenase 8 Dinitrogenase

+ 16ATP

Dinitrogenase
(reduced)

+16ATP

Dinitrogenase
(oxidized)

g o< 6€7
’é‘é FeMo cofactor
N 2NH;

2

Dinitrogenase
(a subunit)
Dinitrogenase
(B subunit)
Dinitrogenase
reductase 2NH;

H,  2H*

N,
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The Electron-Transfer Cofactors The Fe-S “P-cluster” at the interface of
in Dinitrogenase

the a and p-Dinitrogenase Subunits

+ Consists of:
— 8 Fe atoms
— 7 S atoms
— Bound by 7 Cys
« Electrons are passed from the reductase
Fe-S one at a time.
« Electrons are passed to the Fe-Mo

cofactor.

The Fe-Mo Cofactor in the
X Dinitrogenase B-Subunit
Homocitrate . Consists of:
— 7 Fe atoms
— 9 S atoms
— 1 Mo atom
— 1 bound homocitrate
* The nitrogen binds to the center of the Mo-
FeS cage and is coordinated to the
molybdenum atom.
+ Electrons are passed to the molybdenum-
bound nitrogen via the iron-sulfur complex.

Biosynthesis Amino Acids
& Nucleotides

-1.0}
Dinitrogen Reductase PS-1
AE’, =15V
+ Source of e~ varies between - "o = —0.42
organisms. 3 I NADPH> E’, =-0.34}
— often pyruvate >ferredoxin I £’ =_0.2d
1.Pyruvate passes e- to ferredoxin or L oo} : °oT T
MitoOxPhos

flavodoxin.

2.Ferredoxin or flavodoxin pass e- to N | AE, =114V

dinitrogenase reductase.

3.Dinitrogenase reductase:

— Reduced by Fq4

— Binding of ATP changes Eq’ from —0.29 ¥
to —0.42 and changes conformation so i
can bind dintrogenase (:

— transfer of e~ to dinitrogenase from Fe-S
to P-cluster, now only 14A away

— hydrolysis of 2ATPs with release of

h"’oj PS-II
1.0 AE’, =15V

D N+ 6H* +66 — 2NHgz E9=-034V

AE°=E d(reduclion) -E d(oxidalion)

proton to dinitrogenase ‘ ATP
— transfer of 8 &= and 8 H* for one N, =-0.34 V- (-0.29V)
1.ATP hydrolysis and ATP binding help overcome the high activation =-0.05V > +7 kcal/mole
energy.

2.Has regions homologous to GTP-binding proteins used in

signaling (switch-1 and -2) =-0.34 V- (-0.42V)
3.The reductase passes e- to dinitrogenase.................. physically! = +0.08 V = —11 kcal/mole
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P cluster FeMo cofactor

Nitrogen Fixation by Dinitrogenase %c;éuvf’_o R g
Cys gog of \ > ° A
F\é)( ¥ A { Central
QT"/A\V atom

Fq (Fe?)
+2ATP

F4 (Fe®)
+2 ADP+P,' — transfer of 6 e~ and 6 H* to nitrogen: formation of 2NH3 from N
— transfer of 2 e~ to 2 protons: formation of H,
— ONE AT ATIME
* Has novel FeMo cofactor (or V in some organisms)
It does this 8 times * The reduction of N, and protons occurs at FeMo
for completion of cofactor.
one N reduction « Formation of H, appears an obligatory side reaction.

Biosynthesis Amino Acids &
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H:0-M  Dinitrogen N=N—M—/7—N,
H H&
e \i ¢ (FeMo cofactor)
H20-M-H Diazenido HN=N—M
H*ie, M e
H*

H* + HO™ + M-H2 Diimino HN=NH—M
HY o

H20 + H2 H,N—NH—M Hydrazido
HYy .

H,N—NH,—M Hydrazine

He
.
Amido H,N—M NH;
HY .
Redox Reactions in Dinitrogenase . —Plausible mechanism
Amine H;N—M involving the Fe-Mo cofactor

(M) binding directly to Na.
+ The net reaction of the nitrogenase complex: —Extremely complex redox
Nz +8H"+8e +16 ATP=2NHs + Hy + 16 ADP + 16 P, feaction thatinvolves several

. - . metal atoms as cofactors
* Mechanism of dinitrogenase is poorly understood. and/or electron transporters

NH,




ANABOLISM lll: Biosynthesis
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1) Nitrogen fixation: N, 2> *NH,
2) Nitrogen assimilation: incorporation of ammonia into
biomolecules

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 &

Two Important Enzymes in Nitrogen Assimilation by PLANTS

1. Nitrate reductase NO;~ + 2 e~ > NO5~ Nos
large, soluble protein —SH~ FAD~> Cytbss, - LA s: M‘sa=0
contains novel Mo cofactor . MolCo—>22’\ . Jjﬁi"mo\ o
e from NADH Nitrate reductase 2 H _O/P\o

Mo cofactor

COOH

2. Nitrite reductase NO,~ + 6 e~ > NH,*

found in chloroplasts in Qf":‘/)
plants: e~ comes from

Fe-S —> Siroheme——> 6™~

. = o N
ferredOXIn (Fd) Q‘Fi"’;/’ Nitrite reductase
in non-photosynthetic
microbes: e comes from bon  Loon
NADPH NHF Siroheme

Amino acids
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- Problem: ncteett:ihto get ngw
Nucleotides s~
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: Gluiamate + *NH, + ATP — glutamire + ADP + P;+ H*

two-step process (we o NH,
discussed this previously when N/C—CHz—CHz—CH—COO‘
moving ammonia from 0" Lo AT AoP [ coo" o o Twin o o
extrahepatic tissues). T {"iz;’c”’*‘“‘*‘\mﬁ_ A M ¥
*Glutamate is made from Gin =™ Glutamine
and a-Ketoglutarate by a-Ketoglutarate + glutaminé + NADPH + H* —2 glutamate + NADP*,
glutamate synthase (GOGAT),,.ketogiutarate + *NHs +ATP + NADPH + H* —» glutamate + NADP*
a-Ketoglutarate, an +ADP +P;
intermediate of the citric acid o
Assimilation!

cycle, undergoes reductive

N : . First, let’s discuss Glu-Synthetase....
amination with glutamine as
(An alternative name for this enzyme, glutamate:oxoglutarate aminotransferase,

nitrogen donor. yields the acronym GOGAT, by which the enzyme also is known.)

Biosynthesis Amino Acids &
N ucC I eOtid es What about GOGAT....

Structure of Gin Synthetase
ADP

Glutamate

Intracellular protein Catabolism
Anabolism

idines, Nucleotides

Dietary
protein

+
NHgw ﬁ]‘i'l—?\
N
f a-Ketoglutara Glutamate
Nz Aspartate Oxaloacetate Fmi‘?:?;‘s

10



Clinical Correlations

6-phosphofructo-2-kinase/Fructose-2,6-bisphosphatase
(PFKZ/FBPaseZ) in Cancer | Normoxic ; Hypoxic : Necrotic ,

» Cancer cells learn how to avoid necrosis
and apoptosis by fighting hypoxia.

* The generate most of their ATP via
glycolysis: called the Warburg Effect

« How they increase glycolysis is due the Blocd vessel
the induction of a different isozyme of
PFK2/FBPase2 that can favor the kinase
when FBPase2 phosphorylated by AMP-
dependent protein kinase (AMPK). Normoxia Hypoxia

« So, in oxidative stress cancer cells experience
hypoxia, which activates AMPK, and
phosphorylation of PFK2/FBPase2 activates

yos. Il (C

PK Protein kinase A
ATP  ADP ATP  ADP

Clinical Correlations

Murder or Misdiagnosis? wo o

eatylene Gycol H—C—C—H

Sweet, LDso 100 H H
ml, tu is 18 h Eo F——

NADH + Pyruvate — Lactic acid

+ Poisoning with ethylene glycol: in 1937 a company

HO O

Massingill made a elixir of sulfa-drug using ethylene esadeids H,%fg,H r.age
o actic
glycol as an emulsifier " K acidosig
k el Dalyeaganmse
« 107 peop|e died H? ﬁ NADH + Pyruvate ——> Lactic acid
» Prompted the Federal Government to for the Food e} (el
.. . H
and Drug Administration (FDA) E -
HO
« In 1979, Ryan Stallings was brought to - 7%
ER with vomiting, lethargy, and SiEmakacd HEGRCRoH
hyperventilation. O frketoadipc acid <THamIne Gryn:;( Acid Dehydrogenase
« Blood work revealed lactic acidosis Glycine and benzoic acid <o Ho
and bicarb treatment saved him. o9
« But, lab tests revealed unusual oxalicacd HO—E—C—0H
component, that was identified as Intracellular Ca*,
ethylene glycol. Ryan was put in Kidney
rotective custody. failure

N

i
e

r_
e

| =




